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Abstract—Microfluidics-based technologies have attracted much attention since the fluid flow can be controlled pre-
cisely and only small sample volumes are required. Viscoelastic non-Newtonian fluids such as polymer solution and
biofluids are frequently used in microfluidic analyses, and it is essential to understand the small-scale flow dynamics of
such viscoelastic fluids. In this work, we report on vortex generation at the junction region of a flow-focusing micro-
channel, where a central flow stream of a Newtonian fluid meets two sheath flows of a non-Newtonian poly (ethylene
oxide) aqueous solution. We elucidated the vortex-generation mechanism by the backward-flow component induced
by the first normal stress difference in the viscoelastic sheath fluid. We systematically investigated the effects of poly-
mer concentration, total flow rate, and total to central-stream flow-rate ratio, on the vortex generation. In addition, we
demonstrated that this phenomenon can be engineered to enhance the mixing in the flow-focusing microchannel. We
expect this work to be helpful for the understanding of viscoelastic flow dynamics in microscale flows and also for the

development of microfluidic mixers.
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INTRODUCTION

Microfluidics-based approaches have recently been applied to a
wide range of applications, such as biological analysis and fine chemi-
cal synthesis [1,2]. Material synthesis in microchannels, in particu-
lar; has attracted much attention, as the flow can be controlled ac-
curately for continuous synthesis, and the whole process from mate-
rial synthesis to analysis can be integrated into a single chip [2]. For
example, the production of highly uniform non-spherical particles
was demonstrated utilizing microfluidic methods [3]. However,
flows in microfluidic channels are typically laminar, because of the
low Reynolds number (Re) conditions due to the small-length scales
of the microchannel [4]. Therefore, mixing remains a challenging
issue in many microreactor applications [5]. Highly complicated
channel structures have been devised to enhance the mixing of fluid
streams in a three-dimensional serpentine channel [6] or in her-
ringbone-type microchannels [7].

The generation of turbulent flows, even at very low Re condi-
tions, was demonstrated when viscoelastic fluids such as polymer
solutions flowed along curved streamlines [8-10]; this is now termed
“elastic turbulence” [9]. Flow instability in viscoelastic fluids was ob-
served in various flow situations such as micro-contraction flows [11],
which were recently used for microfluidic mixing [12]. The micro-
fluidic mixer based on the viscoelastic instability can be implemented
using simple single-layer channels, which is more beneficial than
the conventional schemes that require complicated structures for
Newtonian fluids [5]. In this work, we propose a novel microfluidic
mixing scheme that utilizes the vortex generated in a flow-focus-
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ing geometry, when viscoelastic fluids are used for sheath flows.

Flow-focusing geometry is typically composed of one central
fluid stream and two sheath flows, as shown in Fig. 1. Microfluidic
flow-focusing geometry has been widely used for mixing by diffu-
sion [5], where the central stream is tuned thinly with the sheath
flows to enhance the mixing by decreasing the diffusion length [4].
Flow dynamics in flow-focusing geometry has been extensively stud-
ied owing to its importance in such practical applications [4,13,14].
The flow patterns demonstrate the extensional flow fields arising
from convergent flow (Fig. 1(b)), when both central and sheath
flows are Newtonian. On the other hand, it is found that a pair of
vortices are generated at the junction of the central and sheath fluid
streams when both the central and sheath flows are Newtonian
and the ratio of the average velocity in the central stream to that in
the sheath stream (VR) is significantly high [13]. The critical VR
for the vortex generation depends on the Re and channel geome-
try such as the ratio of channel widths of the central and sheath
flows (WR). It has been predicted that the critical VR is 159 in the
case of two-dimensional flow under creeping-flow conditions (Re=
0; WR=1) and that it decreases with increase in the Re, in both two-
dimensional and three-dimensional flow conditions (the channel
height is equivalent to the channel width in the three-dimensional
case) [13]. In the three-dimensional flow condition, the critical VR
was predicted to be O(10') when Re=100 [13]. We expect the vor-
tex generated in the Newtonian fluid to be used for mixing, when
multiple fluid streams flow through the central channel. However,
vortex generation in Newtonian fluids can be realized only when
the VR is very high according to the predictions [13], which results
in the wastage of a significant amount of sheath fluid. In addition,
the increase in Re will be limited by the high pressure generated in
the microchannel [15].

