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Abstract. Drop-based microfluidic devices are becoming more common, and
molecular mass transfer and drop circulation are issues that often affect the
performance of such devices. Moreover, interfacial properties and surfactant
mass transfer rates govern emulsion behavior. Since these phenomena depend
strongly on drop size, measurement methods using small drops and flow
typical of applications are desired. Using mineral oil as a continuous phase,
water droplets and an alcohol surfactant, we demonstrate here a microfluidic
approach to measure the interrelated phenomena of dynamic interfacial tension,
surfactant mass transfer and interfacial retardation that employs droplet flows
in a microchannel with constrictions/expansions. Interfacial flow is influenced
markedly by adsorption of surfactant: severe interfacial retardation (by a factor
of 30) is observed at low surfactant concentrations and interface remobilization is
observed at higher surfactant concentrations. The interfacial tension is described
by Langmuir kinetics and the parameters for interfaces with mineral oil (studied
here) compare closely with those previously found at air interfaces. For the
conditions explored, the surfactant mass transfer is described well by a mixed
kinetic-diffusion limited model, and the desorption rate coefficients are measured
to be both approximately 70s~!. The transition from a diffusion-controlled to
mixed diffusion-kinetic mass transfer mechanism predicted with reducing drop
size is verified. This experimental approach (i.e. adjustable geometry and drop
size and height) can therefore probe interfacial dynamics in simple and complex
flow.
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1. Introduction, droplet-based microfluidics

Droplet-based microfluidics has emerged as an invaluable tool that facilitates unique and varied
research. For example, droplet-based microfluidics can be used to create droplet flows with
precise control over drop size, frequency and flow conditions (Teh ez al 2008). This control over
droplet characteristics and flow conditions has facilitated diverse experimentation. For instance,
droplet-based microfluidic devices have been utilized to create double emulsion drops (Nie et al
2005, Utada et al 2005), Janus particles (Nisisako et al 2006), nanoliter-sized chemical reaction
vessels (drops) (Ahmed et al 2006, Edel et al 2002), microcapsules for drug delivery (Kim
et al 2007, Zhang et al 2006) and biologic sensors (He et al 2005, Sims and Allbritton 2007).
A complete review of droplet-based microfluidics is beyond the scope of this work, and the
interested reader is referred to a recent review on the subject (Teh ez al 2008).

This technology presents an ideal arena to study the dynamics of emulsions because of
the precise control of droplet characteristics and flow conditions. Emulsions are omnipresent
in and essential to everyday life, e.g. foods, pharmaceuticals, cosmetics, paints, oil recovery,
etc. The morphology and stability of such systems depend on dynamic interfacial processes and
properties. Measurement of these properties and the coefficients associated with these processes
is therefore fundamental and important for application. Typical methods used to measure such
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properties often rely on a balance of forces that dictates drop sizes of the order of millimeters.
Furthermore, these typical measurement methods often employ flows much simpler than those
encountered in typical processing applications. For example, the pendant drop method relies on
a balance of surface tension and gravity forces and is quiescent. This force balance requires that
drops be approximately millimeters in size, whereas droplets in typical processing applications
(e.g. detergents) are of the order of micrometers in size. Most importantly, the droplet size
governs surfactant mass transfer mechanisms (Jin ez al 2004). It is therefore critical that dynamic
interfacial studies be conducted on droplets with sizes comparable to those found in typical
applications and in appropriate flow conditions. Droplet-based microfluidics are able to address
these needs. Introduction and fine-tuning of flow complexity is relatively straightforward in
droplet-based microfluidic devices. Advances in the ability to create monodisperse, stable
droplet flows (Anna et al 2003, Nisisako et al 2002, Thorsen et al 2001, Yobas et al 20006)
and tailored, complex flow fields in microfluidic devices (Cabral and Hudson 2006, Hudson
et al 2005) have facilitated the study of interfacial phenomena at reduced length scales and
complex flows. For example, in past work a microfluidic device capable of measuring dynamic,
multi-component interfacial tension was realized (Cabral and Hudson 2006, Hudson et al 2005).

Here, we use this microfluidic interfacial tensiometer as a means to probe interfacial
dynamics and surfactant mass transfer processes at reduced length scales that are relevant in
drop microfluidic and emulsion processing applications, i.e. tens of micrometers. The interfacial
tension in a two-phase, surfactant-containing system is used as a direct measure of the surfactant
concentration adjacent to the interface. The tension is measured dynamically and mass transfer
kinetics are determined through modeling the surfactant diffusion and interfacial kinetics.
Simultaneous internal circulation data using particle tracers measures Marangoni effects, i.e.
interfacial immobilization. These data are combined to evaluate the rate limiting mass transfer
mechanisms and to measure associated parameters. Although much experimental research has
been focused on studying dynamic interfacial tension and surfactant mass transfer in two-
phase systems (Ferrari et al 1997, Jin et al 2004, Liggieri et al 1997, Lin et al 1997, Miller
and Kretzschmar 1991, Miller et al 1994, Pan et al 1998), a great deal of this work uses
relatively large drops (millimeter-sized) in the presence of simple or no flow. Our microfluidic
approach allows us to create and measure the dynamics of many drops with sizes typical of
those in industrial applications. Since the drop size governs the mass transfer mechanisms, a
shift from diffusion-limited to kinetic-limited (interfacial adsorption/desorption) mass transfer
is expected (Jin et al 2004). Furthermore, droplets can be subjected to easily tunable complex
flows, component concentrations can be easily changed through manipulation of inlet flows, and
the total volume of experimental material needed is very small. Most importantly, our approach
gives us the unique ability to perform high-throughput measurements of interfacial tension,
surfactant mass transfer kinetics and Marangoni effects in a single experiment.

2. Background

2.1. Interfacial tension, surfactant sorption dynamics and interfacial mobility

In two-phase systems with surface-active solutes, many techniques have been employed to
measure the interfacial tension as a function of time. For example, bubble pressure tensiometry
utilizes measurements of the capillary pressure of bubbles forced out of a capillary to determine
the interfacial tension. This technique can be employed to study dynamic interfacial tensions
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from the sub-millisecond range to times of the order of tens of seconds (Fainerman and Miller
1995, Fainerman et al 2004, 2006, Passerone et al 1991). Other common methods of measuring
dynamic interfacial tension include sessile and pendant drop methods, whose dynamic range
is from a few seconds to a very long time (Lin et al 1990, Miller and Kretzschmar 1991).
Although our microfluidic technique has limited time range (here 0.5-20s), it has a number
of other features advantageous for emulsion characterization, which will be discussed in this
section.

