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Abstract The paper is concerned with the experimental
and numerical investigations of the vortex formation and
flow focusing inside a cross-shaped microchannel domain.
The local hydrodynamics in the junction area, upstream of
the focusing region, is analyzed with the aim to character-
ize the onset and the evolution of the vortical structures, in
correlation with the operating parameters. The numerical
simulations based on a finite-volume approach are validated
by direct flow visualizations using epifluorescence and con-
focal microscopy. The main result of the study is a flow
pattern map, providing comprehensive information on the
flow dynamics inside the microchannel junction as a func-
tion of the input flow rates and the corresponding Reynolds
numbers. The flow pattern map identifies the limits of the
flow focusing regime and the critical values of the param-
eters at which the vortical structures are formed. Beyond
the breakdown of the classical flow focusing scenario with
one focused output stream, flow patterns with two and four
output streams are identified.
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1 Introduction

Focusing fluids and mixing in microchannel systems are
among the most common applications in microfluidics. The
hydrodynamics in micro-junctions involves complex flow
patterns, even though the Reynolds numbers are normally
small enough to keep the flows in laminar regime. The pre-
sent study is dedicated to the experimental and numerical
investigation of the flow dynamics in a cross-micro-junction,
close to the onset of flow focusing. In particular, our inter-
est is to determine and to model the vortex formation at the
contact of three liquid streams in a micro-junction located
upstream of a microchannel, where the focusing eventually
takes place.

The hydrodynamic focusing phenomenon has direct
applications in the separation, counting or sorting of parti-
cles (Rodriguez-Trujillo et al. 2006; Rondeau and Cooper-
White 2008; Xuan et al. 2010), assembly of polymers and
liposomes (Schabas et al. 2008; Hong et al. 2010; Jahn et al.
2007, 2013) and droplets (Wang et al. 2007; Maenaka et al.
2008; Fu et al. 2012).

The hydrodynamic focusing phenomenon was first used
by Spielman and Goren (1968) for particle counting analy-
sis. More than 40 years later, Golden et al. (2012) offered
examples of sensors and microfluidic devices that use flow
focusing to control the cross section of a sample stream. A
case of asymmetrical focusing was studied experimentally
and numerically by Carlotto et al. (2010). The experimental
and numerical study done by Kennedy et al. (2009) used a
3D manifold for vertical positioning of the focused sample,
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and Lee et al. (2009) obtained 3D focusing with only one
sheath of fluid using contraction—expansion sequences. The
same effect was also achieved by Lin et al. (2012) using
a straight channel with two vertical inlets in order to have
a single layer and single sheath flow. Particle focusing in
a straight microchannel was achieved by Fan et al. (2014)
using asymmetrical sharp corners on one side of the wall.
Their presence generates vortices that play a role in the
balance between inertial lift effects and centrifugal forces.
Bhagat et al. (2008) studied the migration of particles in
rectangular channels and the equilibrium positions that these
will reach in relation to the forces that act upon them.

Brennich and Koster (2013) demonstrated that a smaller
height of the main channel leads to a longer reaction time
between two fluid streams. They examined the effects of
diffusion and reaction time. Ion concentration gradients in
a nanochannel were studied by Hsu et al. (2014), due to the
importance of chemical species concentrations inside chan-
nels used in different applications.

Zhang et al. (2008) studied the mixing performance due
to the focusing effect in a double Y microchannel.

Kunstmann-Olsen et al. (2011) investigated the influ-
ence of the confluence angle between channels and of the
volumetric flow rate ratio on the hydrodynamic focusing
phenomenon in a three inlet junction having the branches
positioned at 45°, 67.5° and 90° angles. The conclusion was
that a 90° orientation of the inlets leads to the narrowest
focused stream. Nasir et al. (2011) investigated experimen-
tally (with confocal microscopy and the PIV method) and
numerically the parameters (angle, Reynolds number, and
channel cross section and symmetry) affecting the shape of a
hydrodynamically focused stream. The authors used a micro-
channel with two inlets (90°—T and 45°—Y configurations)
and one outlet.

