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A B S T R A C T   

Efficient hydrodynamic particle trapping requires the precise control of flow structures that serve as hydrodynamic traps. Microfluidic structures, such as micro-
cavities of various shapes and sizes, can be applied as hydrodynamic traps, and the exerting force can be controlled by changing the geometrical parameters and flow 
regimes of the cavities. In this study, the capability of trapping microparticles in rectangular, semicircular, and triangular microcavities is experimentally investi-
gated. The flow structure in microcavities with a length-to-depth ratio L/h of 1–4 for rectangular cavities and L/h = 1–2 for semicircular and triangular cavities at a 
Reynolds number ranging between 1 and 1000 is visualized using a microparticle image velocimetry system. Additionally, patches of 20 µm particles are visualized 
using a high-speed camera. Different flow phases, namely attached, transitional, and separated, are observed and correlated with the cavity parameters and flow 
regime. Additionally, qualitative flow parameters determining particle behavior, such as the vortex center location and temporal vortical stability, are analyzed. 
Finally, the particle behavior is correlated with the flow structure in the cavities, and guidelines for the development of the optimal design of micro- and nanofluidic 
devices are discussed.   

1. Introduction 

Precise control of microscale fluid flow is critical in biotechnological 
applications. Microfluidic structures such as microcavities have been 
widely applied in biomedical, biochemical, and high-throughput 
screening applications [1,2]. In particular, particle trapping, docking, 
alignment, sorting, and the size-based separation of cells and particles 
have been widely investigated [3]. Inertial microfluidics can be used to 
address the diverse problems in flow control for various biomedical 
applications. Particles or cells in flowing microfluidic devices are 
exposed to hydrodynamic forces such as wall, shear, and centrifugal 
forces [4–6]. The inertial forces can be controlled by varying the flow 
and geometrical parameters. Passive flow control can be easily achieved 
by exploiting the dependence of hydrodynamic forces on microchannel 
geometry. 

Recently, researchers have directed their flow-structure research 
toward microfluidic applications. The shapes of the microfluidic ge-
ometries, volume flow rates, and flow structure results were selected and 
analyzed based on the microfluidic applications. In recent years, the 
increased use of microcavities has been observed in cell trapping [7–9], 
docking [2,10], and separation [6,11,12] applications. The flow phe-
nomena must be examined comprehensively in advance to select the 
required geometry and flow conditions to achieve the desired effects. 

Many experimental and numerical studies on vortex structure and dy-
namics in rectangular and square cavities serve as a benchmark for many 
fluid mechanics problems. Flow morphology has been investigated 
extensively. Faure et al. [13] experimentally investigated the effect of 
cavity aspect ratio on vortical structures at medium-range values of the 
Reynolds number (Re). Cheng and Hung [14] numerically analyzed the 
vortex structure based on a wider aspect ratio (0.1–7) and Re range. 
They concluded that the number of vortices and their structure depen-
ded on both the aspect ratio and Re. Sheryl et al. [15] demonstrated that 
in a shallow rectangular cavity, a single vortex was generated down-
stream of the cavity in laminar and turbulent flow regimes, and that the 
vortex strength depended on the upstream boundary layer. Yu et al. [16] 
investigated rectangular cavities with varying aspect and span ratios. 
The authors showed that rectangular cavities varying in dimensions, 
location, and number of cavities barely affected the flow in the micro-
channels; the only effect observed was an increase in the mass flow rate 
with the number of cavities. The flow pattern in the cavity was governed 
by the Re, span ratio, and cavity aspect ratio. The critical values of Re 
and the span ratios indicate whether the flow in the cavity is attached or 
separated. Typically, regular-shaped cavities are investigated (right 
angles). However, a recent study [17] showed that rounded cavity 
corners reduced the recirculation zone length and pressure losses in the 
cavity, while increasing flow instability. 

* Corresponding author. 
E-mail addresses: paulius.vilkinis@lei.lt (P. Vilkinis), justas.sereika@lei.lt (J. Šereika), gediminas.skarbalius@lei.lt (G. Skarbalius), algis.dziugys@lei.lt 
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Flows in square or rectangular cavities are primarily investigated in 
most studies; however, non-rectangular cavities are desirable or may 
exhibit better properties for certain applications in some scenarios. 
Fishler et al. [18] investigated the evolution of vortices (number, loca-
tion, center, and existence of saddle points) in cylindrical cavities based 
on the flow regime and geometrical parameters of the cavities. The 
authors provided phase diagrams that facilitated the selection of a cavity 
that can achieve the desired recirculating flow structure. In addition, the 
rotation frequencies in cavities featuring single vortices were provided. 
Ozalp et al. [19] investigated flow statistics and the effect of cavity 
shape on the flow structure in rectangular, triangular, and semicircular 
cavities, and then analyzed the effect of the shape and Re on the tur-
bulent quantities in each cavity. Mercan and Atalik [20] investigated the 
flow structure in arc-shaped cavities with different aspect ratios and 
identified the number of secondary vortices based on the aspect ratio at 
high Re. 

