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Understanding the vortex dynamics in polymer solutions is one of keys for the flow control in a wide range
of polymer-related material processing applications. Vortex is generated due to the viscoelasticity of poly-
mer solution, even if no vortex formation is expected under Newtonian flow conditions. In addition, the cha-
otic vortices generated in viscoelastic fluids have been recently exploited to mix different fluid streams in
microfluidic devices. Herein, we investigated the vortex dynamics in dilute poly(ethylene oxide) solutions
at the junction region of Y-shaped microchannels, which have been frequently used to mix two fluid
streams. We report the formation of two types of vortices: A vortex at the stagnation point of the junction
(center) and a lip vortex at the upstream of the sharp corner. Fluorescent microscopy revealed that the vortex
dynamics was significantly affected by the angle between the two upstream channels, polymer concentra-
tion, and flow rate. We expect that this work will be useful for understanding the viscoelastic flow in micro-
channels and for the future design of microfluidic devices such as microfluidic mixers.
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1. Introduction

Flow situations where fluid streams emanating from two

inlets merge into a single outlet are frequently encountered

in numerous industrial applications involving mixing and

microfluidic technologies. In particular, Y-shaped micro-

channels, including T-shaped channels, have been widely

used in microfluidic applications such as micromixing

(Nguyen and Wu, 2004; Tabeling, 2006). The flow dynam-

ics at the junction region of the Y-shaped channel where

two flow streams meet have been extensively studied to

enhance the microfluidic device performance such as mix-

ing efficiency. In Newtonian fluids, it was predicted with

numerical simulation that three flow regimes are gener-

ated according to the Reynolds number (Re) in a T-shaped

microchannel: Laminar, vortex, and engulfment flows

(Engler et al., 2004). It was also shown that mixing of two

fluid streams can be maximized in the engulfment flow

regime developed at high Re (Engler et al., 2004). On the

other hand, materials such as biological and polymeric

samples, which are frequently used in microfluidic devices,

are inherently viscoelastic (Hong et al., 2016; Kang et al.,

2013; Squires and Quake, 2005; Yang et al., 2011). There-

fore, it is expected that the flow dynamics of these vis-

coelastic fluids are significantly different from those of

Newtonian fluids (Hong et al., 2016; Kim et al., 2017;

Rodd et al., 2005). Herein, we investigated how the flow

dynamics in Y-shaped microchannels are affected by

channel shape, inertia, and viscoelastic effects on the vor-

tex generation at the stagnation point.

Viscoelastic flow dynamics were previously studied

under low Re conditions in T-shaped microchannels with

and without a recirculating cavity (Soulages et al., 2009).

Two flow situations were designed to investigate how the

free stagnation point formed by introducing a cavity

changes the flow dynamics, as compared with a fixed

stagnation point without the cavity (Soulages et al., 2009).

The flow changed from steady to three-dimensional tran-

sient states under the fixed stagnation point condition,

while additional symmetry-breaking bifurcation occurred

at moderate Weissenberg numbers (Wi’s) between the

steady state and transient flow conditions for the free stag-

nation point situation (Soulages et al., 2009). Meanwhile,

the viscoelastic effects on the generation of the engulf-

ment flows (asymmetric vortices), which occurred in the

T-shaped channel at high Re values, were also investi-

gated using numerical simulations (Poole et al., 2014).

The numerical simulations predicted that the elasticity

would reduce the critical Re for engulfment flow gener-

ation, and that even a small amount of elasticity could

induce unsteady flow under inertia-dominant flow condi-
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tions (Re >> Wi; Re > 1) (Poole et al., 2014). However,

it remains unclear as to how the flow dynamics differs

from those of the elasticity-dominant (Wi >> Re; Re << 1)

or inertia-dominant flow regimes (Re >> Wi; Re > 1),

where elastic effects are more significant compared to the

inertial effects under high Re conditions (Wi > Re; Re >

1). Furthermore, no report has been published regarding

the modulation of the viscoelastic flow instability gener-

ated in the T-shaped channel by changing the channel

geometry.