The control of the flow inside the microchannel can be
done by either adjusting the pressure (Hoffmann et al. 2006;
Iliescu et al. 2014) or the flow rate (Zhang et al. 2008; Ushi-
kubo et al. 2014). It is well known that by increasing the
pressure or flow rate for the sheath fluid, the sample fluid
stream becomes narrower. By contrast, particle focusing can
also be achieved by cross-stream migration in curved chan-
nels using Dean vortices (Ha et al. 2014).

Jahn et al. (2007) studied the effect of channel aspect ratio
on the size distribution of liposomes produced by flow focus-
ing. They reported that rectangular channels of high aspect
ratio are more adequate than trapezoidal channels. This is
useful when the reduction in surface effects at the top and
bottom walls is desired. In addition to this, they presented
a theoretical model for calculating the minimum width
of the focused stream. In a later work, Jahn et al. (2013)
investigated new techniques like freezing for instantane-
ous immobilization to visualize the liposome assembly in
microchannels. Mijajlovic et al. (2013) used a cross-shaped
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microchannel geometry to elucidate the effect of certain
parameters on the size distribution of liposomes.

The hydrodynamic focusing phenomenon can also be uti-
lized to control and induce conformational changes of DNA
molecules (Iliescu et al. 2014).

As it was previously observed (Wong et al. 2004), the
flow in channels separates in the vicinity of discontinui-
ties, like sharp angles of the walls. The streams with higher
velocity tend to flow toward the outlet, due to inertial forces,
while the fluid boundary layer will turn and follow the chan-
nel walls. This kind of flow pattern occurs in micromixers,
which are usually microchannels with at least two inlets and
one outlet. Their geometries can vary from Y, T, or cross-
shaped to complex ramifications, with straight or curved
channels, smooth or patterned walls.

A common feature of some micromixers and the subject
matter studied in this work is the occurrence of vortex pat-
terns at channel junctions. An analysis of the enhanced mix-
ing by means of a pair of vortices was presented by Wong
et al. (2004), Kockmann et al. (2006), and Engler et al.
(2004) in a T-shaped micromixer. Bothe et al. (2006, 2011)
observed the formation of a pair of symmetrical vortices at a
critical Reynolds number. Similar experimental and numeri-
cal studies have been performed by Hoffmann et al. (2006),
Kockmann et al. (2007), and Soleymani et al. (2008).

The presence of vortices in microfluidic devices not only
enhances mixing, but also helps trapping cells or particles in
a specific region of the microchannel. This assists in sepa-
rating specific components from a fluid stream. Zhou et al.
(2013) identified a critical value of the Re number that leads
to particle recirculation in the vortex. They also analyzed
the influence of particle concentration on the separation
performance.

Although a lot of research has been done on hydrody-
namic focusing and its influence on controlling the posi-
tion of a fluid stream, the onset of vortex formation in the
junction area was investigated and analyzed only in very
few papers. Oliveira et al. (2012) performed a detailed 2D
numerical analysis of the flow patterns in a cross-microge-
ometry with three entrances and one exit. The authors also
compared 3D numerical results with direct flow visualiza-
tions and obtained the conditions for the onset of the vortical
structures within the junction. More recently, Haward et al.
(2016) presented numerical and experimental investigations
of the spiral vortex formation in a cross-slot domain with
two entrances and two exits.

The goal of the current study is to investigate the case of
extreme focusing in a domain with three entrances and one
exit, accompanied by the formation and evolution of two
symmetrical counter-rotating vortices in the junction region.
The vortices split the fluid stream to be focused into four
individual streams close to the corners of the microchannel.
Understanding and characterizing the stream formation due
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to the narrow focusing and the presence of vortices at the
junction area could be a first step in developing new appli-
cations based on the manipulation and control of sample
streams.

2 Materials and methods
2.1 Experimental setup and protocol

The experimental setup is based on microscopy imaging of
the flow patterns inside a microfluidic chip. The visualiza-
tions were performed mostly in fluorescence mode using an
inverted microscope (Nikon Eclipse Ti, Nikon GmbH, Diis-
seldorf, Germany). The fluid used in the experiments was
deionized water (Millipore Milli-Q A10, Molsheim, France).
In order to observe the evolution of the flow focusing and
the formation of the vortical structures, the water entering
the main inlet of the microfluidic chip was dyed with rho-
damine B isothiocyanate (Sigma-Aldrich, Chemie GmbH,
Taufkirchen, Germany) at a concentration of 0.04% (w/v),
low enough to not significantly influence the fluid properties.
The illumination source was a Melles Griot He—Ne Laser
(Melles Griot GmbH, Bensheim, Germany) with an excita-
tion wavelength of 543 nm. The image recording was carried
out with a CCD camera (Andor iXon, Oxford Instruments,
Belfast, UK) mounted on the microscope, and the images
were processed with the NIS Elements AR software.

