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Abstract

Recently, microcavities have become a central feature of diverse microfluidic devices for many biological applications.
Thus, the flow and transport phenomena in microcavities characterized by microvortices have received increasing research
attention. It is important to understand thoroughly the geometry factors on the flow behaviors in microcavities. In an effort
to provide a design guideline for optimizing the microcavity configuration and better utilizing microvortices for different
applications, we investigated quantitatively the liquid flow characteristics in different square microcavities located on one
side of a main straight microchannel by using both microparticle image velocimetry (micro-PIV) and numerical simulation.
The influences of the inlet Reynolds numbers (with relatively wider values Re=1-400) and the hydraulic diameter of the
main microchannel (Dy =100, 133 pm) on the evolution of microvortices in different square microcavities (100, 200, 400
and 800 pm) were studied. The evolution and characteristic of the microvortices were investigated in detail. Moreover, the
critical Reynolds numbers for the emergence of microvortices and the transformation of flow patterns in different microcavi-
ties were determined. The results will provide a useful guideline for the design of microcavity-featured microfluidic devices
and their applications.
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1 Introduction

Microfluidics of lab-on-a-chip systems have developed rap-
idly in last decade in multidisciplinary research fields (Utada
et al. 2005; Whitesides 2006; Sackmann et al. 2014), such
as physics, biology, chemistry, material science, and fluid
mechanics (Lindstrom and Andersson-Svahn 2010; Mu
et al. 2013; Huang et al. 2017; Lin et al. 2017; Niu et al.
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2011). Taking advantage of flow characteristics in micro-
scale, microfluidics can be characterized as the science and
technology of manipulating and controlling fluids in micro-
fluidic devices (Stone et al. 2004; Baroud et al. 2010). The
fine and precise control of fluid flows in microfluidic devices
is highly demanded in different applications. To meet the
demand, diverse microfluidic devices with different configu-
rations have been developed. It is significantly important to
understand thoroughly the flow behaviors in the microfluidic
devices (Bremond et al. 2008; Skelley et al. 2009; Anna
2016; Amini et al. 2014; Zhang et al. 2016).

Recently, microcavities have become an integral part of
diverse microfluidic devices in many microfluidic applica-
tions, for example controlling of the coalescence of micro-
droplets (Tan et al. 2004; Baroud et al. 2010; Shen et al.
2017a, b), trapping of microdroplets (Wang et al. 2009)
and cell culture (Yew et al. 2013; Luo et al. 2008; Liu et al.
2008; Vrhovec et al. 2011). Various microcavity geometric
configurations have been developed, for example microwells
(Cioffi et al. 2010; Hur et al. 2010; Jang et al. 2011) and
microgrooves (Khabiry et al. 2009; Park et al. 2010; Khabiry
et al. 2009) located on the bottom of the microchannel for
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cell trapping and culture, and microcavities with square (Yu
et al. 2005), rectangular (Yew et al. 2013), cylinder (Fishler
et al. 2013; Tenenbaumkatan et al. 2015), diamond (Chiu
2007; Shelby et al. 2003), and trapezoid (Fan et al. 2014)
shapes located on the side of microchannels in many micro-
fluidic applications. Yet, to design successfully the microflu-
idic devices featuring microcavities, it is important to select
well-defined geometries and understand the characteristic of
the microvortices thoroughly (Fishler et al. 2013; Shen et al.
2015). Among the existing choices of microcavity geom-
etries, the rectangular shape is the most common configu-
ration as its advantage in an important application of cell
or particle high-throughput sorting (Hur et al. 2011; Mach
etal. 2011; Park et al. 2009; Zhou et al. 2013; Khojah et al.
2017). However, the above-reported microcavities of differ-
ent configurations were designed mainly by experience, and
the fluid flow behaviors in the microcavities determined by
inlet Reynolds number (Re) and the microcavities geometry
have not been thoroughly studied.

