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Abstract
Start-up flow from rest in cavities plays an important role in many related applications. In this study, flow visualization 
experiments were carried out to investigate the effects of Reynolds numbers (Re = 0–266) and cavity aspect ratios (opening 
width/cavity diameter of 1.1, 1.3, 1.5 and 1.7) on developing separatrix morphologies in round microcavities. Three different 
separatrixes of dye solution appear successively and evolve with time at Re = 155. To reveal the mechanism of separatrix 
formation and migration, the flow filed characteristics of developing vortex structures were quantitatively measured using 
micro-particle image velocimetry (micro-PIV) system. Three evolution modes of the separatrixes were mapped, which are 
determined by the combined effects of flow conditions, cavity aspect ratios and the cavity opening width in a complex way. 
The results could provide deep insights into the physics of fluid convection and mass transfer during the initial flow stage in 
round microcavities and guide the design of devices in related microfluidic applications.

Graphical abstract

Evolution of three separatrixes in a round microcavity (Wc = 400 μm and ec = 1.7 at Re = 155)

Keywords  Microfluidics · Start-up flow · Developing vortex · Transient flow · Microcavity

1  Introduction

Cavity flow featured by vortex is alway a research focus 
of fluid mechanics (Shankar and Deshpande 2000; Shelby 
et al. 2003; Heaton 2008; Zhu et al. 2022). Straight chan-
nel with cavity structures (i.e., groove, expansion–contrac-
tion) on side walls is a common flow configuration in nature 
and industry (Dudukovic et al. 2021; Nguyen et al. 2019; 
Sznitman 2022). Diversity of cavity shapes (e.g., rectan-
gular, round and diamond shaped) have been employed in 
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microfluidic or lab-on-a-chip system for many applications, 
e.g., flow control (Choi and Park 2010; Galie et al. 2014), 
fluid mixing and heat transfer (Fishler et al. 2013; Adachi 
et al. 2009) and particles/cells manipulations (Cho et al. 
2018; Haddadi and Di Carlo 2017; Shen et al. 2021), where 
the cavity flow is in the steady state under stationary inlet 
flow conditions (Yu et al. 2005; Khabiry et al. 2009; Yew 
et al. 2013; Vrhovec et al. 2011; Osterman et al. 2016).

Start-up flow or initiation flow is a transient flow process, 
in which the flow starts from rest to be developed (Anders-
son and Holmedal 1995; Leal 2007). Since Szymanski 
(1932) first reported the concept of laminar initiation flow in 
a circular pipe, it has become a canonical problem and many 
studies devoted to solving its numerical solution (Patience 
and Mehrotra 1989; Yang and Zhu 2010). In recent years, 
the start-up flow in microscales has attracted the research 
attention (Klebinger et al. 2013; Kang et al. 2014; Mar-
tínez-Calvo et al. 2020). For example, Coelho et al. (2016) 
investigated the transient vortex structure in shale gaps in 
microscales to enhance the oil recovery rate. Using numeri-
cal modeling, Martínez-Calvo et al. (2020) investigated the 
start-up time and related influence parameters, finding that 
the flow needs more time to be fully developed in a shallow 
deformable microchannel. Zeitoun et al. (2014) found that 
the start-up flow would cause an energy loss on the flow 
rate, which should be considered for the design of micro-
channel networks. Shen et al. (2020) experimentally studied 
the effects of the Reynolds numbers (Re < 116.9) and cavity 
aspect ratio (length/width = 1, 3 and 5) on the vortex struc-
ture in the start-up flow in long rectangular microcavities, 
finding that the vortex structure evolves in a complex way.