The microchannels were fabricated in a silicon wafer
using Deep Reactive Ion Etching (DRIE), Bosch process.
An inductively coupled plasma (ICP) system (Oxford Instru-
ments, Bristol, UK) was used to etch the microgeometry and
the backside holes for the inlets and outlet. This technique
allows to obtain vertical side walls of the microchannels and
sharp corners in the junction area. The design and dimen-
sions of the microchannels are presented in Fig. 1 and are
similar to what was used by Oliveira et al. (2012).

The microfluidic chip was sealed with a borosilicate glass
slide by anodic bonding. This ensures a transparent cover

glass slide

Fig.1 a Schematic of the microfluidic chip. b Design and dimen-
sions (in mm) of the microchannel network used in the experiments
with the area of interest used in the numerical simulations indicated

for the visualizations. In order to provide fluid connections
to the device, Nanoport (Upchurch Scientific, Oak Harbor,
USA) connectors and PTFE tubing (Sigma-Aldrich, Chemie
GmbH, Taufkirchen, Germany) (inner diameter 0.56 mm)
were attached at the access points for inlets and outlet.

The flow dynamics was also investigated using laser
scanning confocal microscopy (LSCM) with a 20X objec-
tive. This offers a 3D view of the hydrodynamic focusing
phenomenon and vortex structure. Apart from the confocal
mode, the microscope can also be operated in epifluores-
cence mode. The smallest pinhole (30 um) available for the
confocal microscope was chosen. The z-scanning was done
with a step size of 2.5 pm, and the x—y slices were acquired
at 0.5 fps with a resolution of 1024 x 1024 pixels.

The design displayed in Fig. 1 has three inlets and one
outlet. The two symmetrical lateral branches i,, and i, (with
a common secondary inlet i,) are perpendicular at the junc-
tion to the main channel with inlet#,. All microchannels have
a square cross section of 100 pm X 100 pm.

In order to maintain a stable flow through the microfluidic
chip, a pressure-controlled pump (ElveFlow, Paris, France)
was used. It has two pressure ports equipped with flow rate
sensors, one for each inlet of the microfluidic device. At the
first port, the value of the pressure can be maintained con-
stant in the range 0—200 mbar, while for the second port the
range is 02000 mbar. The pump was controlled by a com-
puter via USB connection, and the pressure was monitored
with the ElveFlow Smart Interface software. The pressure
and flow rate data from the sensors were recorded with a
time step of 0.1 s and then exported to an Excel Sheet.

In the experiments, the pressure p; at the main inlet i; was
increased from 100 to 200 mbar in steps of 5 mbar. For each
pressure step imposed at the main inlet, at the secondary inlet
the applied pressure p, was increased accordingly in steps of
1 mbar, in order to observe the transition between different
flow regimes inside the junction. Each pair of input parameters
(p1» py) was kept constant for 7 s before a new acquisition;
during this time, no variation of the observed flow pattern
occurred. Each experiment was repeated twice in order to

out

in green. The cross section of the microchannels is 100 pm X 100 pm
(color figure online)
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ensure the reproducibility of the results. In each experiment,
the correlation between the flow pattern and the data from the
pump was established by acquiring the data simultaneously.

From the symmetry of the geometry (as can be seen
in Fig. 1), one can infer the symmetry of the flow rate
0:0,, = 0y, = 0,/2, (i.e.,Re,; = Re,, = Re,/2) and of the
input pressure p:p,; = p,, = p,, where the subscripts refer to
the corresponding branches/inlets. The experimental observa-
tions indicate a symmetrical flow pattern with respect to the
symmetry plane in the main channel and therefore support
the assumption of splitting into two equal substreams. The
Reynolds number was calculated with the formula

e pVoDy, ,

p M

where p and # represent the density and the viscosity of the
fluid, V|, is the mean velocity at the inlet of the channel, and
D, = 4A/P is the hydraulic diameter (here A is the cross-
sectional area and P is the wetted perimeter).