Because of the balance of forces involved, the common methods (of bubble pressure and
pendant drop tensiometry) must employ droplets with sizes of the order of millimeters or
larger. As mentioned previously, many typical applications have drop sizes less than 100 um.
Recent studies have shown that when considering surfactant-containing two-phase systems with
micrometer-sized drops, the size of the droplet is important in determining the governing mass
transfer mechanisms (e.g. diffusion limited versus interfacially limited kinetics) (Jin et al 2004).
More specifically, Jin et al assuming Langmuir kinetics and a planar interface, define an intrinsic
length scale given by

D

ﬁFmHX ’
where D is the surfactant diffusion coefficient, 8 is the interfacial adsorption kinetic constant,
and I, is the interfacial concentration corresponding to maximum packing of surfactant. Jin
et al state that mass transfer is diffusion-controlled when the droplet radius a > Rp_g and
kinetically controlled when a << Rp_g. Nevertheless diffusion often remains important when
a < Rp_g, since diffusion and sorption processes are in series. When this is the case, the
limiting mechanism of mass transport is mixed (kinetic and diffusion). The value of Rp_g
depends on the properties of the surfactant/two-phase system, and typical values were found
to be of the order of tens of microns (Jin et al 2004). Alvarez et al have recently recalculated
Rp_k for a spherical geometry (when curvature of the interface is important), and found Rp_g
to be somewhat larger than given in equation (1) (Alvarez et al 2009). For local equilibration
near a planar interface, molecules are displaced from a depth § =I"/cy near the interface,
where ¢ is the initial bulk surfactant concentration. In our experiments, as noted below, the
surfactant concentration is sufficiently high that § is very small, approximately 10 to 80 nm,
and the planar interface approximation is appropriate. Rp_x (equation (1)) is thus predicted
to be approximately [80, 200] um for our system, depending on surfactant concentration. Our
microfluidic approach allows generation of droplets with diameters of the order of tens of
micrometers, facilitating experimentation at droplet length scales smaller than R,_g. At these
length scales, the transition from diffusion-controlled to mixed kinetically controlled surfactant
mass transfer can be verified.

Beyond the ability to measure dynamic interfacial tension on droplets with diameters of
the order of tens of micrometers, our microfluidic approach has the advantage of facilitating
the study of drops in complex flow conditions like that which emulsions encounter in many
industrial processes. This is accomplished by introducing flow complexity through variation
of the microchannel geometry (see the appendix). Interfacial dynamics have typically been
studied in simple, symmetric flows and it is unknown if the breaking of symmetry influences
dynamics. Typical processing applications involve complex flows and different symmetries and
it is unknown if interfacial dynamics in complex flows are perhaps just a superposition of
simpler effects.

ey

Rp_x =
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When studying surfactant-containing drops under flow, one must consider that the flow can
convect surfactant adsorbed on the interface and interfacial surfactant concentration gradients
can arise. These concentration gradients can in turn induce Marangoni effects, which retard
the interface and lead to interfacial immobilization (Milliken and Leal 1994, Milliken et al
1993, Pawar and Stebe 1996, Stebe et al 1991, Stone and Leal 1990). Generally, interfacial
immobilization through Marangoni effects is maximized when the quantity do/0I", where o
is the interfacial tension and I' is the interfacial surfactant concentration, is large and when
surface diffusion and surfactant exchange to and from the interface are slow. (Physically, the
quantity do /oI’ is a measure of the ability of a surfactant to change the interfacial tension
through a change in interfacial concentration.) This interfacial immobilization arrests internal
droplet fluid motion. Our microfluidic approach allows us to image drops under flow and, by
placing particle tracers inside the drops, directly measure interfacial immobilization caused by
Marangoni effects.

2.2. Mass transfer

The increased surface-to-volume ratio that arises in microfluidic applications can have
significant effects on mass transfer. In general, flows encountered in microfluidic devices are
typically laminar, and as a result, mass transfer between phases typically occurs primarily
through diffusion (convection can become important in droplet/slug systems). However, this
limitation is somewhat mitigated by the fact that mass transfer occurs over small length scales
inherent in microfluidic devices.

Mass transfer between phases in microfluidics have been studied for a number of
systems including exchange to and from droplets and slugs (Dessimoz et al 2008), and
counter-flow (Kang er al 2008) and co-flow schemes (Benninger et al 2007, Berthier et al
2009, Matthews et al 2007, Ristenpart et al 2008, Salmon et al 2005, Sato et al 2003, Tokeshi
et al 2002). In co-flow devices, two streams, miscible or immiscible, are brought into contact
and flow side by side down a channel, with mass transfer between the streams occurring by
diffusion (Kamholz and Yager 2001, Kamholz et al 1999, 2001); whereas in counter-flow
devices, two streams flow toward each other in a channel, meet and exit through channels
perpendicular to the initial flow direction. In the case of droplets and slugs, mass transfer occurs
between the continuous phase and droplets or slugs as they flow through the channel (Burns and
Ramshaw 2001, Kumemura and Korenaga 2006, Mary et al 2008). Most of the aforementioned
work utilizing co-flow and counter-flow schemes involves single-species diffusion from one
stream or phase into a second stream or phase, with a chemical reaction taking place in the
initially solute-free stream or phase. Typically, some optical parameter of the fluid changes
as the reaction proceeds, allowing for measurement of solute diffusion and reaction rate
constants (Baroud et al 2003). For immiscible phases, interfacial mobility and kinetics and
their effect on microfluidic mass transfer processes needs further study.

In the experiments reported here, aqueous droplet flows in mineral oil are created, and
a surfactant begins only in the drop and escapes into the surrounding medium. Since the
concentrations of surfactant adjacent to the interface are quasi-equilibrated by kinetic interfacial
sorption processes (equations (5) and (13)), the interfacial tension measured at a given droplet
or interface age is a direct measure of these local surfactant concentrations. Thus by measuring
interfacial tension, the local surfactant concentration can be inferred.
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At larger length scales, surfactant transport occurs through diffusion and convection,
with the relative importance of each depending on experimental conditions. For diffusion, the
appropriate timescale is Dt/ a’, where t is time, while for convection it is uz /a, with the relevant
velocity, u, differing for convection inside and outside the drop whose radius is a. When
considering convection outside the drop, the appropriate velocity is the velocity of the drop
uq itself moving relative to the fixed channel. For convection inside the drop, the appropriate
velocity is the velocity of the drop relative to that of the adjacent streamlines, which when
the drop is on the centerline is approximately uq(2a/h)?, where h is the channel height. For
a drop off of the centerline, the relative velocity of the adjacent streamlines can be calculated
similarly. We note that even when convection is rapid, diffusion remains essential if the flow
is laminar and non-chaotic. Chaotic flow inside drops may occur (Stone et al 1991), even in
simple circumstances when translational and simple shear flows are superposed (Bryden and
Brenner 1999), e.g. when a droplet rises or falls while moving in a microchannel. However, it
has been shown that symmetric flows, e.g. Poiseuille, possess invariants (functions constant
along streamlines) which are a barrier to convective transport inside droplets (Grigoriev
2005, Grigoriev et al 2006), so that transport across these streamlines remains diffusion limited.
We will consider cases when the flow is non-chaotic both inside and outside of the drop. Let us
now consider the internal circulation in more detail.