Regarding the behavior of particles in microcavities, Jiang et al. [9] 
numerically investigated the dynamics of a single particle in a micro-
vortical flow inside a microcavity. Based on the Re, three particle- 
entrapping phases (no trapping, stable, and unstable trapping) and 
four particle-trapping modes (outer to inner, invariable, inner to outer, 
and inner to escape) were observed. The trapping of particles depends 
on Re and the Stokes number. Dhar et al. [8] showed that the entry 
channel dimensions affect the entrapment efficiency. Smaller channel 
cross-sections and sharper parabolic velocity profiles increased the 
shear-gradient lift force, which directs particles to the cavity. Zhou et al. 
[6] showed that additional vortices in parallel vertical planes were 
formed at high Re, which resulted in particle trapping. In addition, the 
critical Re value at which the particles were entrapped in the cavity 

depended on the cavity length and particle diameter. Shen et al. [21] 
and Lim et al. [22] experimentally demonstrated that the particle size, 
density, and Re affected the path of particles in a vortex. By altering drag 
and shear forces, Basagaoglu et al. [23] showed that smooth shapes of 
cavities and obstacles affected the particle-trapping efficiency. 

Although the flow structure in cavities and particle behavior in flows 
have been investigated extensively, more research is necessitated to 
correlate the characteristics of controlled flow in cavities with particle 
behavior and trapping efficiency. In this study, the flow structures in 
rectangular, semicircular, and triangular cavities with rounded bottom 
corners are analyzed experimentally based on the flow regime in a wide 
Re range and relative cavity length. Furthermore, the particle behavior 
under each Re and length-to-depth ratio (L/h1) is investigated using 20 
µm diameter microparticles. This behavior is shown to be associated 
with the flow structure, vortex center location, and temporal variation in 
the vortices. In this work, particle trapping dynamics were compared in 
rectangular, semicircular, and triangular cavities with rounded corners. 
To the authors’ knowledge the qualitative analysis of flow structure and 
its relation to particle trapping is performed for the first time. This study 
extends the research area of flow dynamics in microcavities, where 
shear layer growth is caused by the interaction of separated and recir-
culated flows. The results may facilitate the development of the optimal 
design of micro- and nanofluidic devices. 

2. Experimental setup and methods 

Experiments were conducted in microchannels with rectangular, 
semicircular, and triangular cavities of different sizes (Fig. 1). The 
channel had a rectangular cross-section (width: 0.9; height: 0.3 mm). 

Fig. 1. A) Image of microchannel chip. Note: deep cavities (third channel from the top) are not used in this research; b) geometry of used microchannels with 
microcavities. 
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Microchannels are manufactured in acrylic glass plates using high ac-
curacy micro milling technology. Channels with cavities are cut in one 
acrylic plate and then covered and sealed with another plate. Each 
channel is 80 mm in length including inlet and outlet ports. These ports 
are 1.2 mm diameter and cut-off needles are used to connect the hose. 
The distance between cavities is 15 mm, which exceeds ten channel 
widths and ensures that the flow is fully developed before each cavity. 
Cavities are con in both sides of the channel. The length of the rectan-
gular and triangular cavities increased, whereas their depth remained 
constant. Meanwhile, the length, depth, and curvature R of the semi-
circular cavities increased. Thus, the relative cavity length L/h values of 
the rectangular cavities were 1, 2, 3, and 4. For the semicircular and 
triangular cavities, the relative length L/h values were 1, 1.3, 1.6, and 2. 
The rectangular and triangular microcavities exhibited rounded corners, 
which was due to the manufacturing process involved. 