The fluid introduced through i, is focused in the main
channel downstream of the junction, with a flow pattern
dependent on the Reynolds number in the main channel
Re,, = Re; + Re, and the flow rate ratio Q, /Q,,.

2.2 Numerical simulations

The numerical simulations were performed based on a
finite-volume code implemented in the commercial solver
ANSYS-Fluent.

We have solved the Navier—Stokes equation and the con-
tinuity equation for an incompressible fluid in the absence of
a body force:

p(@ - V)v) — _Vp + Ay

ot @

V-vr=0

where v is the velocity vector and p is the pressure.

Fig. 2 Computational domain
with the imposed boundary
conditions. The points A and

B located on the central axis
immediately downstream of the
junction indicate the x-coor-
dinates that define the interval
where the variations of the
velocity magnitude and pressure
were investigated for the mesh y
independence study of Fig. 3

| Flow domain ]

\mm

| Velocity inlet, v = v,
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The SIMPLE pressure-correction scheme was used, and
the momentum equation was discretized based on a first-
order upwind scheme. A time step of 107® s was chosen for
the calculations. The numerical procedure is further detailed
in Balan et al. (2012), see also (Anderson et al. 2009; Wes-
seling 2001; Ferziger and Peric 2002; Fluent 6.3 User’s
Manual 2006).

We also performed numerical computations of the steady-
state solution. The final results are identical to the transient
ones after 700 time steps. Therefore, the formation time of
the velocity profile is about 0.7 ms.

The computational mesh consisted of hexahedral finite
volumes, and a representative detail is shown in Fig. 2.
The convergence criteria (absolute) for the solution of the
Navier—Stokes equation were set as 1078, representing the
ratio between the highest value of the error (calculated
in the center of all cells) for the current iteration and the
error obtained at the first iteration. In the case of the con-
tinuity equation, this criterion is calculated by dividing the
result of the error for the current iteration to the average
obtained from the first five errors. The simulations were per-
formed for a single fluid phase, water, with constant density
(p = 998.2 kg/m?) and viscosity (7 = 0.001 Pa s), at constant
temperature (6 = 20 °C).

The dimensions of the model flow domain, c.f. Fig. 1,
were chosen in such a manner to capture the important flow
features corresponding to the four cases from Table 1. Thus,
the channel junction in Fig. 1 was modeled, with inlet and
outlet channels of a length of 1.5 and 3.9 mm, respectively.
The flow develops into a stable close-to-parabolic velocity
profile about 75 pm away from the entrance, which indicates
that the inlet branches of the model are long enough.

The imposed boundary conditions are indicated as fol-
lows: constant velocity at the inlets (i, and i,,), zero relative
pressure at the outlet of the channel and zero velocity at the
walls. The symmetry of the microchannel domain and the
boundary conditions was exploited by defining a plane with
a symmetry boundary condition. The computational domain

Velocity inlet,

Mesh
Detail

-
Pressure outlet,
P =Ppg
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Table 1 Numerically investigated cases with the corresponding input
parameters

Case pi(mbar) vy (m/s) vy (m/s) Reyy (=) Q1/0p ()
Focusing 100 0.00483 0.205 41.60 0.0235
Vortex 100 0.0005  0.209 41.95 0.00238
Focusing 200 0.0305 0.388 80.8 0.079
Vortex 200 0.00216 0.411 82.6 0.00525
Table 2 N}lmber of cells Mesh Nr. No. of cells
corresponding to the used
meshes Ml 359,424
M2 822,382
M3 1,804,164
M4 118,874
M5 681,250
M6 1,137,500

with the appropriate boundary conditions is presented in
Fig. 2.

For validation of the numerics and comparison with the
experimental data, four different cases were studied. The
four analyzed cases, with the appropriate input parameters
and calculated Reynolds numbers, are presented in Table 1.

Several structured meshes were analyzed in order to
establish the optimal one. The number of cells is given in
Table 2. M1, M2, and M3 have a more refined discretization
toward the wall faces compared to the bulk domain, while
M4, M5, and M6 were generated with constant cell dimen-
sion; M6 has twice the number of cells in the main channel
in comparison with the side channels.