In this work, we experimentally investigated the vortex

dynamics of low-viscosity dilute polymer solutions at the

junction region of Y-shaped microfluidic channels. We

observed the flow dynamics with video microscopy under

the flow regimes where both inertia and elasticity are rel-

evant, which is termed inertio-elastic conditions (Rodd et

al., 2005). Vortex generation and its size were optically

observed and characterized by its length. We systemati-

cally investigated the effects of flow rate, channel shape,

and polymer concentration on the viscoelastic flow dynam-

ics in the Y-shaped microchannels, focusing on the effects

of the angle between upstream branches (Fig. 1).

2. Experimental

2.1. Materials
Viscoelastic solutions were prepared by dissolving poly

(ethylene oxide) (PEO; molecular weight (Mw) = 8,000,000

g/mol (8 M), Sigma-Aldrich) in deionized (DI) water. We

considered three polymer concentrations: 90, 170, and 350

ppm. The shear viscosity of the viscoelastic solution was

measured using a rotational rheometer (AR-G2, TA instru-

ments) equipped with a cone-and-plate geometry (1°, 60

mm diameter) at 20℃ (Fig. 2), showing the viscosity val-

ues for the 90, 170, and 350 ppm PEO solutions of 1.1,

1.4, and 3.0 mPa·s, respectively. The viscosities of the 90

and 170 ppm solutions were obtained by averaging the

shear viscosity values over the measured shear rate range

since the measured viscosity data were nearly constant.

The zero-shear viscosity, which was fitted using the Car-

reau model (Bird et al., 1987), was used as the shear vis-

cosity for the 350 ppm PEO solution. The elasticity of the

viscoelastic fluid is typically characterized by relaxation

time (Bird et al., 1987). For the dilute PEO aqueous solu-

tion, the Zimm relaxation time (Z) of the viscoelastic

solution

was predicted using the relationship of 

(Tirtaatmadja et al., 2006), where [] is the intrinsic vis-

cosity, kB is Boltzmann’s constant, NA is Avogadro’s num-

ber, and T is the absolute temperature. The Zimm relaxation

time for 8 M PEO was approximately 3.4 ms (Kim and

Kim, 2019). An extensional flow field is generated at the

junction region and the empirical relaxation time (e) char-

acterized using a capillary breakup extensional rheometer

(CaBER), which follows the relationship of 

(Tirtaatmadja et al., 2006; Yang et al., 2011), was used. In

this study, the polymer concentrations (c’s) considered

were assumed to be in the dilute regime since the over-

lapping concentration (c*) of 8 M PEO was estimated to

be 350 ppm (Kim and Kim, 2019; Tirtaatmadja et al.,

2006). The empirical relaxation times (e’s) for the 90,

170, and 350 ppm PEO solutions were estimated to be 25,

Z = 0.463
 Mws

kBNAT
---------------------

e = 18Z

c

c*
----
 
  0.65

Fig. 1. (Color online) Schematic of the Y-shaped microchannel.

Two opposing inflows are injected through the two inlets and

merged into a single stream where  denotes the angle between

the two upstream branches. Two types of vortices (center and lip)

were experimentally observed and their locations are denoted.

Fig. 2. (Color online) Steady shear viscosities of poly(ethylene

oxide) aqueous solutions with various concentrations (90, 170,

and 350 ppm) as a function of shear rate. The shear viscosities

were measured using a rotational rheometer (1° cone-and-plate

geometry with 60 mm diameter) at 20°C. The 90 and 170 ppm

PEO solutions exhibited nearly constant viscosities, but the 350

ppm PEO solution showed weak shear-thinning behavior.
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38, and 61 ms, respectively.

2.2. Microchannel geometry and fabrication
A schematic diagram of the Y-shaped channel is pre-

sented in Fig. 1, where the angle between the two upstream

branches is denoted as  and four different microchannels:

 = 30, 45, 60, and 90° (T-shaped) were used. The channel

width and height were constant as 50 μm. A four-walled

poly(dimethyl siloxane) (PDMS) microchannel was fab-

ricated using a conventional soft lithography technique

(Xia and Whitesides, 1998) (refer to the previous work

(Yang et al., 2011) for detailed procedures; a PDMS-coated

slide/cover glass was used instead of a PDMS slab).