A microparticle image velocimetry (µPIV) system was used for 
quantitative flow visualization inside the microcavities. Nile Red fluo-
rescent particles (excitation 535 nm, fluorescent 575 nm, and mean 
diameter 1.1 µ; Invitrogen) dispersed in deionized water were used for 
flow visualization, and 1 % v/v Tween 20 surfactant was used to reduce 
the possibility of particle adhesion to the walls. The fluid temperature 
was maintained at 21 + 2 ◦C. The fluid flow was controlled using an 
ElveFlow OB1-MK3 pressure controller with an external pressure source. 
The µPIV system used comprised Nd:YAG dual-cavity laser (DantecDy-
namics), an LPU 450 laser control unit (DantecDynamics), and a Flow-
Sense EO CCD camera (DantecDynamics) coupled with a Leica DM ILMD 
microscope (Leica Microsystems). The system was operated at a fre-
quency of 15 Hz. The DynamicStudio (DantecDynamics) software was 
employed for the system control of image acquisition and post- 
processing. The time between image pairs varied from 1 to 1500 µs 
depending on the flow rate. The time-averaged velocity data were ob-
tained by averaging at least 200 images. An adaptive correlation algo-
rithm was applied for image processing. The vector spacing of the 
processed image data was 2.5 and 1.5 μm in the streamwise and span-
wise directions, respectively. 

Polystyrene microparticles measuring 20 µm (Merck Group) were 
used for particle tracking experiments. The relative density of the par-
ticles was 1.05. Particle images were captured using a Ximea CB019MG 
camera operating up to 2263 FPS at a resolution of 2 Mpix and higher 
FPS at reduced resolution. During the measurements the resolution was 
reduced to achieve a sufficient sampling rate for the accurate tracking. 
For particle tracking the ImageJ software with MTrackJ plugin is 
employed. To highlight particles in the flow, the raw images are pro-
cessed by subtracting the median of whole ensemble form each single 
image. Later, bandpass and threshold filters are applied to remove noise 
and enhance particle images. Particles tracking is performed by taking 
the coordinates of single particle at each image. For representation 
particle coordinates are exported and depicted on a schematic cavity 
drawing. In Fig. 2 raw and processed images with particle tracks are 
presented. 

Flow condition is characterized by Reynolds number based on hy-
draulic diameter of the microchannel Re = QDh

Aν , where Q, Dh, A and ν are 

volumetric flow rate, hydraulic diameter, channel’s cross-sectional area 
and kinematic viscosity, respectively. Measurements are performed at 
Re range 1–1000 corresponding to flow rate of 5.8 × 10− 10 − 5.7 × 10− 7 

m3/s and mean velocity 2 × 10-3 – 2 m/s. 

Stokes number is defined as = ρpd2
p v

18 μDh, where ρp, dp, and µ are 
particle density, particle diameter and fluid dynamic viscosity respec-
tively. For 20 µm diameter microparticles Stk is 1.1 × 10-5 – 1.1 × 10-2 

for investigated Re range. As Stk ≪ 1, particles are following flow 
streamlines carefully. 

3. Results and discussions 

3.1. Vortex structure in cavities 

The characteristic flow fields of the attached, transitional, and 
separated flow regimes [24] are shown in Fig. 3. This flow structure 
differentiation is based on recirculation zone and separated shear layer 
structure and behavior in the cavity, and is widely used in similar 
research [18,24,25]. Two-dimensional velocity vector maps were ob-
tained for the middle plane of the cavity. Additionally, velocity distri-
butions for three flow patterns at Re = 1, 100 and 1000 are presented in 
Fig. 4. Velocity profiles are measured at vertical and horizontal planes 
along the vortex center. In the cases of attached flow, velocity profiles 
are measured along the cavity center. In vertical and horizontal planes 
ux and uy velocity components are measured, respectively. Velocities are 
normalized by the average velocity in the main channel U. The flow 
evolution and changes in the vortex topology depended on the Re and 
cavity geometry. A cavity aspect ratio of L/h = 2 was selected to 
compare the flow topologies in cavities with different geometries. 

At a low Re (Re = 1), the flow passed through the cavities without 
separation. As no circulation is observed in the cavity flow regime is 
defined as attached. In this flow regime horizontal velocity component 
ux decays rapidly along the cavity. In the case of rectangular cavity, the 
decay is almost linear, while in semicircular and triangular cases decay 
rate is higher in the center part of cavity determined by smaller 
streamlines curvature. The vertical velocity component uy features 
saddle point in the center part of cavity (x/L = 0.5–0.6). As the Re 
increased slightly (Re = 10), a small vortex formed in the corner near the 
leading wall of the cavity. In a rectangular cavity, the vortex occupied 
only a small upstream region of the cavity and exhibited both separate 
and attached flows, whereas in a semicircular cavity, the vortex was 
elongated along the bottom of the cavity and reached the trailing wall. 
In the triangular cavity vortex occupied the entire lower region of the 
cavity. As the cavity volume decreased, the velocity decayed, and the 
pressure and adverse pressure gradient in the cavity increased; there-
fore, a stronger vortex was formed in the lower-volume cavities. Because 
vortices occupied only a small region of the cavities, the shear layer was 
thick, and minimal energy was transferred from the main flow to the 
flow in the cavity; thus, the velocity in the cavity was relatively low 
compared with that in the main flow. Since the flow structure is char-
acterized by attached and separated flows and formed vortex is weak 
and occupies only a fraction of cavity volume, flow regime is defined as 