In this work, we demonstrate that the vortex in the flow-focus-
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Fig. 1. (a) Schematic diagram for the flow-focusing geometry. The channel height and width are maintained at 50 mm. Representative
images obtained by the flow visualization of two different cases: (b) Both the central and sheath fluids are Newtonian; (b) the central
and the sheath fluids are Newtonian and viscoelastic, respectively. The Newtonian fluid is de-ionized water and the viscoelastic fluid is
100 ppm PEO aqueous solution. The yellow arrows denote the flow direction (b), (c), and the blue arrows in (c) correspond to the
directions of the forces exerted by the first normal stress difference in the sheath flow. The total flow rate (Q, and the flow rate ratio
(Q/Q,) are 2 ml/h and 8 (Re=4.0, Wi=6.6 and (=0.83), respectively.

ing geometry can be generated at notably lower VR values, as com-
pared to the predicted Newtonian sheath-flow cases [13], when
viscoelastic polymer solutions are used for the sheath flow. We sys-
tematically studied the effects of polymer concentration, total flow
rate, and ratio of the flow rates between the sheath and central fluid
streams, on the vortex generation in the flow-focusing geometry.
Finally, we propose the use of viscoelastic vortex generated in flow-
focusing geometry for microfluidic mixing.

EXPERIMENTAL

We used a flow-focusing microchannel to investigate the vor-
tex generation at the junction of the central and sheath flows. The
schematic diagram for the flow-focusing microchannel is pre-
sented in Fig. 1(a). The channel has two inlets and one outlet. One
of the two inlets is used for the central fluid stream and the other
is used for the sheath flows. The fluid stream emanating from the
sheath-flow inlet is divided into two fluid streams, which meet the
central fluid stream. The distance between the central stream inlet
and the junction is 0.3 cm, the distance from the sharp corner to
the junction in the sheath channel is 0.2 cm, and the distance from
the junction to the outlet is 3 cm. The channel width (w) and height
(h) are constantly 50 pm. A limited number of mixing experiments
have been performed with a modified design wherein the central
stream is also divided into a central and two sheath-flow streams.
The microchannel is fabricated with four-walled poly(dimethyl silox-
ane) [PDMS], utilizing the conventional soft-lithography technique
[16] (we follow the detailed processes described in the previous
study [17], except that a PDMS-coated slide glass is used as the bot-
tom layer, instead of a PDMS slab). The microchannel is pretreated
to prevent the particles from sticking to the channel walls, by flow-
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ing 0.1wt% Tween 20 (Sigma-Aldrich) aqueous solution at the
flow rate of 15 pl/h for 60 min. The flow is controlled by two syringe
pumps (KDS100; KD Scientific). In this work, the total flow rate
(Q) is the sum of the flow rates of the central (Q.) and two sheath
(2Q,) flow streams. The relative ratio of Q/Q,, which corresponds
to 1+2VR, and Q, are controlled to investigate the effects of the
ratio of flow rates between the central and sheath streams and the
total flow rate.

We used de-ionized (DI) water as the Newtonian fluid in the
central stream. Dilute poly (ethylene oxide) (PEO, Mw=28,000,000
g/mol (8 M); Sigma-Aldrich) aqueous solution at three different
concentrations (50, 100, 300 ppm) was prepared as the viscoelas-
tic fluid in the sheath fluid, by dissolving the polymer in DI water.
Fluorescent particles (Ex/Em=580/605 nm; F8812, Invitrogen) with
0.5 um diameter were added at 500 ppm concentration to visualize
the flow field, and 0.1 wt% Tween 20 surfactant was added to pre-
vent the aggregation of the fluorescent particles. In the mixing experi-
ment, 0.1 wt% red pigments (Congo red; Sigma Aldrich) and 0.1
wt% blue pigments (Evans blue; Sigma Aldrich) were added to the
Newtonian fluid.

Fluorescence images for the flow-field visualization were obtained
using a monochrome charged couple device (CCD) camera (DMK
23U445; ImagingSource) mounted on an inverted microscope (IX71;
Olympus) with a 20x objective (N.A.=0.45). The images were taken
at the rate of 30 frames per second (FPS). For the mixing experi-
ments, a color CCD (DFK 72AUC02, ImagingSource) was used
and the images were taken at 7.5 FPS. The brightness and contrast
of all the images were adjusted evenly using the ImageJ (NIH)
software.

The PEO concentrations (¢<300 ppm) considered in this study
were in the dilute regime since the overlap concentration (c*) is
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Fig. 2. Shear viscosity measurement for the 50, 100, and 300 ppm
PEO [Mw=8x10° (g/mol)] aqueous solutions at 20 °C using
a rotational rheometer (1° cone-and-plate geometry with 60
mm diameter).