The flow fields inside and outside of nearly spherical drops have been determined for
simple shear and extensional flow by Taylor (Taylor 1932, 1934). The flow fields for nonlinear
flow were calculated by Hetsroni and Haber (1970) and expressed in simplest terms by Nadim
and Stone (1991). In a drop on the channel centerline in Poiseuille flow, the scaling of the
internal circulation velocity at the midplane of the drop relative to its frame of reference is
given by

MC/ Uq
(2a/h)*’
where u. is the circulation velocity inside the droplet at a point of interest. In this paper, we
consider it only at the center of the drop. In wide rectangular channels, u there ranges from 0
to 0.5 depending on drop viscosity and interfacial retardation (Nadim and Stone 1991). (When
the aspect ratio of the channel cross section w/h decreases, it increases, e.g. i = 0.85 when the
aspect ratio is unity). In our experiments, the relative viscosity of the drop is nearly zero (giving
maximum i), but the interfacial retardation is variable depending on fluid formulation. For
example, Marangoni effects caused by surfactants reduce # through interfacial immobilization.

As mentioned above, surfactant transport occurs through diffusion and convection. Let us
consider four limits: firstly, when convection is negligible; secondly, where convection inside
the drop is slow, but fast outside the drop; thirdly, when convection inside and out are fast; and
fourthly, when the kinetics at the interface become a limiting factor.

Firstly, when convection is negligible, the diffusion problem has been described by Liggieri
et al (Ferrari et al 1997, Liggieri et al 1997), an extension of Ward and Tordai’s analysis (Ward
and Tordai 1946). When diffusion limited and with no partitioning across the interface, the
concentration of surfactant is given as a function of radius r and time ¢ by the equation

c 1 N £ a+r Dt/rm —(a—r)? —(a+r)_2
(2 ) (5o (522)
3)

U=

2)

New Journal of Physics 11 (2009) 115005 (http://www.njp.org/)


http://www.njp.org/

7 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

When surfactant transport from a sphere is rate limited by diffusion, almost all (92%)
of the surfactant is lost by the characteristic time a?/D. The time to lose 50% of the
surfactant is approximately one-fifth of this, which in the experiments here is somewhat less
than 1 s.

Next, let us consider slow convection inside the drop, and fast outside the drop. The
external Peclet number is given by Pe. = auy/D, which in our experiments is O (100). Since
the flow is laminar (Re = O(0.1)), it convects components only along, and not transverse
to, the channel. Thus, if the drops are very far apart, then the external convection, i.e. shear
dispersion, would be significant. In such a case, the dilution effect is complicated. However, in
our experiments the drops follow relatively closely in one another’s wakes, and thus dilution is
essentially diffusion controlled. Typically, the ratio of the distance between drops to the drop
radius xg/a is between 6 and 10. The ratio of the time it takes for a surfactant molecule to
diffuse a distance equal to the drop radius a to the time it takes for a drop in the train to translate
a distance of x, is therefore ugqa®/x,D. At the experimental conditions studied here, this ratio
uga®/x;D = [20, 50]. Therefore, except for very short times, external convection and external
shear dispersion have a weak effect on dilution, and diffusive mass transfer transverse to the
streamlines is dominant, and thus this case is essentially like the first.

When the convection inside and outside the drop are fast, the fountain flow inside
the drop constantly brings solute from the droplet center to near the interface. (In linear
shear, the streamlines in the drop are more or less parallel to the interface, and thus not
effective for transport from the center.) The internal Peclet number of the fountain flow is
given by

Pein = 4a’tiug/h>D = Peey it(2a/ h)*. (4)

When Pe;, is more than unity, the mass transport at short times is significantly accelerated
in comparison to the first two cases (Carslaw and Jaeger 1959, Shraiman 1987). Since this is
analogous to increased diffusivity, the size Rp_g (equation (1)) effectively increases.

As mentioned above in section 2.1, when diffusion is fast compared to the surfactant
adsorption/desorption kinetics at the interface, its mass transfer becomes limited by the kinetics
at the interface. Because the drop size in our system ay = [30, 50] um is less than but still
somewhat comparable to Rp_g, a mixed diffusion-kinetic model is appropriate (Miller and
Kretzschmar 1991). According to the Langmuir model, the interfacial sorption kinetics are
governed by the following equation:

dr

E = ,BWCW(Fmax - F) - ‘XWF + lgoilcoil(rmax - F) - aoilr’ (5)

where «; are the surfactant interfacial desorption kinetic constants and ¢; are the concentrations
adjacent to the interface. ¢ = «;/B; are characteristic concentrations (noted below) that measure
interfacial activity. The characteristic time for desorption from the interface is proportional to
1/a;, as appropriate, independent of drop size.

In summary, mass transport may be mixed mode or limited by either interfacial kinetics
or diffusion, depending on the magnitude of the droplet radius a with respect to Rp_g
(equation (1)). In addition, convection inside the drop may accelerate bulk transport there if
Pe;y, 1s substantial, increasing the effective size of Rp_g, and causing interfacial kinetics to
play a greater role.
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3. Experimental

3.1. Fluids and particles

Fluids used in this study are mineral oil (white, heavy, Aldrich)?, n-butanol (Mallinckrodt) and
distilled water. Aqueous solutions of n-butanol of (0.20, 0.50, 1.0, 2.0 and 5.0)% mass fraction
were prepared. A small amount (less than 0.2% mass fraction) of polystyrene (PS) spheres
(diameter 2.092 £ 0.095 uwm, Polybead, Polysciences, Inc.) were placed into the aqueous drops
to serve as particle tracers. The mineral oil, n-butanol and PS spheres were used as received.
The viscosity of the mineral oil is 0.17 Pa s at 22 °C.