A comparison between the results computed with the six
different meshes is shown in Fig. 3 for Case 4 from Table 1.
This case corresponds to the presence of a vortex inside the
microchannel. In Fig. 3, the velocity and pressure magni-
tudes are plotted along the central axis of the main channel.

From Fig. 3, it can be concluded that, with the exception
of the M4 mesh, the results are very similar. Only in the
blowup of the region where steep gradients occur, some dif-
ferences are visible. Given the fact that the region of interest
is the junction area, we further proceeded with the numerical
analysis using M6. This option offers a reasonable compu-
tational time (21 min for the steady solution and 4 h and
21 min for the unsteady solution up to a simulation time
of 700 ms) with the available resources (3 GHz CPUs, 2
processors, 8 cores, 128 GB RAM).

3 Experimental results

For visualization of the flow inside the cross-shaped micro-
fluidic device, a dye was added to the stream entering
through inlet i, and the spatial distribution of that dye was
recorded through epifluorescence and confocal microscopy.
Particular attention was given to the transition between the
flow focusing pattern and a flow pattern with a pair of coun-
ter-rotating vortices in the junction area.

Qualitatively, the transition between these flow patterns
proceeds as follows when decreasing the ratio of the flow
through inlet i; and the flow through the side branches. In
the median plane, the fluid reaches a focusing length (/)
after which it splits into two secondary jets, directed by
the secondary fluid from the side channels toward the top
and bottom walls of the main channel. The left-hand side
of Fig. 4a depicts the flow structure of the fluid originating
from the median plane in the main inlet channel. The frame
at the center shows streamlines that have been distributed
over the entire cross section of the main inlet channel. The
right-hand side of Fig. 4a serves to give a definition of the
parameters characterizing the flow structures. As the flow
rate Q, is decreasing, at a critical value of Q,/Q,, (which
defines the transition point) a vortex develops that splits the
flow into four streaks close to the corners of the main chan-
nel as it can be observed in Fig. 4b, which is organized in

(3)20 Junctlon region 12 (b) (c) M1 -

' — 1.45 __ 94,
2 () *EZT| witd T PRy e
£15 « 9o 2 P s T M3 V¥
= ¢ | 5 5.1_40. o 293 J M4
2.1.0 0 6 = > g Lgv M5 @
£ vv/‘ N—p] | & B ” o ” 4 M6 @
S ' \ 73 _ @ *

0.0+ : : o &J >1_301 ‘ a 91 : %

0.00 ~ 250x10° 5.00x10° 1.63x10°  1.64x10°  1.65x10° 1.63x10°  1.64x10°  1.65x10°

X - coordinate [m]

X - coordinate [m]

X - coordinate [m]

Fig. 3 Results of the mesh influence study; a pressure and velocity variation along the central axis of the main channel with details of velocity
(b) and pressure (c) in the junction region. On the scale of part a the results obtained with different meshes are indistinguishable
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Fig. 4 Flow patterns close to (a)
the transition point where vorti-

ces develop. The dashed arrows

indicate streaks ending up close

to the fop wall, the solid arrows

streaks ending up close to the

bottom wall. a Focused stream

splitting into two fluid streaks;

b vortex structures splitting into

four fluid streaks

(b)

the same way as Fig. 4a. The generated flow structure is
similar to a “vortex ring” with a “mushroom” shape defined
by a radius r, (measured from the center of the junction) and
the diameter d,, which represents the width of the vortex.
This structure will grow in size with increasing Reynolds
numbers Re,; and Re,,. A qualitative sketch of the two cor-
responding flow patterns is presented in Fig. 4.

The main goal of the experimental study was to correlate
the flow pattern at the channel junction with the Reynolds
number in the outlet channel and the ratio of the flow rates
at the inlets.

For the two cases shown in Fig. 4, the characteristic fea-
tures of the flow patterns in the median plane were meas-
ured. These experimental findings are later used to validate
the results from the numerical simulations.

In order to create a flow pattern map, experiments at vari-
ous Reynolds numbers and flow rate ratios were performed.
The flow inside the junction domain is symmetrical if the
flow rates of fluid 2 from the entrances i, and i,, are identi-
cal. This is the case for the present investigation.