The start-up flow in round cavities has been attracting 
increasing research attention (Horner et al. 2015; Galie 
et al. 2014; Vilkinis et al. 2016), as the round cavities 
can be used as simplified models to study the transient 
flow in alveoli and intracranial aneurysms (Lv et al. 2020; 
Epshtein and Korin 2018). For example, the transient flow 
pattern in alveoli, which evolves from attached flow to 

vortex flow can affect the development of embryonic lung 
(Tenenbaum-Katan et al. 2018; Dong et al. 2022). Moreo-
ver, as the human blood flow is pulsating, the hemody-
namics in aneurysms are also inherently transient (Nguyen 
et al. 2019; Chassagne et al. 2021). However, the studies 
on the transient flow patterns in the start-up flow in round 
microcavities are few (Dong et al. 2022; Sznitman 2022). 
Understanding the background physics is an essential step 
toward revealing the effects of the fluid flow and mass 
transfer on relevant biological and chemical applications 
(Lv et al. 2020; Chassagne et al. 2021).

In this work, flow visualization experiments were car-
ried out to reveal the evolution of the transient flow patterns 
of the start-up flow in round microcavities. Three separa-
trixes of dye solution were visualized, which evolved with 
time in a complex way. To reveal the background physics 
of separatrixes formation and migration, the flow velocity 
field vectors of the developing microvortices were quantita-
tively measured by using a micro-particle image velocimetry 
(micro-PIV). Three evolution modes of the dye flow pattern 
were identified, which are significantly different with that 
in rectangular cavities (Shen et al. 2020). Based on the Re 
(0–266) and cavity opening width/ diameter ratios (ec = 1.1, 
1.3, 1.5 and 1.7), the critical conditions for the transition of 
the evolution modes were characterized.

2 � Methods

2.1 � Microfluidic chip

The microfluidic chip used in the experiments consists of a 
straight microchannel (W = H = 100 μm), two inlet channels 
and four round microcavities (Fig. 1a). Three chips were 
designed, each with a fixed cavity opening width (Wc) of 
300, 400 and 600 μm, respectively. The diameter of the cav-
ity Dc changes according to the aspect ratios

Fig. 1   a Schematic diagram of the microfluidic chip. b Snapshot of the tracer particles in a round microcavity
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which has four values of 1.1, 1.3, 1.5 and 1.7. For example, 
for Wc = 400 μm, the diameters of the four microcavities 
are Dc = 440, 520, 600 and 680 μm. The opening angle of 
the cavity mouth is defined as α = 2arcsin(1/ec), which has 
four values and affects the flow patterns significantly (Fishler 
et al. 2013). The microcavity depth is also 100 μm. The total 
length of the microchannel is 42 mm, and the lengths of both 
inlet channels are L1 = L2 = 6 mm. The distance from inlet 2 
to the first microcavity is 5 mm, while the distance between 
each microcavity is fixed at 6 mm. The microfluidic chip was 
made of polydimethylsiloxane (PDMS) using soft lithogra-
phy techniques. The coordinate system of the microcavities 
is shown in Fig. 1a and the origin is fixed at the leading edge 
of the cavity. The dimensionless position of the vortex core 
in the microcavity is defined as

2.2 � Experimental setup

In the dye flow visualization experiments, a high-speed 
microscopic imaging system (Keyence, VW-9000) was 
employed, which consists of a 100 × zoom lens and a high-
speed camera (resolution of 640 × 480 pixels). At first, meth-
ylene blue solution 1.0% (w/v) in water was injected from 
inlet 2. When the cavities were fully filled with the dye solu-
tion, the inlet 2 was closed. Then, after 90 s, deionized water 
(ρ = 998.2 kg/m3 and μ = 10–3 Pa · s) was injected from the 
inlet 1 at a fixed flow rate. Two syringe pumps (Harvard 
Apparatus, PHD2000) were used for the fluid injection. The 
dye flow patterns were captured at a rate of 1000 frames per 
second (fps).