3.2. Pendant drop tensiometry

Interfacial tension was measured by pendant drop tensiometry (ITConcepts, France), using a 20
gauge needle. The pixel dimensions in each direction were calibrated (Yeh and Chen 2001) to
give an air water surface tension of 72.0 mN m ™! at 25 °C, independent of drop size (surface area
ranging from 7 to 30 mm?). Thus calibrated, the interfacial tension between the heavy mineral
oil and water was also independent of drop size and found to be 52+ 1.5mNm™! at 22°C. The
interfacial tension was measured as a function of time from several seconds to several days, as
discussed in section 4.4.

3.3. Device fabrication and design

Fabrication of the microfluidic device from soft lithography and polydimethylsiloxane (PDMS,
Dow Sylgard) replication has been described in detail previously (Cabral and Hudson
2006, Duffy et al 1998, Whitesides et al 2001). Briefly, a master channel pattern was fabricated
on a Si wafer using SU-8, 2075 photoresist (MicroChem) and traditional photolithographic
techniques. A PDMS device is created from the pattern, bonded to a glass slide by briefly
exposing both to O, plasma, then fitted with tubing. Aqueous drops are formed at a T-junction
and travel into the main channel which contains multiple constrictions/expansions. The droplet
formation zone and a detailed geometry of constrictions/expansions can be seen in figures 1
and 3. Three inlets are provided for the continuous fluid (two leading directly into the main
channel, numbers one and two, and one for drop formation, number three in figure 1) so that the
drop formation rate, spacing, size and overall flow rate can be easily adjusted. Multiple inlets
are also provided for the aqueous phase (numbers four and five) so that the surfactant and tracer
particle concentrations can be controlled. (The circular zones in channels 3, 4 and 5 are strictly
for stability of the SU-8 master.) Total flow rates, g, were dependant on the desired size,
frequency and velocity of the drops; typical operating values were between 2 and 3.5mLh™!.
Multiple constrictions/expansions at various positions along the channel allow for probing of
dynamics at varying drop ages. There are slight variations in channel height /4 throughout
the channel, with the average height being 270 £ 19 um. All other device dimensions can be
inferred from figure 1.

2 Certain commercial materials and equipment are identified in this paper in order to adequately specify the
experimental procedure. In no case does such identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that these are necessarily the best available for the
purpose.
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Figure 1. Optical micrograph showing droplet mixing zone, formation zone, inlet
for controlling droplet height (dark circle) and a constriction (at right). Scale bar
represents 500 pm.

3.4. Adjusting drop height

As mentioned previously, an advantage of our device is that the flow kinematics can be easily
adjusted by means of channel geometry, drop size and drop height. Unfortunately, because of
small variations in geometry during fabrication, each device forms droplets at different vertical
heights. Therefore, it is advantageous to be able to exert precise control over the droplet height.
The droplet height, y’, is given by

Y

YT

where y is the actual height of the drop in the channel. y’ is measured by first focusing the
microscope on the channel floor and ceiling, then the drop midplane, and noting the distances
travelled by the objective. Precise control of the droplet height y’ is achieved easily (see figure 2)
through the injection or withdrawal of the continuous fluid through a sixth inlet (flow rate gg)
positioned above the main channel directly downstream of the droplet formation zone (see dark
circle in figure 1). Continuous phase fluid is pumped either into or out of the channel to raise
or lower the drop to the desired height, which in this study is the midplane of the channel. At
this height, the flow in the wide channel (between constrictions) is mainly quadratic. Since this
quadratic flow is relatively weak, it is overwhelmed and the flow is primarily planar extension
upon entry to and exit from the constriction (other flow kinematics may also be obtained as
discussed in the appendix). The inlet g allows for precise control of droplet height over a
wide range of y’, which facilitates precise control of flow complexity (see the appendix). The
uncertainties shown in figure 2, and all figures, are standard uncertainties.

0.5, (6)

3.5. Microscope, pump control and data acquisition

Microfluidic devices are mounted on an automated translating XY stage (Prior H107) fitted
on an Olympus IX71 inverted microscope. Inlets are connected to micro-stepping syringe
pumps (New Era) capable of delivering fluid volumes with accuracy better than 0.1% (with
known syringe diameters). The pumps and data acquisition scheme are computer-controlled
though a LabVIEW routine. Eight-bit grayscale images (1504 x 400 pixels) are acquired with a
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Figure 2. The dimensionless drop height versus relative flow rate into or out of
the sixth inlet (see text and figure 1). Schematic of non-dimensional drop height
is shown in insert.

Redlake HG-100K high-speed camera at 1000 Hz. To avoid blurring, exposure times are chosen
(typically 20-50 us) so that the motion of the droplets is less than one pixel per exposure.
Image analysis allows recording of instantaneous drop center of mass, deformation, orientation
and detailed shape with time.

3.6. Analysis of drop deformation and motion

As described previously (Cabral and Hudson 2006, Gonzalez-Mancera 2007, Hudson et al
2005, Rallison 1984, Taylor 1932, 1934), the interfacial tension can be determined by plotting
the transient response of an isolated drop to deformation in an unbounded extensional flow field
(Taylor analysis):
&1 —& dD D
Kkne [5=— =) =0= (7)
4n+6 dr ao
where the viscosity ratio 7 = nq/n., and nq and 7. denote the droplet and continuous phase
viscosities, respectively. é; denotes a principal extension rate, a is the undeformed drop radius,
and D is the deformation, given by
_L-B ®)
~ L+B’
where L and B are the major and minor axes of the droplet, respectively. The term k1. is an
‘effective viscosity’, where « is a function of viscosity ratio given by the equation

2n+3)(197 + 16)
K = .
40(n+1)

®)
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It is important to note that for rapidly accelerating flows (entrance or exit to a constriction), the
material rate of change of the extension rate becomes non-negligible and the instantaneous
droplet deformation lags the steady state deformation. Equation (7) takes into account
this effect.

During data acquisition, the Taylor analysis is applied in the following manner. First, a
threshold is applied to the raw image resulting in a binary image, from which the droplets are
extracted. The transit time of the drops 7 (x) (x is the droplet center of mass) and the deformation
D are computed from the binary images. The deformation D is calculated from the moments
of inertia of the drops rather than directly measuring the major and minor drop axes. Calculating
D in this manner is a more accurate description of the droplet deformation in our system and
has virtually no effect on the computation time. The transit time and deformation are then fit
to polynomials (generally, the fit is insensitive to polynomial order above 5), and the extension
rate along the x-direction is calculated by

 dug dr\ 7 d%

t=——m=—|—]) —, (10)
dx dx dx?

where ¢ is the time since the droplet entered the frame, and u4 is the droplet velocity dx/dt

(the droplet is a marker of the flow). D /dx is computed from the data, and the material time

derivative of D is calculated by the equation

dD 0D (11
—=1U _—,
dr d ox

which is true for unidirectional, time-invariant flow. Knowing the component viscosities, a plot
of the left-hand side of equation (7) versus d/a, is made and the slope of this plot yields the
interfacial tension o.