2.3. Microfluidics and flow visualization
The flow was controlled using a syringe pump (PHD

Ultra, Harvard Apparatus) with two equivalent syringes,

and thus the same flow rate Qin was imposed on each inlet

(Q = 2Qin). Vortex dynamics were observed using fluores-

cent video microscopy. Fluorescent spheres (F8812, Thermo

Fisher Scientific) with 500 nm diameter were added to the

solution at a concentration of 0.001 wt.%. A small amount

of nonionic surfactant (0.01 wt.% Tween 20, Sigma-

Aldrich) was also added to the solution to minimize the

particle adhesion to the channel walls and prevent particle

aggregation. Fluorescent images were captured using a

charge-coupled device (CCD) camera (DMK-23U445,

ImagingSource) installed on an optical microscope (IX71,

Olympus) with a 10× or 20× objective (30 frame per rate

(fps), and 1/60 or 1/120 s exposure time depending on the

flow conditions).

2.4. Dimensionless numbers
The relative ratio of inertial to viscous forces was char-

acterized by the Reynolds number, Re, which is defined as

, where L is the characteristic length, U is the

characteristic velocity, and  and  are the fluid density

and viscosity, respectively. In the rectangular channel, the

characteristic length is represented by L = 2hw/(h + w),

where w and h are the channel width and height, respec-

tively (Rodd et al., 2005). The characteristic velocity is

described as U = Q/hw, where Q is the total volumetric

flow rate in the downstream region. The relative ratio of

the elastic to viscous properties in the viscoelastic flow

was characterized by the Weissenberg number (Bird et al.,

1987), , where e is the empirical relaxation time

of the polymer solution and  is the characteristic strain

rate, defined by . The elasticity number

(El = Wi/Re) was used to characterize the ratio of the elas-

tic to inertial forces. The values of the dimensionless num-

bers according to the flow rates and polymer concentrations

considered in this study are listed in Table 1. Normalized

center vortex length is defined by Lc/w, where Lc is the

measured center vortex as denoted in Fig. 4a.

3. Results and Discussion

Newtonian or viscoelastic fluids were flowed into two

inlets and merged into a single stream at the junction at an

angle of , as shown in Fig. 1, where the flow rates at the

two inlets were equivalent. First, we predicted the flow

fields for a Newtonian fluid (DI water) using a three-

dimensional numerical simulation (Figs. 3a and 3b; COM-

SOL Multiphysics®) at the flow rates of 1 mL/h (Re = 5.6)

Re = 
LU


-----------

Wi = e
·
c

·
c

·
c
 = U/

h

2
----
 
   = 

2Q

h
2
w

---------

Table 1. Dimensionless numbers according to polymer con-

centrations and flow rates.

c (ppm) c/c*

Re 

(8 ml/h ≤ 

Q ≤ 16 ml/h)

Wi 

(8 ml/h ≤ 

Q ≤ 16 ml/h)

El

90 0.26 40≤Re≤79 892≤Wi≤1784 23

170 0.49 32≤Re≤64 1349≤Wi≤2698 42

350 1 15≤Re≤29 2157≤Wi≤4314 147

Newtonian - 44≤Re≤89 - -

Fig. 3. (Color online) Numerical simulations of Newtonian flow in a T-shaped microchannel using commercial finite element method

software (COMSOL Multiphysics) (a) at Q = 1 mL/h (Re = 5.6) and (b) Q = 20 mL/h (Re = 110). The viscosity and density of water

were used as the fluid material properties of the Newtonian fluid and the channel dimensions were identical to the experimental con-

ditions. The numerical simulations were performed on the half channel with a symmetric boundary condition on the y = 0 plane. The

color denotes the velocity magnitude.
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and 20 mL/h (Re = 110). No lateral motion (“stratified

flow”) was predicted at the 1 mL/h (Re = 5.6; Fig. 3a)

flow rate, but lateral and backward motions (“vortex

flow”) deviating from the “stratified flow” were clearly

observed when the flow rate was increased to Q = 20 mL/

h (Re = 110; Fig. 3b). The change from “stratified flow”

to “vortex flow” according to the Re value was previously

predicted (Engler et al., 2004), though the downstream

channel width of the current geometry differed from that

used previously (Engler et al., 2004). The flow fields were

observed with experimental fluorescent video microscopy

at Q = 1 and 20 mL/h (refer to supplementary movies 1

and 2 for each flow rate). The flow field at Q = 1 mL/h

demonstrated steady-state streamlines as predicted. In

contrast, the movie captured at Q = 20 mL/h showed

irregular flow patterns near the stagnation point, which

was attributed to the z-direction lateral motion of the flu-

orescent particles moving along the streamlines of the vor-

tex developed at the stagnation point. However, we found

no boundary layer separation phenomenon near the stag-

nation point in Newtonian fluid.