348 ppm (c'=0.77/[4 [18]), where [] denotes the intrinsic viscosity
and is estimated using the relationship: [£]=0.072M¢* (ml/g) [19].
The shear viscosities of the PEO solutions were measured with a
rotational rheometer (1° cone-and-plate geometry with 60 mm diam-
eter; AR-G2, TA Instruments) at 20 °C and a solvent trap was used
to minimize the solvent evaporation during the measurement. The
measured viscosities were very slightly shear-thinning for the meas-
ured shear rate range for all the polymer concentrations, as shown
in Fig. 2. Therefore, we used the averaged viscosities for the meas-
ured shear-rate range: 1.1, 1.2, and 1.9 mPa-s for 50, 100, and 300
ppm PEO solutions, respectively, and the viscosity of the Newto-
nian fluid (DI water) was set to its standard value (1.0 mPa-s) at
20°C. The relaxation time of the PEO solution is defined as its

Zimm relaxation time (/12:0.463MW’US [19]) and its value was

N, kT
estimated to be 3.4 ms, where 44 is the solvent viscosity, N, is Avo-
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gadros number, k; is the Boltzmann constant, and T is the abso-
lute temperature.

In this study; the viscoelastic flow was analyzed using three dimen-
sionless quantities: Reynolds (Re) and Weissenberg (Wi) numbers
and the solvent contribution to the total viscosity (f=4/tp). Re
represents the relative ratio of inertial to viscous forces, which is
defined by Re=plLv,/14, where p is the fluid density, L is the char-
acteristic length scale defined by L=2hw/(h+w), and v; is the aver-
age velocity in one sheath stream (v,=Q/hw). We note that the
previous definition for Re in ref. 13 is close to (2+1/VR)Re. The
Weissenberg number denotes the relative ratio of elastic to vis-
cous properties in viscoelastic flow (Wi>>1, solid-like; Wi<<1, lig-
uid-like), and is defined by Wi=A,j,, where , is the characteristic
shear rate in the sheath flow (=v,/(h/2)=2Q/h’w). The /3 values
corresponding to the polymer concentrations of 50, 100, and 300
ppm are 0.91, 0.83, and 0.53, respectively.

RESULTS AND DISCUSSION

We investigated the flow dynamics in a flow-focusing micro-
channel, which has two inlets and one outlet. One of the two inlets
is divided into two branched flows that comprise the sheath flows,
and they meet the central fluid stream at the cross-slot junction, as
shown in Fig. 1(a). The flow patterns at the junction are presented
in Fig. 1(b); when both the central and sheath flows are Newto-
nian, the flow rate ratio Q/Q. is 8, and the total flow rate Q, is
2ml/h (Re=5). The fluorescent microscopy image shows a typical
convergent flow in such Newtonian sheath flow case. In contrast,
when a very small amount (100 ppm) of 8M PEO was added to
the Newtonian sheath fluid, the flow pattern was found to change
dramatically, demonstrating a strong vortex development at the
junction, as shown in Fig. 1(c). The free vortices, similar to the vor-
tex generated by the viscoelastic sheath flow; were also predicted
and experimentally observed when both central and sheath fluids
were the same Newtonian fluid [13]. However, free vortices were
observed only when the flow rate ratio (Q/Q,) was very high (>200)
at Re conditions comparable to those of the current work [13],
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Fig. 3. (a) Vortex size according to the polymer concentration (c) and ratio of the total to central flow rates (Q/Q,) at the fixed total flow rate
Q.. There is no vortex formation at c=50 ppm and Q/Q.= 4. (b) Vortex size according to Q, and Q/Q, at fixed ¢. It is not possible to
measure the vortex size, because of the unstable flow dynamics in the cross-slot region at Q/Q.=16 and Q=1 ml/h. The data at
Q=2 ml/h, which are presented in (a), are also included for comparison. The vortex sizes were obtained by averaging the measured
values from the 20 successive images with 0.5 s interval, and the error bars denote the standard deviations of the measured values.
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which is consistent with the convergent flow pattern observed in
the case of the Newtonian sheath fluids at low Q/Q.=8 (Fig. 1(b)).
The addition of 100 ppm 8M PEO to the Newtonian solvent does
not change the shear viscosity significantly (1.2 mPa-s), when com-
pared to the solvent viscosity (1 mPa-s), as shown in Fig. 2. There-
fore, we expect that the slight increase in the shear viscosity is not
the origin of the vortex generation. Further, the vortex was gener-
ated at a further lower concentration (50 ppm), as shown in Fig.
3(a). Therefore, the vortex generation by the viscoelastic sheath
flow;, observed at the notably low flow rate ratio (Q/Q,=8), can be
attributed to the non-Newtonian viscoelastic effects in the PEO poly-
mer solution. The viscoelastic properties of the dilute PEO solu-
tions are difficult to measure with a conventional rotational rheometer
when the solution viscosities are low as in the current work. The
elastic properties of the PEO solutions with different molecular
weights were previously characterized with capillary breakup exten-
sional rheometer (CaBER) [19]. The current results demonstrate
that the weakly elastic properties of the dilute PEO solutions can
significantly change the flow dynamics in a flow-focusing micro-
channel.