Because we are working with surfactant-containing systems, we must keep in mind that
deviations from ideal behavior (non-spherical and non-ellipsoidal shapes) can occur. Depending
on various properties of the surfactant, its concentration, the droplet history, and the external and
internal flow fields, gradients in surfactant concentration along the interface can develop. These
gradients can lead to deviations from ideal behavior, e.g. deviations from ideal shapes and partial
or full immobilization of the interface (Gonzalez-Mancera 2007, Hu and Lips 2003, Milliken
and Leal 1994, Milliken et al 1993, Pawar and Stebe 1996, Stone and Leal 1990, Stebe er al
1991). An ellipsoidal droplet shape is assumed in the determination of the interfacial tension;
therefore, non-ellipsoidal shapes can introduce errors in . However, these non-ideal effects
are expected to be minimized at small deformations where the Taylor analysis is applicable.
A comprehensive discussion on other sources of error (e.g. focus, threshold and confinement)
in the determination of o through droplet deformation has been given previously (Cabral and
Hudson 2006, Gonzalez-Mancera 2007).

The ability to directly measure the aforementioned non-ideal surfactant effects is one of
the primary goals of this paper (e.g. measurement of interfacial immobilization through internal
circulation velocity). Therefore, it would also be advantageous to be able to precisely measure
non-ideal droplet shapes by determining the position of the droplet interface to a high precision
(sub-pixel resolution). A detailed shape analysis routine capable of such measurements was
written and incorporated into the LabVIEW primary control and analysis program. This shape
analysis was not incorporated into the current study, but will be utilized in future studies.
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3.7. Examination of flow inside drops

Flow fields inside of the droplets are visualized by the motion of the PS particle tracers. A series
of images (focused on the droplet mid-plane) are saved and each drop is extracted from each
image, yielding a single series of (smaller) images in the reference frame of the drop for each
drop passing through the channel. To quantify the circulation in the droplet, we have chosen to
use the velocity in the center of the droplet, given by equation (2) and illustrated schematically
in figure 5. The circulation velocity u. is calculated by tracking the position of a particle x, near
the drop center as it moves a distance comparable to the droplet radius, and fitting x, versus 7.
At a frame rate of 1000 Hz and for a droplet in the channel, a particle on the centerline typically
travels a distance comparable to the droplet radius over a period of about 200 images.

3.8. Mass transport kinetic calculations

The mixed diffusion-kinetic model was modeled with a one-dimensional finite element model
(COMSOL 3.2, COMSOL AB). For convenience, we followed the one-dimensional mapping of
Liggieri et al (1997). Parameters in the model include the drop size (determined experimentally),
butanol diffusivity in water and oil (assumed to be 9.5 x 107 m?s~! in each phase (Li and
Ong 1990)), and coefficients of equation (5) (I'max and ¢ were determined by pendant drop
tensiometry). Diffusion limited predictions were simulated artificially by either increasing the
rate constants sufficiently, or reducing D and rescaling ¢ accordingly.

4. Results and discussion

4.1. Analysis of drops

The fundamental basis of this investigation is particle and drop tracking. Quantities derived from
these primary measurements of particle position, and drop position and shape (sample data are
shown in figure 3) are the drop velocity, the rate of strain in the continuous fluid, the interface
age, the internal circulation rate and the interfacial tension, as described in the previous section.
As also noted in section 3.4, the drop height is adjusted to the centerline, and the drop velocity
matches well the predicted centerline velocity u ., of a rectangular channel (figure 3) (Chatwin
and Sullivan 1982)

3 Guot AN
Umax = 5 (1 0.630w) . (12)
This velocity is plotted in figure 3 for the sections of the channel that are of constant cross
section (w, h) or (we, h). The slip velocity of the drop (difference from u,,4) is expected to be
small (O (1%)) since the drop is relatively small (Chan and Leal 1979, Hiller and Kowalewski
1987).

The interface age is the drop passage time to travel a distance x, approximately Z,45500c =
fOx dx /ug4, which for constant flow velocity u, is simply x /u,. Integrating the curve in figure 3,
we find for this device that #,u4s00 = %, where x and u, are expressed in mm and mms~!,
respectively, and n is the number of constrictions passed. Droplet residence times ranging from
approximately 0.5-20 s can be realized using our current experimental setup.

As mentioned previously, the circulation of fluid inside the drop is measured by tracking
the tracer particles in the drop. This circulation is noteworthy because it directly probes the
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Figure 3. Droplet velocity and deformation through a constriction. Total flow
Gt = 4.81 mLh™!; gy = 29 um; confinement 2a/h = 0.19; w = 1500 um; w, =
300 um; h =278 £+ 18 um. Inset image shows a droplet with particle tracers,
scale bar represents 50 um. Droplet velocity matches the predicted centerline
velocity uy,.x for a rectangular channel. The standard uncertainty of uy and D
are 0.091 mms~! and £0.0047, respectively.

mobility of the interface, a property of at least as much interest as the tension itself. In the
wide portion of the channel, a relatively slow and simple fountain flow occurs inside the drop.
The flow inside the drop is faster and more complex when it passes the constriction, and some
internal mixing takes place which further facilitates mass transfer. As the drop approaches or
exits the constriction (i.e. when the extension rate is relatively high), four vortices in the drop
are observed, and as expected the extension of the fluid inside the drop is transverse to the
stretching direction outside. In later sections, we report the circulation velocity measured as the
forward velocity at the center of the drop and only in the wide portion of the channel far from
constrictions.

From the aforementioned measurements, e.g. time-dependant interfacial tension, we
can evaluate various parameters noted in section 2 and estimate the dominant mechanism
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Figure 4. Interfacial tension as a function of interface age for various initial
butanol concentrations for water in mineral oil. Butanol-free systems are shown
as dash-dotted line from current microfluidic setup with no tracer particles, and
dashed line from pendant drop. Solid lines represent model predictions from a
mixed diffusion-kinetic model. The dotted line represents a diffusion-controlled
model for 5% mass fraction butanol with the appropriate surfactant equilibrium
distribution applied to the interface.

for surfactant mass transfer. The internal Peclet number ranges in our experiments from
approximately 1 to 20 in the channel and 20 to 100 in the constrictions. As a consequence,
convective transport inside the drop is significant, and we anticipate that the drop is effectively
well mixed. Diffusion outside the drop across streamlines occurs in approximately a?/D =
[0.5, 3]s. As mentioned previously, Rp_x (equation (1)) is predicted to be approximately
[80, 200] um, depending on butanol concentration. Therefore, mass transport of butanol is
expected to be governed by kinetic interfacial transport and mixed kinetic-diffusion transport.
The question of the limiting mass transfer process in these microchannel flows will be explored
more quantitatively in later sections. In addition, the influence of interfacial concentration on
interfacial mobility will also be addressed.

