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Introduction

Many microfluidic devices have been suggested for emul-
sification. One of the most studied designs is the T-junc-
tion."*¥*3¢  Also Y-junctions are reported,”**'° and
although they basically seem to be odd-shaped T-junctions,
no systematic investigation has yet been carried out regard-
ing the design, and how this relates to the droplet size that
can be produced. Therefore, we experimentally investigated
the effect of microfluidic (flat) Y-junction design on emul-
sion droplet size in the dripping and jetting regime for a
hexadecane/ethanol-water model system with a range of
static interfacial tensions and continuous-phase viscosities,
and compared these to results obtained for T-junctions. It is
expected that the droplet size in T-junctions, which is known
to consist of two steps,14 will differ from that in Y-junctions,
which in a previous study based on a single Y-junction
design was found to scale linearly with the capillary number
of the continuous phase, implying a one-step droplet-forma-
tion process.m

Experimental
Materials

Anhydrous n-hexadecane (no. 296317, Sigma-Aldrich,
Steinheim, Germany) was used as the to-be-dispersed-phase.
Milli-Q water, 9, 19, 28, 38, 47, or 66 wt % ethanol-water
mixtures were prepared from Milli-Q water and 96%v/v
ethanol (no. 20824, VWR BDH Prolabo, Amsterdam, The
Netherlands), and were used as continuous phases. The vis-

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to M. L. J. Steegmans
at maartje.steegmans@wur.nl

© 2010 American Institute of Chemical Engineers

1946 July 2010 Vol. 56, No. 7

cosity of these Newtonian liquids was measured in a rheom-
eter (MCR 301, Anton Paar, Graz, Austria) with a Couette
geometry (DG 26.7, Anton Paar, Graz, Austria) (see Table 1).
The interfacial tension with hexadecane was measured
using a dynamic drop tensiometer (ADT, ITCONCEPT,
Longessaigne, France)m’11 (see Table 1).

Experimental setup

Microfluidic  Devices. Borosilicate glass microfluidic
devices with various Y- and T-junction designs were pro-
duced by Micronit Microfluidics BV (Enschede, The Neth-
erlands) (see Figure 1 and Table 2). The devices consist
of a plate in which the channels are (chemically) etched,
and annealed to a top plate with inlets. The microchannels
have a uniform depth of 5 um and are much wider than
deep. The continuous phase enters the junction via C, and
the hexadecane via HD. At the junction, both phases meet
and hexadecane droplets are formed (see for instance
Figure 3a).

Droplet-Formation Experiments. The microfluidic devi-
ces were operated in the appropriate holder (no. 4515,
Micronit Microfluidics BV, Enschede, The Netherlands), and
the continuous phase and the hexadecane were supplied as
described in previous work.'>'? At continuous-phase flow
rates ranging from 0.014 to 0.44 mL-h~' and hexadecane
flow rates ranging from 0.29 to 13 uL-h™' droplets were
formed at the junctions (flow rates were estimated as
described in previous work!'%). After setting the flow rate(s),
droplet formation was allowed to equilibrate for at least two
min to ensure steady state.

Droplet formation was recorded using a high-speed cam-
era (MotionPro HS-4, Redlake, Tallahassee, FL) connected
to an inverted transmitted light microscope (Axiovert 200,
Carl Zeiss, Sliedrecht, The Netherlands). The formation of
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Table 1. Viscosity n and Interfacial Tension with
Hexadecane ygp at 23°C

Sample n [mPa-s] YHD [mN-m™ 1]
Milli-Q water 1.0 41
9 wt.% ethanol-water 1.5 27
19 wt.% ethanol-water 2.0 20
28 wt.% ethanol-water 2.5 15
38 wt.% ethanol-water 2.6 12
47 wt.% ethanol-water 2.7 10
66 wt.% ethanol-water 2.3 7
Hexadecane 3.5 -

25 subsequent hexadecane droplets was recorded using (ca.)
20 frames per droplet, which corresponds to frame rates
between 500 and 94,500 s~ .

Image analysis

Droplet Size.  The hexadecane droplet size was deter-
mined either automatically using a custom-written script
based on the DIPimage toolbox operating in Matlab 7.0.1, or
manually using Image-Pro Plus 4.5.0.29 when image contrast
was too low. The area of each droplet was determined as the
average over three subsequent frames. Ten subsequent drop-
lets were measured; the reported size was the average of
these 10 with a 95% confidence interval.

The droplet volume V was calculated from the droplet
area. When the diameter of the droplet was smaller than the
depth of the microchannel, the droplet was spherical (drop);
otherwise, the droplet was squeezed between the bottom and
top surface and disc-shaped (disc). The volume V of discs
was calculated assuming rounded edges with the channel
depth as curvature

_mz ,  mz? 4 3

with D the diameter of the disc area, and z the depth of the
microchannels. To compare drops and discs, the equivalent
dia. D3p of an unrestricted spherical droplet was calculated.

Neck Diameter. Just before detachment the droplet is
kept to the bulk with a hexadecane filament, which thinnest
width D, was manually determined with Image-Pro Plus
4.5.0.29 in the second-to-last frame before droplet detach-
ment (see Figure 3a and b). The reported D . is the aver-
age over 10 incipient droplets, and the error due to image
analysis is 0.8 um, at most.