The main reason for the increasing use of microcavities in
microfluidics is that microcavities can be used to control the
formation of microvortices (Shelby et al. 2003; Chiu 2007).
The operating principle of several microfluidic devices is
based on the creation of microvortices (Karimi et al. 2013;
Sajeesh and Sen 2014; Haller et al. 2015). Flow in micro-
cavities can be characterized by flow separation and internal
recirculation or microvortices (Yu et al. 2005; Fishler et al.
2013), which have been proved to be a versatile and power-
ful tool in microfluidics (Amini et al. 2014; Zhang et al.
2016). In particular, microvortices have been utilized for
single-cell manipulation (Shelby et al. 2004; Chiu 2007),
rare cells enrichment (Khojah et al. 2017; Hur et al. 2011;
Sollier et al. 2014), particle focusing, sorting and trap-
ping (Park et al. 2009; Wang et al. 2013; Hsu et al. 2008;
Zhou et al. 2013; Petit et al. 2012), on-chip microcentri-
fuges (Mach et al. 2011; Pertaya-Braun et al. 2011), plasma
extraction (Marchalot et al. 2014; Sollier et al. 2010), size-
controlled nanoparticles synthesization (Kim et al. 2012),
and fluid mixing (Shih and Chung 2007; Lee and Kwon
2009; Lee et al. 2010). The realization of all these micro-
cavity-featured microfluidic devices applications relies on
the fine and precise control of the microvortices. Currently,
considerable efforts toward the development of microcavity-
featured microfluidic devices using inertial forces can be
observed (Karimi et al. 2013; Sajeesh and Sen 2014; Amini
et al. 2014; Zhang et al. 2016). However, only a few studies
focus on the effects of microcavity geometry factors on the
characteristic of the microvortices (Fishler et al. 2013; Yu
et al. 2005; Shen et al. 2015; Oysterman et al. 2016).

Cavity inherently is a flow separation triggering element
due to its sharp corners (Yu et al. 2005). Consequently, it
is considered as an energy loss component in internal flow
systems, which depends on the cavity shape and dimensions.
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Flow inside rectangular cavities has always been an inter-
esting fluid dynamics question due to mixing, heat transfer
and fluid-structure interactions (Haddadi and Di Carlo 2017,
Shankar and Deshpande 2000). Historically, cavity flows
have been characterized in two or three dimensions, find-
ing different vortex structures in various cavity geometries
(Shen and Floryan 1985; Kim et al. 2000; Romero-Mendez
et al. 1999; Shankar 1997; Shankar and Deshpande 2000;
Heaton 2008). However, most of the research work related
to cavities has been on a macroscale. Previously, vortices on
microscales are less well known, mainly since flow in micro-
channels at low Reynolds numbers has been regarded to lack
appreciable fluid inertia. Microcavity flows have gained
renewed attention only in recent few years since the numer-
ous applications of microvortices in microfluidic devices.
Microvortices can be generated when a microchannel is sud-
denly expanded in width leading to jetting of the main flow
stream, the detachment of the boundary layer, and recircu-
lation in the expansion region. It is generally accepted that
the vortex formation and evolution rely on the fluid inertia,
namely the inlet Reynolds number of the main microchannel
flow. When the Reynolds number exceeds a critical value,
a microvortex will arise. Increasing the Reynolds number
leads to increasing vortex size until the full expansion region
is occupied. It is important to note that as the microcavity
flow is driven by the shear stress of the main microchannel
flow at the entrance area of the microcavity, both the flow
profile of the main microchannel flow and geometry of the
entrance have a significant influence on the energy transfer
from the main microchannel flow to the microvortices.
Lim et al. (2003) first reported the dynamic formation
of a microvortex in a small diamond-shaped microcavity
(maximal size of 55 pm), which can be used to generate
a radial acceleration as high as 10’m s=2 (Shelby et al.
2003) and rotate particles and cells (Shelby et al. 2004).
Yu et al. (2005) investigated flow patterns in square micro-
cavities with quite small dimensions (width and length
varying between 20 x 20 and 70 x 70 um? and the height is
1.5 pm) and determined the critical conditions for the tran-
sition from attached flow to separated flow by construct-
ing a flow regime map. They also found that whether the
microcavity flow is attached or separated, the microcavi-
ties reduce the local resistance to the main microchannel
flow. However, this setup is too small for aforementioned
microfluidic applications. Using microparticle image
velocimetry (micro-PIV) and computational fluid dynam-
ics (CFD) simulations, Fishler et al. (2013) investigated
the effects of microcavity geometry and Reynolds num-
bers (Re=0.1, 1 and 10) on flow phenomena in cylindrical
microcavities, finding two flow patterns, namely attached
flow and separated flow, the latter featuring single vortex
or complex multivortex systems. They also characterized
quantitatively the evolution of microvortices (i.e., number,
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location, center, and the existence of saddle point). In our
previous study (Shen et al. 2015), we used the micro-PIV
and studied quantitatively the influences of the microcav-
ity aspect ratio (4 =width/length =0.25-3) and Reynolds
numbers (Re =0-100) on the flow characteristics of rec-
tangular microcavities, finding three different flow pat-
terns: attached flow, transitional flow and separated flow.
Oysterman et al. (2016) investigated, experimentally and
by modeling, the flow in a long microcavity, finding that
the properties of microvortices also depend decisively on
the length/width ratio of the rectangular microcavities and
the number of microvortices increases from 2 to 4 with
the length/width ratio increasing. Recently, there has been
considerable interest in understanding particle and cell
behaviors in microvortices (Hur et al. 2011; Mach et al.
2011; Park et al. 2009; Zhou et al. 2013). For example,
Zhou et al. (2013) simulated the microvortices structure in
three dimensions in a 300 x 300 pm? microcavity to reveal
the reason for the phenomenon that two stable orbits of
trapped particles this microcavity observed in experiments
of Hur et al. (2011). Moreover, Haddadi and Di Carlo
(2017) studied the inertial flow of a dilute suspension of
particles over confined rectangular microcavities and dis-
cussed the interaction of particles with the vortex inside
the microcavities. The flow field structures in microcavi-
ties with different sizes (1 =2, 3 and 5) were illustrated by
fluorescent images, finding that the mechanics of particle
dynamics in microvortices is very complex. Despite the
great progress of revealing the microcavity flow behaviors
in the present research studies, the effects of geometry
factors, for example the microcavities actual size and the
hydraulic diameter (Dy) of the main microchannel, on
the evolution of microvortices have not been investigated
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Fig.1 a Snapshot of one PDMS microfluidic chip (40x20 mm?)
consisting of four different square microcavities located on one side
of a straight microchannel. b A microvortex in a square microcav-
ity driven by the main microchannel flow. ¢ A schematic illustration
of the microfluidic chips. d A schematic illustration of the experi-
mental setup. The width and length of the four microcavities are
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systematically, which are still actual fundamental issues
for microcavity-featured microfluidic devices design and
applications.