In the flow measurement experiments, the micro-PIV sys-
tem (Dantec Dynamics) includes a double-pulse 532-nm Nd: 
YAG laser, a high-speed double frame CCD camera (12 bit, 
70% quantum efficiency, 1344 × 1024 pixels), an inverted 
Leica microscope, a signal synchronizer and a computer 
with a PIV software. Details of the micro-PIV system are 
described in our previous studies (Shen et al. 2015, 2018). 
Moreover, the test fluid is water, which is seeded with poly-
styrene red fluorescent particles (diameter of 860 nm, den-
sity of 1.03 g/cm3, Duke Scientific). Tween 20 (0.3% v/v) is 
added to the water. A 10 × objective lens with NA = 0.25 was 
used and tracer particles in the x–y plane at the mid-depth of 
the cavity were captured (Fig. 1b). There are about 10–16 
particles in an interrogation area of a 32 × 32 pixels window. 
Image pairs of particles were acquired on a double-frames 
mode with a frequency of 12 fps, and the interval time varies 
from 50 to 200 μs according to the flow rate. The adaptive 

(1)ec = Dc∕Wc,

(2)x∗ = x∕H and y∗ = y∕H.

cross-correlation (ACC) algorithm was employed to ana-
lyze the image pairs (Wereley and Meinhart 2001). The 
measurement error is below 3.5%. At last, the results were 
post-processed using TECPLOT software. For the measured 
cavity, the experiments number is more than 20 times and 
the results are rearranged in chronological order. The inlet 
flow rate is characterized by the Reynolds number,

where ρ, μ, and U are the fluid density, dynamic viscos-
ity and average velocity in the microchannel, respectively. 
Dh = 2WH/(W + H) is the hydraulic diameter of the micro-
channel. The Re ranges from 0 to 266. The velocities (u and 
v) can be nondimensionalized as

For start-up flow in circular tube, the tube radius is 
selected as the characteristic length scale (Leal 2007), how-
ever, for the cavity configuration, we define the characteristic 
length scale as

Therefore, in the start-up process, the characteristic time 
scale is defined as Leal (2007)

where ν is the fluid kinematic viscosity. tc is proportional to 
the time period over which the cavity flow evolves from the 
rest to the final steady state. For example, in the cavity with 
Wc = 400 μm, ec = 1.7, the calculated tc is 5.345 s. Using the 
natural time (t), the dimensionless time can be calculated as.

3 � Results and discussion

3.1 � Transient dye flow patterns

The developing process of dye flow patterns in a round 
microcavity (Wc = 400 μm, ec = 1.7) at Re = 155 is shown 
in Fig. 2 and Video 1 (see the Supplementary Material). 
Three separatrixes appear successively in the cavity flow 
field. According to their morphologies, we define separatrix 
I as the boundary between the water flow and the remain-
ing dye solution in the cavity. Separatrix II is the bound-
ary between the vortex and the microchannel flow, while 
separatrix III is the boundary between a water jet and the 
vortex. Their morphologies evolve rapidly with time in 
different ways. When the water arrives at the cavity lead-
ing edge, time is set as t* = 0 (Fig. 2a). At first, separatrix 

(3)Re = rUDh∕�,

(4)u∗ = u∕U and v∗ = v∕U.

(5)lc = D2

c
∕
√

Wc × H.

(6)tc = l2
c
∕�,

(7)t∗ = t∕tc.
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I appears in the cavity entrance at t* = 0.013 (Fig. 2b) and 
then migrates quickly into the deep region of the cavity at 
t* = 0.045 (Fig. 2c). Meanwhile, the color of the fluid in the 
cavity center becomes light gradually. Induced by the three-
dimensional flow structure and dye diffusion, separatrix I 
becomes a little bit murky. Therefore, we speculate that dye 
near the upper and lower cavity walls is almost static in the 
initial stage of the start-up flow.