Fig. 2. A) Unprocessed image of flow in rectangular L/h = 2 cavity, where particles are barely seen and b) processed image of flow where particles’ images are 
enhanced and a track of single particle. 
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transitional. As the Re increased further up to Re = 100, the vortices 
expanded; however, the growth was confined by the trailing wall of the 
cavity. At Re = 1000, the vortices occupied most of the cavities and the 

main flow was ejected from the cavity. In this flow regime, the vortex 
topology reached its final form in the semicircular and triangular cav-
ities. However, in a rectangular cavity, the position the vortex center 

Fig. 3. Streamlines of attached, transitional, and separated flows in each type of cavity (L/h = 2).  

Fig. 4. Vertical and horizontal velocity profiles in a) and b) rectangular, c) and d) semicircular, and e) and f) triangular cavities.  

P. Vilkinis et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 150 (2024) 111046

5

shifted from the leading to the trailing wall of the cavity as Re further 
increased. In the semicircular and triangular cavities, the vortex center 
shifted slightly downstream as the vortex intensity increased. At a high 
Re, the shear layer became thinner and more energy from the main flow 
was transferred to the cavity flow; thus, the velocity in the cavity 
increased. As flow is characterized by mostly the recirculating flow in 
the cavity and does no longer depend on Re, the flow structure is defined 
as separated. Horizontal and vertical velocity profiles appear similar at 
Re = 100 and 1000. Horizontal velocity decreases along the cavity and 
reaches ux/U = 0 at x/L ≈ 0.4 and then becomes negative. At Re = 100, 
slightly higher negative values are reached because vortex center is 
located in the middle part of cavity and backward flow is still able to 
accelerate, while at Re = 1000, the backward velocity remains almost 
constant. Although velocity profiles are similar at Re = 100 and 1000, 
differences in flow stability remain, which will be further analyzed in 
Figs. 7-14. 

The similar flow structure results, although in slightly different ge-
ometry cavities, are presented by Shen et al. [21,24], Jiang et al. [9], and 
Liu et al. [26] in rectangular cavities, Fishler et. al [18] in circular 
cavities, and Ozalp et al. [19] in rectangular, semicircular and triangular 
cavities. 

Design guidelines showing the flow topology in cavities based on 
geometrical and flow parameters may facilitate the design of 
application-driven microcavities. To establish the critical conditions for 
the transition of the flow configuration in the cavity, three flow patterns 
were mapped as functions of Re and L/h (Fig. 5). 

Based on the phase diagrams, the flow in the cavity may be attached 
if either Re or L/h is low. However, rectangular and semicircular cavities 
feature separated flow at low Re and L/h ≤ 1, where a single vortex 
structure appears on the bottom of the cavity. In the triangular cavity, 
the flow is attached at all investigated L/h at Re ≤ 10. This is associated 
with a more gradual channel expansion compared with the result yiel-
ded by the other two types of cavities, which alleviates velocity decay 
and adverse pressure gradients, thus delaying vortex formation. As L/h 
increased, the effect of the trailing wall diminished, and the flow in the 
cavity was dominated by the main flow. Transitional flow occurred at 
Re > 10 in the semicircular and triangular cavities, and at Re ≥ 20 (until 
Re = 100) in the rectangular cavities, depending on the cavity type and 
L/h. The transitional flow featured both recirculation and attached flows 
in the cavity. As Re increased, the vortex expanded; consequently, it 
became confined by the trailing wall of the cavity and ejected the main 
flow from the cavity. The transitional flow was the longest in the rect-
angular cavity because as the cavity length increased, a greater main 
flow was required to maintain the recirculation zone. 

The cavity size affects the flow regime in the cavity. A comparison 
between our results and those of other studies revealed some differences. 
In this study, in the rectangular and semicircular cavities, the flow was 
separated at low Re and L/h values. However, in the studies by Shen 
et al. [24] and Yu et al. [16] for rectangular cavities and Fishler et al. 
[18] for circular cavities, the flow remained attached at low Re. In these 
studies, either the cavities or channel sizes were relatively small (<100 
µm) and the channels exhibited a high aspect ratio, which reduced the 
three-dimensionality of the flow in the cavities, thus allowing for an 
attached flow regime at low Re. 