In the viscoelastic channel flow of the polymer solution, nor-
mal stress differences are developed because of the stretching of
polymer molecules, and the first and second normal stress differ-
ences (N; and N,) are defined by 7~ z; and 7— 5, respectively, in
the flow;, where 7, 7, and 7 are the normal stresses in the stream-
wise, velocity gradient, and vorticity directions, respectively [20].
In dilute polymer solutions with constant shear viscosity, N, with
negative sign is usually neglected owing to its much smaller mag-
nitude when compared to that of N, with positive sign [21]. The
viscoelastic fluid of the dilute polymer solution can be modelled
with the Oldroyd-B model, which predicted the relationship of
N,=24,4(1- )", where ¥ corresponds to the local shear rate
[17,20] and the relaxation time in dilute polymer solution is con-
sidered to be constant as 4, [22]. Therefore, N, has large values at
the walls, except for the corner regions, because of the local shear
rate distribution in the cross-section of a square channel, as stud-
ied previously [17]. The positive sign of N, predicts that the visco-
elastic fluid pushes the walls in the outward direction before the
viscoelastic sheath fluid enters the cross-slot junction. Then, when
the viscoelastic sheath fluid meets the Newtonian central fluid at
the cross-slot junction, N; develops inside the sheath channel, pushes
the Newtonian central fluid in the backward direction of the main
central stream. The backward direction is denoted by the blue arrows
in Fig. 1(c). Consequently, we expected that N, which affects the
Newtonian central stream, will eventually result in vortex formation,
by the combined effects of the main flow (Q,) and the backward-
flow components generated by N,. We postulated that the relative
ratio of the backward-flow component by N, to Q, is proportional
to the vortex size of which the definition is presented in Fig. 1(c).
We considered the horizontal length of the vortex as its size.

Next, we investigated the effects of Q/Q,, ¢, and Q, on the vor-
tex size. First, we observed the change in the vortex size, accord-
ing to Q/Q, and c at the fixed Q=2 ml/h, as shown in Fig. 3(a). The
vortex size increased with increasing Q/Q, for all the polymer
concentrations (Fig. 3(a)). The increase of Q/Q. [=1/(1-2Q/Q));
Q=Q.+2Q] indicates the increase in Q,, and accordingly, the de-
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crease in Q,, at the fixed Q,. Therefore, it is expected that the vor-
tex size increases by the combined effects of the decrease in Q,
and the strengthening of the backward-flow component due to
the N, in a manner proportional to ¥, as Q/Q, increases and cor-
respondingly the Weissenberg number increases. For instance, Q.
decreases from 0.5 to 0.125 ml/h and Wi increases from 11 to 14
when Q/Q, changes from 4 to 16. In addition, the vortex size also
increased with the increase in ¢ (Fig. 3(a)), since N, is propor-
tional to ¢ according to the relationship of N,=4(1-f)=p— =,
(44 polymer contribution to solution viscosity (£4); 14,=0.1, 0.2,
and 0.9 mPa-s for ¢=50, 100, and 300 ppm, respectively]. The vor-
tex size consequently increases because of the strengthening of the
backward-flow component by N, as ¢ increases. On the other hand,
we investigated the effects of the total flow rate (Q,) on the vortex
size at a fixed ¢=100 ppm, as shown in Fig. 3(b). Interestingly, the
vortex size was not significantly sensitive to Q; it depended only
weakly upon Q/Q, (=1+2Q/Q,) (Fig. 3(b)). Though it is not yet
clear how N in the viscoelastic sheath flow quantitatively deter-
mines the backward-flow component inside the cross-slot, we ex-
pected that the relative ratio of the viscous force in the central stream
to the first normal stress difference in the viscoelastic sheath flow,
along the boundary of the central and sheath flows, plays an im-
portant role in determining the vortex size. The relative ratio is
expected to be proportional to Q./Q,, based on the current experi-
mental observations.