In this study, using the micro-PIV and CFD simula-
tions, we investigate quantitatively the evolution of micro-
vortices in square microcavities (A= 1) with four different
sizes (W-=L-=100, 200, 400, 800 pm) at wider range
of Reynolds numbers (Re =0-400) than that in our previ-
ous study (Shen et al. 2015). We focus on the influences of
microcavity actual sizes and the hydraulic diameter of the
main microchannel (Dy=100, 133 pm) on the evolution of
microvortices. The characteristics of the microvortices are
investigated quantitatively in detail. Moreover, the critical
Reynolds numbers for the emergence of microvortices and
the transformation of different flow patterns are determined.
The results will deepen the understanding of the microvortex
behaviors in microcavities and provide a useful guideline for
the design of microcavity-featured microfluidic devices and
their applications.

2 Methods
2.1 Microfluidic device

To characterize the effect of actual size of the microcavities
and the hydraulic diameter (D) of the main microchan-
nel on the evolution of microvortices systematically, we
designed two microfluidic chips consisting of four different
square microcavities located on one side of a straight main
microchannel for each chip, as shown in Fig. 1a. Figure 1b
shows a microvortex generated within a square microcav-
ity. The confined microcavity flow is driven by the main

(d) Microfluidic chip
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We=L-=100, 200, 400, and 800 pm, respectively. The distances
between them are 1 mm. The distance from the inlet to the first
microcavity is L;;=3 mm. Both the microchannel and microcavities
share the same depth H=100 pm. The microchannel width W=100
and 200 pm

@ Springer



36 Page4of14

Microfluidics and Nanofluidics (2018) 22:36

microchannel flow at the microcavity entrance area. The
normalized dimensionless coordinates for the microcavi-
ties are defined as x*=x/L. and y*=y/W.. The geometry
of an open microcavity is similar to a backward facing step
followed by a forward facing step with a primary micro-
vortex confined by the microcavity walls. The microcavi-
ties are similar to rectangular microcavities used in previ-
ous studies (Hur et al. 2011; Mach et al. 2011; Park et al.
2009; Yew et al. 2013; Yu et al. 2005; Zhou et al. 2013).
Figure 1c schematically illustrates the geometric param-
eters of the microfluidic chips. The width and length of
the four microcavities are W = L-=100, 200, 400, and
800 pm, respectively. The microchannel width has two val-
ues W =100 and 200 pm. The microchannel and micro-
cavities have the same depth (H=100 pm). The hydraulic
diameters of the main microchannel, defined as Dy=2WH/
(W+H), are 100 and 133 pm according to the microchan-
nel widths. To insure fully developed inlet flow conditions,
the distance from the inlet to the first microcavity is fixed
at L;, =3 mm, which is the same as the maximum entrance
length L.~0.6Dy/(1+0.035Re) +0.056ReDy; at Dy=133 pm
for Re =400, according to the empirical correlation for low-
Reynolds-number channel flow (Shah and London 1978).
The spaces between two adjacent microcavities are fixed at
L=L,=L;=1000 pm, which is 7.5 times larger than the
maximal hydraulic diameters. Note, as the velocity profiles
at the leading wall of each microcavity are still parabolic
(see Supplementary Figure), the interaction effect of the
neighboring microcavities was not considered in this study.
The total length of the main microchannel is 12.5 mm. The
microfluidic chips were made of polydimethylsiloxane
(PDMS) by standard soft lithography techniques (Duffy
et al. 1998). The surface roughness of the microchannel is
below 0.5 pm.