In the viscoelastic fluid, the effect of the junction angle

 on the development of the center vortex near the stag-

nation point was examined with a 10× objective (refer to

Fig. 1 for the center vortex definition). The vortex region

was discernable as the dark region at the stagnation point

in the Y-shaped channels, clearly isolated from the main-

stream filled with fluorescent particles, which can be

attributed to the formation of the boundary layer separa-

tion at the stagnation point. The flow structure inside the

vortex region was examined with a 20× objective, which

also confirmed the vortex formation and will be discussed

below. Fluorescent images, shown in Figs. 4a-4d, repre-

sent the change in the vortex length according to  at Q =

16 mL/h, at a PEO concentration (c) of 170 ppm (c/c*

0.5). The vortex length Lc was determined by measuring

the distance between the stagnation and the vortex detach-

ment points, as shown in Fig. 4a, which was obtained by

averaging the measured lengths from 20 consecutive

images with 0.1 s intervals. Therefore, the error bars (stan-

dard deviation) in Fig. 4e indicate the fluctuations in vor-

tex size over time. The vortex length notably increases

with increasing , as shown in Fig. 4e, and the length

gradually increases with increasing flow rate when  = 60

or 90°. 

The flow dynamics at the stagnation point of the T-

shaped channel have been extensively studied in both

Newtonian and viscoelastic fluids (Engler et al., 2004;

Poole et al., 2014; Soulages et al., 2009). However, the

previous studies were limited to inertia-dominant (El <<

1) or elasticity-dominant (El >> 1) flow. Herein, the elas-

ticity number El was estimated to be 40 at a polymer

concentration of 170 ppm, which is at least one order of

magnitude smaller than that used in the previous study

(Soulages et al., 2009). In addition, the current experi-

ments were performed under much higher Re conditions

[O(101); refer to Table 1 for more specific conditions]

compared to the previous study ( 6.5×102) (Soulages

et al., 2009). The elastic effects on the flow dynamics in

T-shaped microchannel were also numerically studied

under moderate Re conditions [ ], but the elasticity

was quite small (El << 1) (Poole et al., 2014). Therefore,

the current experimental conditions (Re > 1; El > 1) have

not been previously explored and particularly no experi-

mental studies have been reported when both elastic and

inertial effects are relevant. The flow dynamics in the Y-

shaped channels are expected to be quite complicated

when both inertial and elastic effects are relevant. The sec-

ondary flow, such as Dean flow, can be generated along

the curved streamlines even in Newtonian fluids under

moderate Re conditions (Di Carlo, 2009). In viscoelastic

fluids, the flow instability can be also generated along the

curved streamlines at the stagnation point (Pakdel and

McKinley, 1996). It is likely that the vortex generation at

the stagnation point originates from the combined effects

of inertial and elastic forces occurring along the curved

streamlines. These forces are generated along the curved

streamlines following the path from the upstream branch

channel to the downstream channel. It was previously

argued that the curvature of the streamlines in the 90° bent

channel increased with increasing centrifugal force under

inertial flow conditions, enhancing the elastic effects on

the flow dynamics (Kim et al., 2017). We expect that a

similar situation occurs along the curved streamlines at the

stagnation point of the T-shaped channel, when inertial

effects are relevant, and the vortex region formation orig-

inates from the combined effects of the elasticity and the

inertial force-induced curvature increase. Therefore, the

increased vortex size with increasing  can be elucidated

by the curvature increase of the streamlines. In addition,

their effects on the vortex size increases with increasing

 

 

Re  

Fig. 4. (Color online) (a)-(d) Fluorescent microscopy images of

the center vortex dynamics at a polymer concentration of 170

ppm: (a)  = 90°, (b)  = 60°, (c)  = 45°, and (d)  = 30°. The

flow rate was 16 mL/h. (e) Normalized center vortex lengths (Lc/

w) as a function of flow rate. The 8 M PEO concentration was

170 ppm.
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flow rate, as shown in Fig. 4e. 