At t* = 0.079, separatrix I moves to the vicinity of the 
cavity round bottom and becomes symmetrical about the 
centerline (Fig. 2d). Meanwhile, separatrix II appears on the 
upper side region of the entrance, which morphology is rela-
tively distinct. At t* = 0.195, separatrix I becomes unsym-
metrical and migrates towards the left side of the cavity. 
On the contrary, separatrix II moves towards the entrance 
(Fig. 2e). We speculate that a small vortex generates near the 
leading edge, which expands its size continuously, leading 
to the evolutionary way of the two separatrixes. The vortex 
hindered the convection and mass transfer between the cav-
ity and the main channel.

Interestingly, separatrix III appears near the trailing edge 
of the cavity at t* = 0.219 (Fig. 2f). Then, it migrates along 
the cavity bottom towards the left side of the cavity (Fig. 2g), 
flushing the separatrix I away. Then, at t* = 0.292, the flow 
region between the separatrixes III and I expands with color 
becoming light (Fig. 2h). The phenomena were observed 
for the first in this study, which are different from that in 
rectangular microcavities (Shen et al. 2020). The formation 
of separatrix III results from the injection of a high-speed 
water jet through a small gap between the end of the separa-
trix II and the trailing wall. The water jet is separated from 
the curved boundary of the main channel flow. At t* = 0.385, 

separatrix I disappears, while the flow region between the 
separatrixes II and III, where is the vortex core, shrinks 
gradually (Fig. 2i). A little bit of dye solution is still trapped 
in the vortex core area. At last, all the three separatrixes dis-
appear at t* = 0.427. The results demonstrate that the water 
jet plays an important role in the fluid flow and mass transfer 
between the microchannel and the cavity in the start-up flow. 
Please note that the transient flow patterns occur under a 
steady flow condition (at a fixed inlet flow rate). Although 
many studies have been devoted to characterizing the fluid 
flow and mass transfer in cavities, most of the research focus 
on flow patterns in steady state (Yew et al. 2013; Fishler 
et al. 2013). As start-up flow exists widely in nature and 
industry in practice, it is meaningful to understand the tran-
sient flow behaviors.

3.2 � Micro‑PIV results of developing vortex

Figure 3 shows the micro-PIV results of the flow field in 
the same cavity (Wc = 400, ec = 1.7) at Re = 155. According 
to the flow field structure, we define three flow forms in the 
round cavity, i.e., attached, transitional and developed (or 
vortex) flows. In the beginning, driven by the microchannel 
flow, fluid in the cavity entrance region starts up to flow 
from rest. Then, fluid in all the cavity region starts to flow 
at a very low speed at t* = 0.045 (Fig. 3a). During this stage, 
the cavity flow is laminar and the channel flow can affect 
the deep region of the cavity, which flow form is attached. 
However, as the duration time of this stage is instantane-
ous, only dye near the entrance is flushed out, leading to the 
occurrence of separatrix I (Fig. 2a).

Fig. 2   Evolution of three separatrixes in a microcavity with Wc = 400 μm, ec = 1.7 at Re = 155. (Movie 1 in the online supplementary data at 
https://doi.org/8888). Water flows from left to right and flushes the dye out
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Then, a small vortex generates near the leading edge 
at t* = 0.086 (Fig. 3b). The generation of the small vortex 
is resulted from the sudden expansion of the microchan-
nel, which causes the separation of the boundary layer (Yu 
et al. 2005; Fishler et al. 2013). At t* = 0.155, the vortex 
expands its size quickly (Fig. 3c). Please note that there is 

a reattached point of the vortex on the cavity bottom. At 
t* = 0.195, with the vortex area expanding, the reattached 
point moves to the right side of the cavity bottom (Fig. 3d). 
The boundary streamline of the vortex and microchannel 
flow migrates towards the entrance, which trend is identical 
with the movement of separatrix II (Fig. 2). In this stage, 

Fig. 3   Micro-PIV results of the streamlines and velocity vector fields of the developing vortex in the round microcavity (Wc = 400 μm, ec = 1.7 at 
Re = 155)
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the cavity flow develops into transitional flow (Fig. 3b–d). 
Confined by the boundary, the dye is trapped into the vortex 
and mass transfer become inhibited.