As the microcavity flow is driven by the main microchan-
nel flow, the microcavity flow is controlled by two param-
eters, namely the flow characteristics of the main micro-
channel and the geometry factors of the microcavities (Yew
et al. 2013; Yu et al. 2005). The main microchannel flow
can be characterized by the inlet Reynolds number, which
can be calculated as Re=pUDy/u, where p and p are the
fluid density and viscosity. The velocity scale U is taken
as the average velocity in the main microchannel given by
U=Q/pWH, where Q is volumetric flow rate. Moreover, the
effect of the hydraulic diameter (D) of the main micro-
channel on the microcavity flow behaviors should be consid-
ered. The microcavity geometry can be characterized by the
dimensionless width (¢e=W/H) and length (6= L-/H) and
the microcavity aspect ratio (A=W /L) (Shen et al. 2015).
However, the problem that how the absolute microcavity
dimensions affect the microcavities flow phenomena is still
not clear, which will be focused in this study by keeping the
microcavities aspect ratio (4) at 1.
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2.2 Experimental setup

In the experiments, deionized water (p= 10> kg/m?® and
u=1073Pas) at 20 °C was used as the test fluid and seeded
with polystyrene red fluorescent beads (mean diameter of
0.86 pm, the density of 1.05 g/mm?, Duke Scientific) to visu-
alize the microcavity flow. Tween 20 (0.2% v/v) was added
in the test fluid as a surfactant to reduce the chance of the
seeding particles adhesion to the walls of the microcavities.
Before experiments, the seeded test fluid was placed in an
incubator 30 °C for 4 h. Then, to improve the experimen-
tal accuracy, only the suspension of buoyant particles was
selected and diluted for the experiments. To prevent trap-
ping of bubbles in the microcavities, the microchannel was
flushed with Tween 20 (1% v/v) solution before injecting
the actual test fluid.

The size of the seeding particles should be relatively
small to reduce the velocity lag of a particle (Raffel et al.
2007). However, the seeding particles must be large enough
to be adequately imaged and to dampen the effects of
Brownian motion (Wereley and Meinhart 2010). Therefore,
particles with a mean diameter of 0.86 pm were selected as
the seeding particles in our experiments. The ratio of seed-
ing particles size to the minimum feature size of the micro-
cavities (100 pm) is 1:116, which is low and ensures that
the particle responds to a local point force rather than to a
global integration of momentum exerted by the fluid flow.
The seeding particles are considered to have good follow-
ing property, and the influence of the particles on the fluid
could be ignored.

A schematic diagram of the experimental setup is shown
in Fig. 1d, which includes the homemade microfluidic
chips, a syringe pump (Harvard Apparatus, PHD2000), and
a micro-PIV system (Dantec Dynamics), which is a nonin-
trusive technique applied to evaluate the characteristics of
the flow field (Lindken et al. 2009; Wereley and Meinhart
2010; Williams et al. 2010). The volumetric flow rate (Q)
ranges from 0.8 to 3.6 ml/min corresponding to Re=89—400.
To ensure the accuracy of the measurements, it is neces-
sary to stabilize the stream before initiating measurements.
The micro-PIV system consists of a double-pulse Nd: YAG
laser, a high-speed high-resolution double-frame CCD cam-
era, an inverted microscope (Leica), a signal synchronizer,
and a 3D mobile stage. The details of the micro-PIV system
were introduced in our previous studies (Shen et al. 2015).
Briefly, the particle images were first captured with a resolu-
tion of 1344 x 1024 pixels, at a rate of 6 frames per second
(fps) with the exposure time of 10~200 ps according to
the flow rate, and then recorded on a computer for results
analyses using a software (Dantec Dynamics V3.40). The
acquired particle images were analyzed with an adaptive
cross-correlation (ACC) algorithm. The interrogation area
was 32 % 32 pixel (50% overlap). Moreover, the least squares
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Gauss fitting algorithm was used to detect the peak on the
correlation plane to reduce measurement uncertainty and
to improve the signal-to-noise ratio. Particle images at the
mid-depth x—y plane of the microcavities (z=50 pm) were
recorded by adjusting the position of an objective (10X,
numerical aperture 0.4) through the 3D mobile stage. The
thickness of the measurement plane is about 13.8 pm accord-
ing to the report of Wereley and Meinhart 2010. The micro-
PIV results are depth-averaged over the effective depth of
correlation and to be compared with CFD simulations.