The flow pattern map including fluorescence micrographs
of the region where the transition occurs is shown in Fig. 5.

The map represents in the parameter space spanned by
Re,, and Q,/0,, the transition between flow focusing and
vortex formation. Each dot in the graph corresponds to one
experiment. The control of the flow inside the chip was done
by maintaining a selected pressure at the inlets. Thus, by
increasing the pressure controlling the flow in the secondary
branches, the flow rate in the main channel decreases. In this
way, the Reynolds number in the outlet channel of the device
slightly increases for each set of experiments from right to
left. There are 21 sets of values of Re,, for which we inves-
tigated the flow patterns, in the range Re . € [40, 85]. Three

out
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out

zones are identified: zone I—a narrow flow focusing in the
median plane (the “classical” uniform flow focusing that has
been intensely investigated in the previous studies mentioned
in Introduction), zone II—a transition region between focus-
ing and the formation of vortices and zone III—the develop-
ment of a well-defined pair of counter-rotating vortices (see
also the sketch from Fig. 4).

The boundary between zones II and III was obtained by
Oliveira et al. (2012) in a similar flow classification map,
which was constructed based on numerical results (up to
Re,, = 350). Even though the investigated range of the
Reynolds numbers is different, the numerical results by
Oliveira et al. (2012) agree quantitatively with our experi-
mental findings, obtained for outlet Reynolds numbers
between 40 and 85.

The data points where the flow focusing into a stream
in the median plane of the channel stops are encircled. A
dashed line has been introduced to connect these points.
To the left of this line, the fluid stream from inlet i, is split
by the faster flowing fluid from inlet i,. It is then redirected
toward the top and bottom walls of the geometry, as confocal
microscopy measurements demonstrated.

There exists a transition region (zone II) between the flow
focusing region and the onset of a vortex structure, where
the focusing into a single streak is replaced by vortical flows
leading to multiple streaks. In zone III, a pair of counter-
rotating vortices is clearly visible and fully developed. The
points marking the transition between zones II and III are
indicated with squares, connected by a solid line. Zone III
grows in size with the increase in the outlet Reynolds num-
ber. The diameters and radii of a vortex, as defined in Fig. 4,
are indicated in the caption of Fig. 5 for both zone II and
zone III. With the employed experimental setup, it was not
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(a) (b)
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80 80—
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70 70—
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10° Q1/ Q22 [-]

Fig. 5 Flow pattern map describing the local hydrodynam-
ics in the junction area of a cross-shaped flow focusing micro-
channel. a Experimental data points in the (Re,,,Q,;/Q5)
plane, colored according to the type of flow pattern. A transi-
tion region (zone II) is present between narrow focusing (zone I)
and the formation of “vortex rings” (zone III). The characteris-

possible to decrease Q,/Q,, below the values marked by
the dashed-dotted line. Beyond that line, a backward flow
through inlet i, was observed.

3.1 Comparison between experiments and simulations

To further corroborate the findings reported in the previ-
ous section, the experimental results were compared to
the results from the numerical simulations. A qualitative
comparison between numerics and experiments is shown in
Fig. 6, indicating a good agreement between the two data

Fig. 6 Comparison between the
results of numerical simula-
tions (a) and epifluorescence
microscopy (b) for all four cases
indicated in Table 1

tic values of the parameters r,, d, and [, are as follows. Zone I:
I, e [25 pm, 60 pm]; Zone II: r, € [0, 60 pm],dv S [0, 45 pm]; Zone
I: r, e [60 pm, 110 pm],dv € [45 pm, 95 pm]. b  Fluorescence
micrographs indicating the structure of the flow patterns in different
regions of the parameter space

sets. A more detailed representation of the 3D flow struc-
tures is shown in Fig. 7.

A quantitative validation of the numerical simulations is
obtained by measuring the geometrical parameters described
in Fig. 5: (1) the length /; of the jet in the junction region and
(2) the quantities d, and r, characterizing the shape of the
vortex. The results are presented in Table 3.

A reasonable agreement between the three data sets is
observed. One can observe that deviations between the val-
ues from simulations and confocal microscopy are larger
than those between the values from simulations and epif-
luorescence microscopy. This fact is explained by the larger

W
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Fig. 7 3D images of flow

patterns. Left column confocal (a)
microscopy visualizations; right

column numerical simulations.