4.2. Interfacial tension versus drop age

Following the procedure outlined in section 3.6, the interfacial tension is measured at
various constrictions (interface ages) along the channel. Because of the nature of our
microfluidic system, we have the advantage of performing a large number of measurements
in a relatively short time. The interfacial tension values listed in figure 4 are averages
of at least five measurements (error bars are one standard deviation), with the typical
uncertainty in a single measurement (fit to Taylor analysis, equation (7)) being approximately
0.5-3mNm™!. The interfacial tension depends weakly on interface age (figure 4), and the
tension increases modestly with increasing interface age, at a rate of nearly I mNm~!s~! for
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higher concentrations of butanol (2 and 5% mass fraction). The concentration continuously
decreases as the butanol transfers to the oil and is dispersed. The drop size a, was varied
by a factor of about 1.7 with surprisingly little effect on the interfacial tension. This size-
independance is a signature of kinetically limited transfer (equation (5)). In the kinetic limit,
the rate of decrease of the interfacial concentration is independent of a. A weak effect of a
remains, since the maximum value of I during the mass transfer process depends on a and cy.
In contrast, the diffusion time depends strongly on a, i.e. a*/D. The dotted and solid lines in
figure 4 are the predictions from finite-element modeling, and will be described in more detail
in a later section.

We note that the dispersion of butanol here is unlike a Taylor—Aris dispersion (Aris
1956, Taylor 1953), since the experimental time is not sufficiently long for the solute to fully
sample the channel cross section. Moreover, when the solute reaches the wall it is not reflected
or contained in the channel. Instead it may escape as it diffuses into and through the PDMS.

After complete extraction of butanol from the water to the surrounding oil (and elastomer
PDMS device body) at times much longer than studied here, the interfacial tension of pure
mineral oil and water is expected. If the channels were instead impenetrable to butanol, then
the long time limit would be set by the dilution limit. Since the drop is relatively small
(a approximately 0.1 &), this limit itself represents an exceedingly small concentration of
butanol. As will be shown in section 4.4, the equilibrium distribution coefficient between the
phases is not unity. Considering this factor, the dilution limit is approximately two orders of
magnitude less than the starting butanol concentration.

4.3. Drop circulation

For most of the interfacial tension measurements in figure 4, i.e. when particle tracers were
present, the internal drop circulation was measured at the drop center and plotted in figure 5 (the
circulation velocity # is plotted versus the interfacial tension so that the plot would be model-
independent). A value of & = 0.5 is expected for mobile interfaces (Nadim and Stone 1991).
Significant interfacial retardation was seen, however, with a rough trend of stronger retardation
occurring at low surfactant concentration (higher tension). At higher surfactant concentration,
the surfactant exchange is more rapid, therefore the interfacial motion is much greater and
approaches the limit of full mobility, i.e. # = 0.5. This effect is termed remobilization (Stebe
and Maldarelli 1994, Stebe et al 1991).

When no butanol is added, we expect data on this plot at c =52mNm~! and & = 0.5.
Surprisingly, however, the retardation is substantial, and 0 measured without butanol and with
particle tracers is approximately 48 &2 mN m™!, measurably less than without tracers. These
two results, interfacial tension reduction and interfacial retardation, indicate that the interface is
contaminated with either the particles or an accompanying surface-active impurity. However, we
have observed that the particles do not go to the interface, thus implicating an impurity, perhaps
a residue from the particle synthesis. Pendant drop tensiometry also indicates the presence of
this impurity. For the particle tracer solution, a substantial reduction in o was observed by
the pendant drop method, decreasing from 52 to approximately 40 mN m ™!, during a period of
30 min. In contrast, with pure water drops, o is much more stable, decreasing only slightly to
approximately 51.1 mN m™! in the same period.

These results indicate that some surface-active impurity is present in the particle
suspension, and it is this surface-active component that immobilizes the interface. However,
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Figure 5. Internal circulation velocity & versus interfacial tension. Note at high
tension the interface is immobilized. At low interfacial tension, where surfactant
exchange is more rapid, the interface is partially remobilized. Schematics of the
interfacial flow (left) and internal circulation & (right) are shown.

when a large concentration of butanol is present, interfacial tension gradients are dominated by
the distribution of butanol and not the surface active impurity, since Marangoni effects arise
from gradients in interfacial tension not in interfacial concentration directly.

In spite of the severe retardation, the interface velocity remains significant: the internal
Peclet number is still substantial (Pe;, is approximately 1-20). Therefore, convection in the
drop, and the type of convection, i.e. a fountain flow, remains effective in bringing solute from
the center of the drop to near the interface, even in the most severely retarded cases.

4.4. Pendant drop tensiometry and equilibrium interfacial tension

To analyze the microfluidic data in terms of a kinetic model, it is helpful to measure the ratio
of desorption to adsorption coefficients in both phases independently. Therefore, pendant drop
tensiometry was used to measure the interfacial tension as a function of surfactant concentration
in either the aqueous or oil phases (figure 6). We thereby demonstrate the suitability of the
Langmuir model and measure the equilibrium distribution coefficient of butanol between the
two phases. In this study, water drops in oil media were investigated, and butanol was added
to either the water or oil phases. Because of the unequal partitioning of the butanol across the
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Figure 6. Equilibrium interfacial tension between water and heavy mineral oil as
a function of butanol concentration in the water. Symbols represent data from
the pendant drop method and the curves are fits according to the Langmuir
model.

interface, care must be taken when analyzing pendant drop data from our system; therefore, we
will describe the procedure in detail.