Results and Discussion

In previous work 19 6n Y-junctions, we found that the
droplet-size scales with the inverse square root of the capil-
lary number of the continuous phase Ca..’ Figure 2 shows
the data accordingly. For all Y-geometries the droplet size
increases (seemingly linearly) with the inverse square root of
Ca,; i.e., as expected droplet size increases with increasing
interfacial tension and decreasing continuous-phase veloc-
ity.g’lo Surprisingly, no differences are observed between the

FCapillary number of the continuous phase is defined as Ca, = §.ve/yup, with 1.

and v, the dynamic viscosity and the velocity of the continuous phase, respec-
tively, and yp the interfacial tension.
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various Y-junction designs, which suggests that droplet size,
and, therefore, droplet formation mechanism are not influ-
enced by the junction angle, or the length of the various
channels; this is in line with our visual observations. In con-
trast, for droplets formed at, what we expect are, wider Y-
junctions with smaller angles than investigated here, Kawai
et al.® found a decrease in droplet size with increasing angle.

Figure 2 shows that droplets generated at T-junctions are
generally larger than at Y-junctions and show more scatter.
This is caused by the fact that both continuous- and dis-
perse-phase flow rate determine droplet size at T-junctions,13
in agreement to the fact that droplet formation is described
by a two-step model.'* In contrast, at Y-junctions, droplet
size is independent of the disperse-phase flow rate and drop-
let size is described by an one-step model as can be deduced
from the dependency of the capillary number.'® In previous
work on T-junctions,14 droplet-size data from various litera-
tures on emulsification at microfluidic T-junctions (with a
uniform depth) were statistically investigated, and it was
found that the data can be described with a two-step model
regardless of the fact that the channels were of equal or dif-
ferent width. Therefore, it is safe to assume that the differ-
ence found between T- and Y-junctions is not related to the
difference in channel width, and that Y-junctions are not just
a variant of T-junctions, as is often assumed. Given the
straightforward scaling relation through the capillary number,
Y-junctions are the preferred option for small monodisperse
emulsion droplets.

The neck diameter just before detachment also seems
hardly influenced by the Y-geometry. When compared to T-
junctions, the neck in Y-junctions is mostly smaller; but if
they are equal the droplets formed at T-junctions are larger
(see Figure 3c). This may suggest that Y-junctions facilitate
deformation of the hexadecane filament resulting in faster
collapse of the neck, and this could explain the difference in

C
C C
HD
(a) (b) (c)
C C C
HD HD

HD

(d) (e) ()

Figure 1. Y- (a—e), and T-junction (f), designs studied, C
is the continuous-phase channel, HD the hex-
adecane channel, and at the junction
between C and HD droplets are formed.
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Table 2. Angle at the Junction, Length L and Width w of the Continuous-phase channel C, the Hexadecane Channel HD, and
the Downstream Channel for the Designs Shown in Figure 1

Geometry Angle [O] LL‘ [mm] Wca [/lm] LHD [mm] WHDa [ﬂm] dewnslream [mm] "Vdownsnreama [.um]
a.l 97 6.66 23.0+04 6.66 232 +04 0.46 23.0+05
a2 97 6.66 18.0 £ 0.5 6.66 18.3 £0.5 0.46 182 £ 0.5
b 97 3.36 18.4 £ 0.8 3.36 18.3 £ 0.8 2.66 18.3 £ 0.8
c 49 6.04 18.1 £ 0.8 6.04 18.7 £ 0.8 4.40 18.2 £ 0.8
d 49 4.40 18.0 £ 0.8 6.66 18.4 £ 0.8 0.46 18.0 £ 0.8
e 131 0.46 19.0 £ 0.5 6.66 19.3 £0.7 4.40 18.8 £ 0.5
f 90 5.13 303 £ 0.8 4.8 24 £0.8 5.13 303 £0.8

*Widths are given with their 95% confidence interval (average £ 1.96-standard deviation).

the observed droplet size because of a difference in droplet
formation process.

Figure 3c shows that for Y-junctions the droplet size is
proportional to the diameter of the neck, which is expected
assuming a force balance between the shear force and the
interfacial tension force acting on the circumference of the

30
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Figure 2. Droplet size D3p as function of the inverse
square root of the capillary number of the
continuous phase Ca.~ "2 for Y-junctions a.1
), a.2 (O), b (O), ¢ (), d (V), and e (A),
and T-junction f (@) at various flow rates and
for various ethanol-water phases.

Figure 2b is an enlargement; the error bars are 95% confi-
dence intervals.
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Figure 3. Picture of the neck in a geometry e: hexade-

cane-in-19 wt % ethanol-water (¢. = 6.2.1072
mL-h™", ¢4 = 9.6-10"* mL-h~"), and b. geometry
c: hexadecane-in-9 wt % ethanol-water (¢, =
0.10 mL-h™", ¢4 = 3.21072 mL-h™"). c. dimen-
sionless droplet size D3p/z as function of the
dimensionless neck diameter. Do /z for Y-
junctions a.1 (&), a.2 (O), b (O), ¢ (¢), d (V), e
(A), and T- junction f (®) at various flow rates
and for various ethanol-water phases. The error
bars represent the 95% confidence intervals.
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Figure 4. Outline of possible mass-parallelization of Y-
junction design d (a.) and e (b.). C represents
the inlet of the continuous-phase channel
and HD the inlet of the hexadecane channel.

Dimensions are not to scale.

neck.'® Combination of Figures 2 and 3c (result not explic-
itly shown) suggests that the neck diameter is proportional to
Caf]; which implies that the interfacial tension, continuous-
phase velocity, and viscosity determine the size of the neck,
and, therefore, the size of the droplet.

There is a great demand for micron-sized, monodisperse
emulsion droplets. Y-junctions yield smaller droplets than T-
junctions and only the flow rate of the continuous phase
needs to be controlled for monodisperse emulsification.'® In

contrast, for T-junctions both flow rates need to be con-
trolled."* A complication for parallelizing Y-junctions is the
fact that two connections are needed to introduce both
liquids. Thus, especially designs d and e seem suitable for
mass parallelization, as more oil channels can be positioned
around one continuous-phase channel, leading to an area-ef-
ficient design (see Figure 4).
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