We also present a phase diagram for the vortex generation by
the viscoelastic sheath flow in the flow-focusing microchannel, in
Fig. 4, which was obtained by scrutinizing the flow dynamics in
the cross-slot region for different combinations of Q, and Q/Q, at
a fixed c=100 ppm. In the figure, it was not possible to generate
stable flows with the current experimental setups, when Q,/Q, was
as high as 16 and Q, was 0.5 or 1.0 ml/h (denoted by “x”). No vor-
tex was formed at low Q/Q, or low Q, (“N”), but the flow fields
inside the cross-slot were significantly different from that of the
Newtonian sheath-fluid case, which is presented in Fig. 1(b). The
streamlines of the central stream (refer to the snapshot image de-
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Fig. 4. Phase diagram for the vortex generation according to the
total flow rate (Q,) and flow-rate ratio (Q/Q,). “x” denotes
the experimental condition at which the stable flow could
not be generated, and “N”, “S” and “T” correspond to no
vortex, stable vortex and temporarily fluctuating vortex for-
mation, respectively.
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noted by “N”) were divergent in contrast to the convergent flow
fields in the case of the Newtonian sheath fluid. Divergent flow
fields were also observed when the Newtonian sheath fluid was
used, but they were predicted with two-dimensional flow simula-
tions under creeping conditions only when Q/Q, was significantly
high (=200) [13]. A stable vortex (S), which is composed of a pair
of steady vortices, was generated when both Q, and Q/Q, were high
in the phase diagram, as shown in Fig. 4. In the figure, T denotes
the formation of a temporarily fluctuating vortex which changes
between no vortex and stable vortex states, and unstable fluctuat-
ing vortices were observed at the conditions of the boundary where
no vortex was formed (N) and stable vortices occurred (S) (refer
to the snapshots for each case).

Finally, we propose a novel microfluidic mixer based on the vor-
tex generation by the viscoelastic sheath flow in the flow-focusing
microchannel. The newly designed microfluidic mixer is similar to
the microchannel used in the vortex-generation experiment, except
that the central stream has three different streams with blue, red,
and blue colors, respectively, which are generated using an addi-
tional flow-focusing geometry, as shown in Fig. 4(a) and 4(b). The
total flow rate of the red-dyed stream is controlled to be the same
as the flow rate of the blue-dyed streams utilizing a syringe pump
(KDS 210; KD Scientific) having two equivalent syringes. The
central stream with three sub-streams meets the sheath flow at the
cross-slot region, denoted by a rectangle in Fig. 4(a). We investi-
gated how the viscoelastic sheath flow affected the mixing of the
central stream, as shown in Fig. 4(b) (Q;=2 ml/h; Q/Q,=8), where
300 ppm 8M PEO solution was used as a viscoelastic sheath fluid.
The blue-dyed streams were clearly discernible from the red stream
in the cross-slot region when the sheath fluid was Newtonian,
while those streams were significantly mixed in the case of the vis-
coelastic sheath flow; as shown in Fig. 4(b). The current experi-
mental data suggest that vortex generation by viscoelastic sheath
flow can enhance mixing in microchannels. The microchannel used
in this work can be fabricated using the standard single-layer soft-
lithography technique, which is in contrast to the herringbone-type
channel [7]. Therefore, there will be no additional process for
channel fabrication. In addition, the polymer used in this work is
commercially available and the mixing is expected to be enhanced

(a) 0.3cm 0.2cm 3cm
( [ — FL D

Newtonian Sheath Viscoelastic Sheath
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Fig.5. (a) Schematic diagram for novel microfluidic mixer based
on the vortex generation by the viscoelastic sheath flow in a
flow-focusing microchannel. (b) Snapshots of the mixing ex-
periments when the sheath fluid is Newtonian or viscoelas-

tic (Q/Q.=8 and Q,=2 ml/h).

by simply adding a small amount of polymer to the sheath fluid.
CONCLUSIONS

We investigated vortex generation in a microfluidic flow-focus-
ing geometry, especially when the sheath fluid is a viscoelastic poly-
mer solution. The current experimental results demonstrated that
the vortex was generated at a much lower ratio of total flow rate to
the central flow rate when the sheath fluid was viscoelastic as com-
pared with Newtonian sheath flow cases. The current experimental
finding is a novel viscoelastic flow phenomenon, and we eluci-
dated that the vortex was generated by the combined effects of the
central main-stream and the backward-flow component induced
by the first normal stress difference developed in the viscoelastic
sheath flow. We demonstrated that the vortex size is affected sig-
nificantly by the relative ratio of the total flow rate to the central
flow rate and the polymer concentration; however, it is not very
sensitive to the total flow rate. These observations suggest that the
relative ratio of the central main-stream and the backward-flow
component induced by the first normal stress difference is expected
to be proportional to that of the central to the sheath flow rates,
which demands further studies. We also demonstrated that vortex
generation can be engineered to enhance the mixing in the flow-
focusing geometry, which will contribute to the development of
micromixers.
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