2.3 Numerical models

Using a commercial CFD software ANSYS (Fluent, 16.0),
the microchannel and microcavities were modeled in three
dimensions according to their actual dimensions. The model
was created and meshed using structured hexahedral volume
meshes. Mesh refinement and independence were tested.
Simulations were performed with 87,608 cells. The numeri-
cal model was simplified by assuming a steady state flow
regime. The governing equations are the continuity equation
and incompressible Navier—Stokes equations. A finite vol-
ume method was utilized to turn the governing partial differ-
ential equations into a system of algebraic equations, which
are numerically integrated over each of the computational
cells using a collocated cell-centered variable arrangement.
A second-order upwind scheme was used for the momentum

b i x*
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(a) 0.“1 0.§ 0.8. 1.0 (b) 0.4 0.6 0.8

x*
10 (c) &

equations, and the SIMPLEC scheme is used for pressure
calculations.

The physical properties of water were applied to the fluid
in the simulation (dynamic viscosity u= 107> Pa s, density
p=10%kg/m?). At the microchannel walls, a nonslip bound-
ary condition was applied. For the inlet volume flow rates
corresponding to 89 < Re <400 were set, while the outlet
was set to a fixed-pressure boundary condition. To achieve
convergence, the residuals of continuity and momentum
equations are required to be below 10~>. Combinations of
x-, y- and z-cut were processed to obtain velocity profiles
and to trace the microvortices. The simulation results were
compared with the experiments, finding a good agreement.

3 Results and discussion
3.1 Effect of Reynolds number (Re)

In the experiments, flow in the main microchannel is laminar
(Re <400) and the velocity profile is nearly parabola. To
reveal the influence of the inlet Reynolds number on the flow
patterns in the microcavities, flow in a 400 X400 me micro-
cavity was measured thoroughly in the micro-PIV experi-
ments with Re varying from 89 to 400, as shown in Figs. 2
and 3. The hydraulic diameter of the main microchannel is
Dy =133 pm. Figure 2 shows a series of 2D velocity vec-
tor fields at the mid-depth planar of the microcavity, and
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Fig.2 Micro-PIV measurements of velocity vector fields in the 400x400 um? microcavity at different Reynolds numbers with Dy=133. a
Re=89,b Re=133,c Re=178,d Re=222, e Re=267,f Re=311, g Re=356, h Re =400
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0.4

Fig.3 The corresponding streamline plots in the 400 x 400 pm? microcavity at various Reynolds numbers with Dy;=133. a Re=89, b Re=133,
cRe=178,d Re=222, e Re=267,f Re=311, g Re=356, h Re=400. The arrow shows the stagnation point on the trailing wall

Fig. 3 shows the corresponding streamline plots. Note that
as the velocity of the main microchannel flow is about one
or two orders of magnitude higher than the microvortices, it
is impossible to measure simultaneously the flow across the
entire geometry (i.e., the main microchannel and microcav-
ity) using the same acquisition frame rate in the experiments.
Only the velocity vectors fields of the microcavity were
measured. Each velocity vector also indicates the velocity
magnitude by its length. Note, the microcavities dimensions
were normalized by x*=x/L and y*=y/W_.