Section a corresponds to Case 1

(Re,,; = 40), section b to Case

4 (Re,,, = 80)

(b)

yz view

XZ view
i z
\%

photon count of epifluorescence microscopy which generates
less noisy images, so a more precise visualization of the flow
patterns is possible. Also, the fact that the flow is controlled
by the input pressure (instead of the flow rates, which are
measured) might lead to some errors in the computation of
the average velocity.

In the case of flow focusing, we analyzed the results
for two cases, Re_,, = 40 and Re_,, = 80 (Cases 1 and 4),
see Fig. 7. The higher Re,, the more elongated is the
fluid stream. As already depicted in Fig. 4, in Case 1 the
incoming flow through inlet i; splits into two streams close
to the top and the bottom wall of the outlet channel. In
Case 4, the numerical results confirm the jet splitting into
four streams close to the corners in the outlet channel. The

@ Springer

Confocal microscopy

3
27 X
Xy view

z
yga xz view
. :

Numerical simultaions

Xy view
Xy view

e
XZ VIEW

splitting of the stream entering through inlet i; into nar-
row streams close to the corners in the outlet channel has
already been noticed by Oliveira et al. (2012). By contrast,
the pattern with two streams close to the top and the bot-
tom wall of the outlet channel does not appear to have been
identified up to now.

The numerical simulations offer a correct representation
of the flow field. Therefore, in view of potential applications
one can extract from the computed results kinematic and
dynamic quantities of interest such as the residence time of
particles inside the junction, the spatial distribution of the
vorticity, or the values of the wall shear stress. Also the pre-
sent results may be utilized to more precisely direct samples
to specific locations inside the channel, or to achieve inertial
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Table 3 Quantitative comparison between experimental results from
epifluorescence microscopy (EPI), confocal microscopy (C.M.), and
numerical simulations for flow focusing and vortex formation cases.
The geometrical parameters were measured using the Imagel] soft-
ware

d, (pm) r, (pm) I (pm)
Re,, =40
Focusing (1)
EPI - - 21.3
N.S. - - 23.1
C.M. - - 243
Re,, = 80
Focusing (3)
EPI - - 432
N.S. - - 44.1
C.M. - - 36.8
Vortex (4)
EPI 94.4 84.8 -
N.S. 91.9 81.1 -
C.M. 80 71.2 -

particle sorting by exploiting their different abilities to fol-
low the streamlines of the flow.

4 Conclusions

We have studied the local hydrodynamics in the junction
area of a flow focusing microfluidic device. The study was
mainly directed to the numerical modeling and experimen-
tal investigation of the formation of vortical structures. A
comprehensive description and characterization of the flow
patterns is obtained by correlating the flow visualizations
with numerical results.

The experimental results, derived from epifluorescence
and confocal microscopy visualizations, are found to be con-
sistent with the 3D numerical simulations. A flow pattern
map in the space spanned by the characteristic Reynolds
number and the flow rate ratio has been obtained in which
three zones are identified: Zone I—a flow focusing scenario
producing one focused fluid stream in the outlet channel,
zone [I—a transition region between focusing and the forma-
tion of a flow pattern with vortices, and zone III—the devel-
opment of a well-defined pair of counter-rotating vortices.

In zone I, the flow is focused into one stream covering
the median plane of the outlet channel. During the transi-
tion (zone II), the number of streams originating from the
flow through the main inlet increases. In zone III, due to
the presence of vortices, the fluid flowing through the main
channel is split into four streams that are redirected toward a
position close to the corners of the outlet channel. Between
these two regimes, a situation emerges where the flow is

focused into two streams close to the upper and lower wall
of the outlet channel.

The obtained results expand the possibilities of flow
focusing devices for applications in microfluidics. In par-
ticular, interesting in that context appears the possibility of
selecting the number of outlet streams and their position
downstream of the junction. Also, it will be worth exploring
the potential of the described flow patterns for inertial parti-
cle sorting/separation and the control of their residence time.
For example, it is conceivable that small particles inside
the main channel get redirected by the vortices to streams
close to the corners of the outlet cross section, whereas large
particles for which inertia plays a bigger role are not able
to follow the streamlines. This would enable a novel type of
inertial particle sorting/separation.
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