At t* = 0.329, the vortex area expands and nearly occupies 
the whole cavity with intensity increasing (Fig. 3e), which is 
the developed flow. Meanwhile, the reattached point nearly 
reaches the cavity trailing edge, and a high-speed jet flow 
generates, which is separated from the boundary stream-
lines of the microchannel flow. This is the reason for the 
phenomenon that the flow region between separatrixes I and 
III is filled with water jet in Fig. 2 g–h. We infer that the jet 
flow is caused by the confinement of the trailing cavity wall 
and the fluid inertia. At t* = 0.426, the vortex occupies the 
whole cavity region (Fig. 3f). Moreover, as the velocity of 
the vortex is two orders of magnitude lower than that of the 
main channel (Shen et al. 2015), only the cavity flow region 
was measured in the experiments. Please note that the vortex 
structures are transient and developing, which are different 
from the flow in circular microcavities (Fishler et al. 2013). 
The results show that the developing vortex structure causes 
the complex morphologies of the separatrixes. Moreover, the 
three flow forms are instantaneous and inherently different 
from that the steady-state flow in rectangular microcavities 
reported in our previous study (Shen et al. 2015). Further-
more, through the comparison of Figs. 2 and 3, we speculate 
that there is a relatively high-speed flow area in the vortex 
region, which is between the cavity bottom and vortex core 
and dominates the fluid flow and mass transfer in the vortex.

3.3 � Evolution of vortex core and velocity 
distribution

To further reveal the vortex evolution process, the posi-
tion of the vortex core at each time was extracted. Fig-
ure 4a shows that the migration trajectory of the vortex 
core with time (Re = 155, ec = 1.7, Wc = 400). At t* = 0.086, 

the vortex core is near the leading edge of the entrance 
(x* = − 0.25 and y* = 1.05). It first moves along the y-direc-
tion until at t* = 0.155 at x* = − 0.24 and y* = 1.53, and 
then toward the right and deep part of the cavity until at 
t* = 0.426 at x* = 1.68 and y* = 2.25. Although the vortex 
core is in the left part of the cavity (x* < 2.0), the vortex 
area expands continuously and occupies the whole cavity.

The velocity distributions along the transversal and 
longitudinal lines across the vortex core are extracted, as 
shown in Fig. 4b, c. In the vortex core, the flow velocities 
are nearly zero. It can be found that the velocity distribu-
tions change acutely with time. At t1

*, the v-velocity is 
very low, while the u-velocity decreases from 9 mm/s to 
nearly 0. On the contrary, at t2

*, the v-velocity becomes 
high with a peak of up to 27 mm/s, while the u-velocity is 
relatively low, which means that the vortex area is small, 
and the microchannel flow dominates the cavity flow at 
this moment. From t3

* to t5
*, as the vortex area expands, 

the vortex core moves towards the cavity centerline.
The v-velocity on the left side of the vortex core 

increases in the negative direction of the y-axis, while 
that on the right side of the vortex core first increases and 
then decreases in the positive direction of the y-axis. The 
negative peak increases while the positive peak decreases 
with time. At t5

*, the v-velocity distribution becomes sym-
metrical about the position of the vortex core (x* = 1.68). 
From t3

* to t5
*, the u-velocity first increases to a positive 

peak rapidly, next decreases exponentially to 0 and then 
increases to a negative peak with flow direction reversal, 
at last it decreases to 0 again gradually. The positive peak 
is caused by the microchannel flow. Both the positive and 
negative peaks increase over time due the enhancement of 
the vortex intensity. The trends of the u and v-velocities at 
t5

*, are nearly identical with that of developed flow in the 
circular microcavity (Fishler et al. 2013).