The results indicate that there is always only one micro-
vortex generated in the microcavity at Re > 89. The main
microchannel flow separates and forms a jet effect near the
entrance of the microcavity. According to the definition of
flow patterns in our previous study (Shen et al. 2015), all
the microcavity flows at Re > 89 are separated flow, which
meaning that the microvortex is strong enough and pushes
the main flow streamlines out of the microcavity. In this
study, the Re values are much higher than that in our previ-
ous report (Re < 100) (Shen et al. 2015). Only the separated
flow is more suitable for particles/cells isolation (Mach
et al. 2011; Zhou et al. 2013; Khojah et al. 2017). When
Re > 178, the microvortex occupies the whole microcav-
ity, and once particles or cells entry the microvortex, they
will be trapped and orbit within the microvortex (Hur et al.
2011; Sollier et al. 2014). Moreover, the streamline plots in
Fig. 3a—c indicate that the vertical streamlines and the main
flow streamlines separate in the area near a stagnation point
on the trailing wall. Particles or cells may collide with the

@ Springer

trailing wall near the stagnation point and be trapped in the
microcavity. This collide-triggered trapping mechanism was
studied in our previous report (Shen et al. 2017a, b). With
the Re increasing from 89 to 178, the stagnation point moves
down toward the main microchannel. From the results, we
can speculate that the microcavity flows at 89 < Re < 178 are
more suitable for particles trapping, while particles will flow
over the microcavity mouth before entering the microcav-
ity at Re > 178. Besides, the velocity vector fields in Fig. 2
show there is a jet flow in the area near the trailing wall,
where the flow velocity vectors change significantly. The jet
phenomenon becomes more obvious with Re increasing, as
shown in Fig. 2d-h. The jet flow with high velocity will have
a significant influence on the orbiting trajectory of trapped
particles/cells. Furthermore, with Re increasing from 89 to
400, the microvortex structure changes. As the microvortex
is driven by the main microchannel flow, the shear stress (7)
between them increases with Re increasing, which induces
that both the size and average velocity magnitude of the
microvortex increase.

3.2 Effect of the hydraulic diameter (D)

Previous researchers studied the influence of Reynolds
number only by changing the inlet flow rate (Fishler et al.
2013). The effect of the hydraulic diameter (Dy;) of the main
microchannel on the microcavity flow behaviors has not
been reported as we know. In this experiment, the hydrau-
lic diameter was changed to Dy =100 pm by using the
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second microfluidic chip with the main microchannel width
W=100 pm. In order to avoid the damage of microfluidic
chip induced by the high pressure of the inlet fluid, the inlet
flow rate was set from 0.4 to 1.8 ml/min, corresponding Re
varying from 67 to 300.
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Figure 4 shows the velocity vector fields in the same
400 x 400 pm? microcavity with Reynolds numbers vary-
ing from 67 to 300, while Fig. 5 shows the correspond-
ing streamline plots of the microvortices. By compar-
ing Figs. 4c and 5c with Figs. 2b and 3b, it is found that
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Fig.4 Micro-PIV measurements of velocity vector fields in the 400x400 um? microcavity at different Reynolds numbers with Dy=100. a
Re=67,b Re=100, ¢ Re=133, d Re=167, e Re=200, f Re=233, g Re=267, h Re=300
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Fig.5 The corresponding streamline plots in the 400X 400 pm? microcavity at various Reynolds numbers Dy=100. a Re=67, b Re=100, ¢

Re=133,d Re=167, e Re=200, f Re=233, g Re=267, h Re=300
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although the Reynolds numbers for these two cases are the
same (Re=133), the microvortex size with Dy =100 pm is
bigger than that with Dyy=133 pm. The microvortex center
in Fig. 5c is closer to the trailing wall than that in Fig. 3b.
In Fig. 5c with Dy =100 pm, the microvortex occupies
the whole microcavity and its average velocity magnitude
increases. The results indicate that the flow shear effect of
the main microchannel flow on the microcavity flow with
Dy =100 pm is more significant than that with Dy=133 pm.
One reason is that the average velocity in the main micro-
channel with Dy=100 pm is 1.33 times higher than that
with Dy =133 pm. Considering the difference in the micro-
channel width, the flow shear stress (7) is about 2.66 times
higher in the microchannel with Dyiy=100 pm calculated
using simplified theoretical model. The other reason is that
flow in the main microchannel with high aspect ratio (H/W)
has a stronger effect on the microcavity flow and is more
suitable for microvortex formation at the same Reynolds
numbers. The micro-PIV results indicate that the hydraulic
diameter (Dy;) has significant influences on the microcavity
flow.