Next, the effects of polymer concentration (c) on the

center vortex size in the T-shaped microchannel were

investigated, as shown in Fig. 5. The vortex region was

detectable only at the highest flow rate of 16 mL/h at a

polymer concentration of 90 ppm. The vortex size increases

with increasing polymer concentration, which can be

attributed to the increased elasticity with increasing c. The

elasticity is represented by the relaxation time (e values

for 90, 170, and 350 ppm PEO solutions were 25, 38, and

61 ms, respectively). We also plotted the relationships of

the vortex size and Re or Wi in Fig. 6. The vortex gen-

eration merely depended upon Wi and no specific correla-

tion between vortex size and Re was observed except that

the size increases with increasing Re at a fixed c. These

experimental observations allow us to conclude that the

formation of the vortex region is strongly affected by vis-

coelastic effects and inertial effects cannot solely generate

the vortex, as the vortex region was not observed at low

c. Nevertheless, the vortex region was not observed in

purely elasticity-dominant flow conditions (Soulages et

al., 2009). On the other hand, we observed that the fluc-

tuation in vortex size decreased with increasing flow rate,

while the average vortex size increased, indicating that the

unstable flow stabilized with increasing flow rate. We also

observed that the flow structures inside the vortex region

change from unstable transient state to stable vortices, as

both polymer concentration and flow rate increase (refer

to the representative supplementary movies 3 (c = 90 ppm

and Q = 8 mL/h) and 4 (c = 350 ppm and Q = 16 mL/h).

The unstable flow was previously predicted and experi-

mentally observed in the T-shaped channel when a small

amount of elastic effect is added to the inertial flow in the

T-shaped channel or when the elastic effect is dominant

over the inertial effect (Poole et al., 2014; Soulages et al.,

2009). The unstable vortex region in this study showed

that flow instability can also occur at Re > 1 and El > 1.

Finally, another vortex region was also generated at the

lips of the sharp contraction (refer to Fig. 1; also refer to

the previous work (Kim et al., 2005) for the lip vortex

generation in contraction flow). The vortex region at the

lip was enlarged with increasing polymer concentration.

The flow pattern in the vortex region was quite irregular

and time-dependent [supplementary movie 4 (c = 350

ppm and Q = 16 mL/h)], which is similar to the inertio-

elastic flow instability observed with microcontraction

geometry (Rodd et al., 2005). Therefore, we demonstrated

that there are the rich flow dynamics in the T-shaped

microchannel even when a very small amount of polymer

Fig. 5. (Color online) Snapshot images representing the vortex

dynamics at the stagnation point of the T-junction at the different

polymer concentrations: (a) 90 ppm, (b) 170 ppm, and (c) 350

ppm. The flow rate was 16 mL/h. (d) Normalized center vortex

lengths (Lc/w) as a function of flow rate for the three polymer

concentrations. The data for the 170 ppm, which were presented

in Fig. 4, were re-used for comparison purpose.

Fig. 6. (Color online) Normalized center vortex lengths at different polymer concentrations as functions of the (a) Reynolds and (b)

Weissenberg numbers.
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is present in the solvent.

4. Conclusion

In this work, we investigated the flow dynamics in Y-

shaped microchannels of dilute polymer solutions via flu-

orescent video microscopy, focusing on the vortex gener-

ation at the stagnation point. The experimental data

demonstrate that a vortex at the stagnation point was gen-

erated when both elastic and inertial effects are relevant.

We elucidated that the elasticity plays a major role in gen-

erating the vortex, while the inertial effects enhance the

elastic effects by increasing the curvature of the stream-

lines at the stagnation point. The size of the vortex region

was significantly affected by the angle between the upstream

branches, the polymer concentration, and the total flow

rate. Furthermore, we demonstrated that vortex generation

can be suppressed by decreasing the angle between the

two upstream branches, proving that flow instability can

be controlled by changing the streamline curvatures. We

expect that the current work will contribute to the under-

standing of the microscale viscoelastic flow and also to

the design of the microfluidic devices to handle viscoelas-

tic polymeric solutions including biopolymer solutions.
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