The data obtained is similar to that of Ferrari et al (1997) and Liggieri et al (1997).
Specifically, we find that when the butanol is in the water drop initially, the tension rapidly
(<30s) decreases to a minimum and then slowly (several hours to days) increases. At the
minimum, butanol has transferred across the interface and infused the oil adjacent to the
interface at a concentration in equilibrium with the interface. Eventually the butanol diffuses in
the oil over much longer distances, causing its overall concentration to decline and the interfacial
tension to slowly rise. The value of this minimum tension is taken to be the equilibrium tension
at the given concentration, since it occurs long before dilution. A major reason that the dilution
is so slow is that the local equilibrium concentration of butanol in oil adjacent to the interface
is substantially less than that in water, as determined below, and thus reducing concentration
gradients markedly (Liggieri et al 1997). When the butanol is added to the oil phase, the
tension decreases slowly (within 1 min to a couple of hours, depending on concentration) to
an asymptote, which is taken to be the equilibrium tension since the concentration remains at
nearly the initial value due to the fact that the relative volume of the oil is a few hundred times
that of the water. At these quasi-equilibrium conditions, the concentrations of butanol adjacent
to the interface are steady. The longer equilibration time observed when butanol is added to
the oil phase is again a result of the unequal partitioning of the butanol across the interface.
This partitioning is evident from the isotherms generated (figure 6), which demonstrates that
at local equilibrium (equal tension), the concentration of butanol adjacent to the interface is
substantially (approximately six times) lower in the oil phase, in comparison to that in the water
phase.
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According to the Langmuir model, the interfacial tension is given by the following
expression:

0 =0, — kT Cpax In(1 + ¢ /)
=0,y — kT l—‘max ln(l + Coil/czil)
— 0o+ kT e In(1 = T/ T (13)

where k is the Boltzmann constant and 7 is the temperature. This model approximates the
data of figure 6 (indicating suitability of the Langmuir model) when ', = 6 x 107 mol m~2,
¢’ =50mol m™ (0.37% mass fraction), and c*;, = 8.6 mol m— (0.063% mass fraction). These
same values (I'nax and c},) were already found to apply to the effect of butanol on the tension of
the air water interface (Joos and Serrien 1989). The interfacial structures at the two different
interfaces (oil-water and air—water) are therefore similar, consistent with their comparable
interfacial pressures. As noted above, the ratio K =cf /c, is the equilibrium distribution
coefficient, equal to approximately 5.8. Although ¢ = «;/Bi may be determined by pendant
drop tensiometry, the kinetic coefficients «; and B; themselves are often, and in this case,
inaccessible by pendant drop tensiometry. Therefore, in the subsequent section, the data of
figure 4 will be analyzed in reference to that of figure 6 to evaluate the kinetic coefficients
«a; for desorption.

4.5. Applying the mixed kinetic model and comparing to experimental data

Since both the interfacial tension and the drop circulation have been determined, we can now
discuss the relevance of the various surfactant mass transfer parameters on the interfacial
dynamics. First, a comparison between models will be made, and then comparisons to
experimental data will be performed.

Concentration-time profiles for the mixed kinetic-diffusion model are calculated by finite-
element modeling, and shown in figure 7 along with a diffusion-limited case (equation (3))
and a case where convection (internal mixing) is considered. The following parameters were
used for these calculations. As noted above, the diffusivity in each phase was assumed to be
D =9.5x10"""m?s™!, and the drop radius was chosen from a typical experimental value,
viz. a =43 pm. T =6 x 107® mol m=2 was determined from pendant drop measurements.
The distribution coefficient K was taken to be either 1 (no partitioning) or 5.8, to illustrate the
effect of surfactant partitioning across the interface. Concerning the magnitude of the kinetic
coefficients, oy = o, were either 1 x 10*s~! or 70s™! to illustrate, respectively, the diffusion
limit or mixed kinetic transfer. Solid lines in figure 7 represent butanol concentrations in the
droplet center, and dashed lines represent the concentration adjacent to the interface.

The various cases illustrated in figure 7 differ both qualitatively and quantitatively. The
mixed kinetic model is more than an order of magnitude slower than the diffusion limited
model (curve a versus d, respectively). The diffusion model of equation (3) (curve d) assumes
no partitioning across the interface (i.e. K = 1); however, such partitioning has an influence
on the diffusion limited transport (b) (Liggieri et al 1997). For example, if the surfactant is
partitioned to the source, the transfer is slower than if it is partitioned to the destination. Two
diffusion limited cases (ot = o, = 1 x 10*s™!) with and without partitioning are plotted in
figure 7 (curves b and c, respectively), and the non-partitioned case (K = 1) agrees well with
equation (3) (curve d), as expected. The large differences caused by partitioning in the diffusion-
limited cases are less evident in the mixed kinetic-diffusion case, likely due to the limiting
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Figure 7. Comparison of the mixed kinetic model, and diffusion and convection
limits without surfactant partitioning for a = 43 um, c¢y/c* = 10 and D =9.5 x
107'm? s, Solid and dashed lines indicate butanol concentration at the droplet
center and adjacent to the interface, respectively. The experimental window with
the current setup is highlighted.

kinetics at the interface (not shown). To simulate the effect of convective mixing in the drop, the
diffusivity there can be increased artificially. This case is plotted as curve e in figure 7 (K = 1;
0ol = oty = 1 x 10*s™!; and diffusivity in the drop increased by a factor of 100). In such a
case, the concentration in the drop is essentially uniform and the solid and dashed lines merge
together and follow an intermediate curve. When the transport across the interface is slowed by
adsorption/desorption kinetics, a similar effect occurs. The bump in the mixed kinetic model (a)
occurring between 0.1 and 1 s is due to a relatively rapid equalization of surfactant concentration
in the drop. Internal convection simply causes this equalization at earlier times.

For comparison with experimental data, interfacial tension values predicted by the mixed
kinetic-diffusion model with K = 5.8 are shown as solid lines in figure 4. Average values of the
experimental drop size ay were used in the model for each concentration. We note that because
oo and ay, are both fitting parameters in the mixed kinetic-diffusion model, a wide parameter
space exists in which to conduct fitting to the data in figure 4. «,; and o, were both individually
and systematically varied, with the best fit to all datasets occurring at o = ay, = 70s~!. Both
the minimum and slope of the curves in figure 4 can be changed by varying the desorption
coefficients: they have similar effect on the slope (large «; increase the slope) and compensating
effect on the minimum (larger o, lowers the minimum, while larger «; raises it). We estimate
the uncertainty on a.; and «,, to be approximately £50s~!: multiplying or dividing values of
oo and oy, by +/2 does not significantly change the quality of the fit in figure 4; however,
multiplying or dividing «,; = o, by a factor of 2 produces poor quality fits.