Fig. 4   a Migration of the location of the vortex core with time. b v-velocity distributions along the transversal lines across the vortex core. c 
u-velocity distributions along the longitudinal line across the vortex core (Re = 155, ec = 1.7, Wc = 400 μm)
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3.4 � Effect of Re on dye flow patterns

The effect of the Re on the evolution of the dye flow patterns 
in the cavity with Wc = 600 μm and ec = 1.5 was also inves-
tigated, as shown in Fig. 5. According to the morphology 
of the separatrixes, the evolution of the dye flow patterns 
in the start-up flow can be classified into three modes. At 
Re = 33.3, only separatrix I appears and migrates towards the 
round bottom of the cavity with time, which phenomenon 
is classified as mode I (Fig. 5a). We speculate the reason 
is that the cavity flow is attached, where the microchannel 
flow can reach the deep region of the cavity and flush the 
dye solution away.

For mode II, separatrixes I and II appear in the entrance 
region at Re = 66.6 (Fig. 5b). Separatrixes I migrates towards 

the deep region of the cavity, while separatrix II remains 
near the entrance until its disappearance. This phenomenon 
is different from that in Fig. 2d, e, where the separatrix II 
moves towards the entrance. We speculate that the reason 
is that the flow form is transitional, where the vortex size 
is relatively small and can only occupy the left region of 
the cavity. Therefore, water from the microchannel can flow 
into the right region of the cavity and flush the dye out. At 
t* = 0.228, separatrix II disappear, while separatrix I remains 
in the upper right region of the cavity bottom.

For mode III, all three separatrixes successively appear in 
the cavity at Re = 111 and 178. On the contrary, separatrix 
I moves towards the upper left region of the cavity bottom. 
Driven by the water jet, separatrix III appears near the trail-
ing wall and the developed vortex traps the dye in the core 

Fig. 5   Evolution of the dye flow patterns in the microcavity with Wc = 600 μm and ec = 1.5. a Re = 33.3; b Re = 66.6; c Re = 111; d Re = 178
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area. The evolution process of the dye flow patterns is simi-
lar with that in Fig. 2. Moreover, due to the inhibiting effect, 
the duration time for the main channel flow to flush the dye 
out of the cavity (or the evolution period of the flow pat-
terns) is shorter at Re = 33.3 (Fig. 5a) than that at Re = 111 
(Fig. 5c). At Re = 178, however, the duration time decreases 
(Fig. 5d). The results can provide theoretical guidance for 
relevant applications, such as cavity cleaning, fluid convec-
tion and material exchange in cavity-based structures.

3.5 � Effect of cavity aspect ratio on dye flow patterns

Figure 6 shows the evolution of dye flow patterns in cavities 
with different aspect ratios at Re = 155. In the cavity with 
ec = 1.1 (Fig. 6a), the evolution of the dye flow pattern is in 
mode I, where only separatrix I appears at t = 0.12 s and then 
moves towards the bottom of the cavity. At t = 0.71 s, the dye 
has been flushed out and the cavity flow becomes steady. In 
the cavity with ec = 1.3 (Fig. 6b), evolution mode II occurs. 
The separatrix II is transient stable at t = 0.44 s until it disap-
pears. In the cavity with ec = 1.7 (Fig. 6c), evolution mode 
III occurs, which is very similar to that in Fig. 2. However, 
due to the small opening width (Wc = 300 μm), the water jet 

appears at t = 1.04 s in Fig. 6c, which is earlier than t = 1.17 s 
in Fig. 2f.

It can be found that with the ec increasing, the evolution 
process becomes more complex, changing from mode I to 
II and then to III with the increase of the duration period. 
Please note that the mode transform in Fig. 6 is caused by 
the ec. According to our previous study (Shen et al. 2018), 
it is easier for the flow to be developed in small cavities. 
Therefore, we speculate that the final flow in the three cavi-
ties are all developed. The results show that the ec has sig-
nificant effects on the evolution of the dye flow patterns.