Besides, in Figs. 4c and 2c the average flow velocities
are the same value (U=1.33 m/s), while the Reynolds
numbers are 133 and 178, respectively. The microvortex
size in Fig. 4c with Diy=100 pm is bigger than that with
Dy =133 pm in Fig. 2¢, which also verifies the above-
mentioned second reason. Moreover, although the Reyn-
olds numbers are the same (Re =267), the microvortex size
in Fig. 4g with Dy =100 pm is also bigger than that with
Dy =133 pm in Fig. 2e. The results indicate that the effect
of the main flow on the microcavity flow behaviors cannot be
characterized by the inlet Reynolds number independently,
and the geometry factors of the main microchannel, includ-
ing the hydraulic diameter (Dy) and the aspect ratio of the
microchannel across section, also have significant effects on
the microcavity flow.

To thoroughly understand the influences of the hydraulic
diameters (Dy) and inlet Re on evolution of microvortices,
we investigated the precise location (x* and y*) of the micro-
vortex center at Re varying from 89 to 400, as shown in
Fig. 6. The results show that Re has a significant influence on
the location of the microvortex center. With Re increasing,
the x* value increases, meaning that the microvortex moves
toward the trailing wall. As the confinement of the trail-
ing wall, the vortical flow between the microvortex center
and the trailing wall will become a jet flow, which veloc-
ity increases with Re increasing. For the microfluidic chip
with Dy =133 pm, the x* value keep at about 0.75 finally
whatever the Re keeps on increasing. On the contrary, the y*
value decreases from 0.28 to 0.20 as Re increases. The flow
between the microvortex center and the main microchan-
nel flow also becomes stronger with Re increasing as the
shear stress effect becomes stronger. For the microfluidic
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function of Re

chip with Dy =100 pm, the x* value increases more quickly
and keeps at about 0.79 after Re reaches at 267, which also
indicates that the shear stress effect in the microchannel with
Dy =100 pm is more significant than that with Dj; =133 pm
at the same flow conditions. Moreover, with Re increasing
the y* value decreases from 0.28 to 0.21 at Re =300, which
is a little higher than y* of 0.20 with Dy;=133. We speculate
that the reason is that the main microchannel flow pushes the
microvortices toward the y-direction as the wall confinement
effect on the main microchannel flow with Dy;=100 pm
(W=100 pm) is more significant.

3.3 Effect of microcavities size

The effects of actual size of the microcavities on the micro-
cavity flow characteristics, which have practical significance
in microfluidic device design, have not been addressed in
previous studies (Hur et al. 2011; Mach et al. 2011; Park
et al. 2009; Yew et al. 2013; Yu et al. 2005; Zhou et al.
2013). Here, we measured and simulated the velocity vector
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fields in square microcavities with four different sizes,
namely W-=L-=100, 200, 400, and 800 pm, as shown in
Figs. 7 and 8. Note, the microcavities sizes were normalized
by x*=x/L. and y*=y/W_.

Figure 7 shows that at Re =30, the flow is separated in
the microcavity with sizes of 100 x 100 um? and a micro-
vortex occurs in it (Fig. 7a, b), while in the 400 x 400 me
microcavity (Fig. 7c) and the 800 x 800 pm? microcavity
(Fig. 7d) are transitional flow and attached flow, respectively.
It is found that although the flow conditions are maintained
same (Re =30) and the aspect ratios of the microcavities are
all A=1, the flow patterns in the microcavities with different
sizes change obviously. It indicates that with the microcavity
size increasing, the shear stress effect of the main micro-
channel flow decreases. The critical Reynolds number (Re,)
of microvortices generation in smaller size microcavities is
lower than that in bigger microcavities. The occurrence of
separated flow pattern in a microcavity depends not only on
high enough Reynolds numbers but also on the geometry

Fig.7 Micro-PIV results of
flow patterns in microcavities
with different sizes for Dy =100
at Re=30.a 100x 100 pm?, b
200200 pm?, ¢ 400x 400 pm?,
d 800 800 pm?

@ =
0.0 —0.2 0.4
1.0 —

100x100pum
0.6

factors of the microcavity, namely the aspect ratio and actual
size. Figure 8 shows that the flow patterns in the four micro-
cavities are all separated at Re =107. However, the micro-
vortex morphology changes obviously.

To show the microvortex morphology clearly, the simu-
lated streamline plots of microvortices in microcavities with
different sizes for Diy=100 at Re=200 are shown in Fig. 9.
It is found that the microvortex morphology evolves gradu-
ally from round shape in the 100 x 100 pum? microcavity
(Fig. 9a) to half-moon shape in the 800 x 800 pm? micro-
cavity (Fig. 9d), although other influence factors are the
same. With the microcavities size increasing, the microvor-
tex center moves toward the trailing wall of the microcavi-
ties and the normalized distance between the microvortex
center and the microcavity mouth decreases, as shown in
Fig. 9. Please note that although the evolution of micro-
vortices morphology is the similar to that in Figs. 3, 5, and
6, where the microcavity size is fixed at Wo=L-=400 pm
and the evolution of microvortices is determined by Re, the
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mechanisms of microvortices evolution are different dis-
tinctly. In Fig. 9, the microvortices morphology depends on
the combined effects of the shear stress of the main micro-
channel flow at the entrance of the microcavities and the
confinement of the microcavities walls.