The mixed kinetic-diffusion model is in good agreement with the experimental data at
all but very short times, verifying that our system indeed follows the mixed kinetic-diffusion
model. The disagreement at very short times likely comes from neglecting convective effects
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Figure 8. Interfacial tension as a function of butanol concentration for water in
mineral oil: (a) for the diffusion limited case with surfactant partitioning (o =
aoi =1x10*s7!, K =5.8), and (b) taking into account adsorption/desorption
kinetics (ot = ooy = 70s~!, K = 5.8). Hourglass symbols represent steady-state
pendant drop data, and the solid line represents a fit to the Langmuir model
(equation (5) and figure 6).

that the drop experiences in the interval between the T-junction and the first measurement point.
For comparison, the interfacial tension predicted by the partitioned diffusion-controlled model
(K =5.8; curve b in figure 7) is shown as a dotted line in figure 4 for 5% mass fraction of
butanol. Interfacial kinetics are greatly accelerated in this model and thus mass transfer occurs
more quickly and the interfacial tension is overpredicted at all but very short times, where it is
underpredicted. Clearly, interfacial kinetics must be considered.

The diffusion and mixed kinetic models can be compared further by using them with the
interfacial tension data of figure 4 to generate adsorption isotherms (figure 8). To construct
the isotherms, concentration-time profiles were calculated by the finite-element models, and
butanol concentrations were calculated corresponding to the times at which interfacial tension
measurements were performed in the microfluidic device. The mixed kinetic-diffusion model
produces a superior collapse of the data, and the fitting parameters are the desorption coefficients
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ay and oy, determined from figure 4. Consistency with the microfluidic data depends
significantly on the desorption coefficients. These coefficients, moreover, have an even more
fundamental effect on the shape of the plot, so that even in the absence of reference data from
pendant drop (which was used to determine the surfactant equilibrium distribution coefficients),
the desorption coefficients could be determined, leading to an independent method to determine
the adsorption isotherm. The deviations at low concentration in figure 8(b) can be explained
by the presence of the surface-active impurity perceived in section 4.3, whereas deviations at
high concentration may be due to the loss of butanol through diffusion into the PDMS in the
input channel or dilution from shear dispersion (section 2.2), which were not accounted for.

To summarize, the kinetic constants for adsorption and desorption of butanol in a
water/mineral oil system were determined through the use of a microfluidic approach combined
with simple modeling. Langmuir kinetics were assumed at the interface, and the importance of
surfactant partitioning was demonstrated.

5. Conclusions and future directions

These experiments demonstrate that interfacial tension, surfactant mass transfer and interfacial
retardation can be measured in a single experiment, so that interfacial properties and mobility
can be correlated directly. At low concentration of butanol the interfacial tension is not reduced
much, but the interfacial mobility is severely retarded. However, the interface is remobilized at
higher surfactant concentration. The interfacial tension is described well by Langmuir kinetics
and the parameters for interfaces with mineral oil (studied here) are similar to those previously
found at air interfaces. The mass transfer of butanol from water drops into the surrounding
flowing oil was shown to be well described by a mixed kinetic-diffusion limited model, and the
desorption rate coefficient (from the interface to the oil) is measured to be approximately 70s~!.

The microfluidic approach employed here facilitates measurements of the interrelated
quantities of interfacial tension, surfactant mass transfer kinetics and Marangoni effects in a
single experiment utilizing two-phase flows under conditions, particularly droplet size, that are
relevant to industrial and microfluidic applications. At this reduced droplet length scale, the shift
from diffusion-controlled to mixed kinetic-diffusion mass transfer was verified, stressing the
importance of measurement at reduced length scales relating to processing applications. These
measurements along with measurements of Marangoni effects (interfacial immobilization) are
essential in understanding the dynamics of two-phase systems, i.e. emulsions, and moving
toward the ultimate goal of accurately predicting emulsion performance and stability.
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Appendix
In general, droplets entering a constriction experience a mixture of shear and extensional flows,

with the relative strength of each type of flow determined by many factors including the channel
geometry, drop size, drop height and confinement. To simplify, we consider aspect ratios such
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Table A.1. The ratio of extension to shear ¢7/(y2/2) through a constriction
(w, = w — w,) for varying channel geometry and droplet height. Aspect ratio is
h/w, and aspect ratios listed below are typical limits for our experimental set-up.

/

y
Aspect ratio h/w 0.1 0.3 0.45
0.067 0.6—->20 0.03— 0.8 0.001 - 0.03
0.183 5— 100 02—6 0.009 — 0.2
0.3 10— 300 0.6 —20 0.02 — 0.6

that w, w. > h, so that the velocity scales inversely with the channel cross section, where w and
w, are the channel and constriction widths, respectively. Thus, the velocity in the constriction is

u = uo(1 — 4y?)—, (A1)

X
where u is the undisturbed centerline velocity, w, is the channel width as a function of x as the
width changes from w to w, in the constriction (over a length of £), and y’ is the dimensionless
drop height given by equation (6). Let us consider three cases: (i) the droplet essentially on the
centerline, (i1) the droplet near the centerline, and (iii) the droplet near the wall. The rate of
strain tensor for a fluid element at z = 0 is in general

& y/2 0
D=I(NVu+Vu)=|y/2 0 0 |. (A.2)
o 0 0 —¢
Case (1): if the droplet is essentially on the centerline, the extension rate is given by
du ww—w
c,= — — 1—4/2— C:—', A3
fr=-=u(l -4y -—5— & (A.3)

X
and the shear rate is essentially zero y & 0. In this case, extension dominates.
Case (2): with the droplet near the centerline, the extension rate is given by equation (A.3)
and the shear rate is

y=—=-8y——. (A4)
y

Under these circumstances, the principal deformation rate is /&7 +72/2. Table A.1 enumerates
the ratio £7/(y?/2) for a variety of conditions of channel aspect ratio and drop height y’. For
each entry the wo numbers illustrate the range of values of this ratio obtained by varying w,
between w and w,.. For large aspect ratio (e.g. h/w = 0.3), the ratio of extension to shear is large
and the flow is essentially planar extension. Aspect ratios given here represent approximate
practical upper and lower limits for our devices.

Case (3): for the droplet approaching the wall (y’ = £0.3), the ratio £7/(y2/2) entering
the constriction increases from 0(0.01) to O(1) and O(1) to O(10) for small and large
aspect ratios, respectively. This case is shear dominated at small aspect ratios. If y' = £0.45,
the extension to shear ratio increases from O (0.001) to O(0.01) and O(0.01) to O(1) for
small and large aspect ratios, respectively (again, see table A.1). However, we have found
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that we are only able to operate within the limits —0.3 < y’ < 0.3 (at confinement 2a/h ~
0.3) in our devices. Of course, this limitation is expected to be dependent on drop size
(confinement) and is most likely due to finite drop size and wall migration (Chan and Leal 1979,
Hudson 2003).

From the above analysis, it is clear that the flow complexity can be easily tuned
by varying the channel geometry and droplet height, while keeping confinement relatively
small.
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