3.6 � Map of evolution modes

To guide the design of microfluidic devices, we mapped the 
three evolution modes as a function of the control param-
eters Re (0–266) and ec (1.1–1.7), as shown in Fig. 7a–c. It 
can be found that the transition between modes II and III 
(line I) decreases linearly as ec increases, while the transition 
between modes I and II first decreases rapidly (ec = 1.1–1.3) 
then slowly (ec = 1.3–1.7). The critical Rec for the occur-
rence of mode III is higher than that of mode II in the same 
cavities. Moreover, as Wc increases from 300 to 600 μm, 

Fig. 6   Effect of aspect ratios on the transient dye flow patterns in different cavities with Wc = 300 μm at Re = 155; a Mode I (ec = 1.1); b Mode II 
(ec = 1.3); c Mode III (ec = 1.7)
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the corresponding Rec for the transition between the modes 
decreases. The results indicate that the dye is easier to be 
discharged and the mass exchange becomes easier in the 
cavity with a large opening width.

The duration time or start-up time (T), referring to the 
time required for the fluid system in the cavity to develop 
from rest to the steady state (the dye is thoroughly flushed 
out), is an important parameter in the flow developing pro-
cess and nondimensionalized as T* = T/tc. Figure 7d shows 
the relationships between T* and Re (0–266) in cavities with 
different aspect ratios (Wc = 400 μm). It can be found that 
the curves decrease gradually with Re increase, but there 
is still a peak in each curve. For example, in the cavity 
with ec = 1.1, T* deceases from 1.899 s to 0.747 s as the 
Re increases from 22 to 133. At Re = 155, T* reaches its 
peak value of 1.291 and then decreases gradually to 0.534 s 
at Re = 266. The peak is induced by the occurrence of the 
mode II in the cavity, where dye is trapped in a small vor-
tex. When Re > 178, the evolution changes from mode II to 
mode III and the water jet helps to flush the remaining dye 
out. It can be inferred that the evolution mode experiences 
three modes as Re increases. Moreover, the absolute start-
up time increases with the ec increasing for a certain Re, 

which means that flow in a deeper cavity needs more time 
to be steady.

4 � Conclusions

Flow visualization experiments were carried out to reveal 
the transient dye flow patterns and developing vortex struc-
tures of the start-up flow in round microcavities. Three 
separatrixes appear and evolve in a complex way in the flow 
field of the cavity (Wc = 400 μm, ec = 1.7) at Re = 155. The 
micro-PIV results of the developing vortex indicate that the 
cavity flow experiences three flow forms, i.e., attached, tran-
sitional and developed, which are instantaneous and different 
from that of steady-state flow in cavities. The vortex core 
location and velocity distribution in the vortex have also 
been quantitatively measured. According to the separatrix 
morphology, three evolution modes of the dye flow pattern 
have been classified. To the best of our knowledge, the com-
plicated morphological evolution of these three separatrixes 
in the start-up flow in a round microcavity was observed for 
the first time in this study, which are significantly different 
with that in rectangular microcavities. Both Re and ec have 

Fig. 7   Maps for evolution modes based on the Re–ec in cavities with a Wc = 300 μm, b Wc = 400 μm and c Wc = 600 μm. d Dimensionless start-
up time (T*) in cavities with Wc = 400 μm
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significant effects on the evolution modes, which are deter-
mined by the combined effects of the cavity flow, dye diffu-
sion and wall confinement. Moreover, maps of the transition 
of the evolution modes have been constructed based on Re 
and ec. Furthermore, the relationships between the dimen-
sionless start-up time and Re in cavities (Wc = 400 μm) with 
different ec have been characterized. The results could deep 
the understanding of the physics of transient flow behaviors 
in round microcavities and provide useful design guidelines 
of microfluidic devices for relevant studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10404-​022-​02563-x.
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