In order to investigate the detailed flow characteristics
quantitatively inside the microcavities, the corresponding
horizontal velocity profiles (u,) were extracted from the
results of the Figs. 7 and 8, as shown in Fig. 10a, b. Note that
the horizontal velocity profiles (u,) were plotted along the
centerline in the y-direction. It is found that the velocity pro-
files in different microcavities vary significantly and the u,
value decays rapidly with y* increasing. In Fig. 10a, micro-
vortices occur in microcavities with W-=L=100, 200, and
400 pm at Re of 30; the u, values fall below the zero-line at
red X-points (as shown in the figure), which indicates the

@ Springer

y* locations of the microvortex center. Figure 10b shows
the similar results at Re =107 that microvortices occur in
the microcavities inducing the u, value falls from positive
to negative. The red X-points indicate the locations of the
microvortex center. Moreover, the velocity of the microvor-
tices is about two orders of magnitude slower than the main
microchannel flow. The results of the u, velocity profiles
for the three flow patterns are accordant with our previous
results (Shen et al. 2015). Moreover, in Fig. 10b, the micro-
vortices velocity at y* > 0.6 increases with the microcavities
size decreasing from 800 x 800 pm? to 100 x 100 pm?, which
means the small size microcavities may have better heat and
mass transfer performance.

The corresponding shear stress distributions (z) plotted
along a line at the bottom of the microcavities were also
extracted from results of Fig. 9, showing that the z values
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Fig.9 The simulated stream-
line plots of microvortices

in microcavities with dif-

ferent sizes for Dy; =100 at
Re=200. a 100X 100 um?, b
200 %200 pm?, ¢ 400X 400 pm?,
d 800 % 800 pm?>

C) R

s

T

decrease with the microcavity size increasing (Fig. 10c). The
reason is that the shear stress effect of the main microchan-
nel flow on the microvortex is more significant in smaller
microcavity than that in the bigger microcavity. The z values
in the 800 x 800 pm? microcavity are very small and near to
zero, which means that microcavities with bigger size are
more suitable for cell culture. The maximum 7 values in the
100 100 pm* and 200 x 200 pm* microcavities are 0.75
and 4.75 Pa.

3.4 Flow regimes

To establish a useful microfluidic design guideline, we
mapped the critical Reynolds number (Re,) for the transition
of different flow patterns at each microcavity as a function
of the microcavity size and Re, as shown in Fig. 11. This
phase diagram shows that the microcavity size and the Re,
have a linear relationship nearly for the flow patterns transi-
tion. With the microcavity size increasing, the Rec increases.
In 100 x 100 pm? microcavity, the flow is separated even
at very low Reynolds number (Re,=12). In 800 x 800 pm?>

00 02

04 06

1.0

microcavity, the Re_ values for the transitional flow and
separated flow are 30 and 107 for experimental results,
respectively. The simulation is in good agreement with the
experimental results.

4 Conclusions

Using both micro-PIV experiments and numerical simu-
lations, we quantitatively studied the effect of the geom-
etry factors, namely the main microchannel width (W) and
the microcavity actual size (L-= W), and inlet Reynolds
numbers on the flow characteristics in square microcavi-
ties located on one side of a main straight microchannel.
The flow field structures in microcavities with different
sizes (Lo =W-=100, 200, 400, and 800 pm) were obtained
at wider Reynolds numbers (Re =0-400) with the main
microchannel hydraulic diameter Diy=100 and 133 pm. The
results show that the flow behaviors and microvortices mor-
phology, determined by the interaction of the shear stress
effect and microcavity walls confined effect, are different in
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Fig. 11 Flow regime map for different flow patterns based on the
microcavity size and Re (D =100 pm)

different square microcavities at the same Reynolds num-
bers. Both the main microchannel width and the microcavity
actual size have significant influences on the flow charac-
teristics. Moreover, a flow regime map in the microcavities
has been constructed, where the critical parameters for the
transform of flow patterns are determined. The results will
provide a useful guideline for design and applications of
microcavity-featured microfluidic devices.
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