3.2. Temporal vortical evolution 

As shown in Fig. 6, the vortex center changes its location based on 
the Re and cavity geometry. The vortex center location was measured in 
the X- and Y-directions; here, x/L = 0 and x/L = 1 correspond to the 
leading and trailing walls of the cavity, respectively. Similarly, y/h =
0 and y/h = 1 correspond to the bottom and lid of the cavity, respec-
tively. Cavity lid is considered to be at the boundary between channel 
and the cavity. In general, the location of the vortex center shifted 
significantly at low Re (Re 〈200) and became more stable as Re 
increased. The stable position in the rectangular cavity was attained at a 

higher Re compared with the case for the semicircular and triangular 
cavities because, owing to the higher cavity volume, a higher velocity 
was required for the vortex to reach its stable form. 

At a low Re, a small vortex was formed behind the leading cavity wall 
or on the bottom of the cavity, which expanded as Re increased; 
simultaneously, the vortex center shifted downstream in the X-direction 
and toward the cavity lid in the Y-direction. At Re > 200, a slightly 
opposite shift was observed in the semicircular and triangular cavities. 
As the vortex became bulkier, it propagated upstream and toward the 
cavity bottom to fit into the cavity. In the rectangular cavity, the vortex 
center position was stable because of the larger cavity volume, which 
allowed the vortex to expand without changing its location. 

To better understand the dependence of the flow structure on the 
cavity geometry, the instantaneous flow fields are presented in the 
following figures. The four consecutive time instances with time interval 
of 0.067 s and whole sample averaged flow fields are presented in the 
following figures. The total time interval between T1 and T4 is ~ 0.017 
s. The flow fields are presented at three different L/h values and Re 
corresponding to the attached, transitional, and separated flow modes. 
In certain cases, the cyclicity of flow structure is observed. 

Fig. 5. Phase diagrams of cavity flow regimes in a) rectangular, b) semi-
circular, and c) triangular cavities. 
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In Figs. 7–8, the instantaneous flow fields for relative rectangular 
cavity lengths L/h = 1, 2, and 4 are presented. In the case of a short 
cavity (Fig. 7), a single vortex was observed at every instance. The flow 
topology in the cavity was stable throughout the investigated Re range. 
Only a slight cavity center shift toward the trailing wall was observed at 
certain time instances. As the relative cavity length increased (Figs. 7 
and 8), the pressure gradient became overly weak, which hindered the 
generation of a permanent vortex in the cavity at Re = 10. A small vortex 
was observed behind the leading cavity wall at certain instances. The 
vortex was present for approximately one-half the observed time inter-
val. At a higher Re (Re = 100) cyclicity of flow structure in L/h = 2 is 
observed. At the initial time instance, the cavity was filled with an 
elongated vortex whose center was located near the leading cavity wall. 
Over time, the position of the vortex center shifted, and the vortex 
propagated along the cavity. As the vortex center reached the middle 
region of the cavity, the vortex was segregated into two. At a later 
instance, the second vortex located behind the trailing wall was ejected 
from the cavity and the cycle restarted. In this flow regime, the flow 

velocity in the cavity was relatively low compared with the velocity of 
the main flow. In addition, the main flow occupied the upper region of 
the cavity, thus resulting in high shear stresses in the interaction be-
tween the cavity and main channel flows. As Re increased further (Re >
100), the main flow was completely ejected from the cavity and the 
recirculation flow intensified. The vortex center was fixed behind the 
trailing wall of the cavity at each time instance. At this flow rate, the 
velocities of the recirculation flow became comparable to those of the 
main flow; thus, the shear stress at the intersection reduced, and the flow 
topology in the cavity stabilized. As the cavity length increased further 
(L/h = 4), no small short-lived vortices were observed behind the 
leading cavity wall at Re = 10. At Re = 100, the vortex length changed 
slightly over the time. A stagnation point was observed at the end of the 
vortex and at the high-curvature streamlines behind the trailing cavity 
wall; however, no secondary vortex formation was observed. At Re =
1000, the vortex center was located behind the trailing cavity wall. In 
this case the cyclicity is observed analogous to L/h = 2 at Re = 100 case. 
The secondary vortex, which formed as a boundary layer attached to the 

Fig. 6. Vortex center location dynamics in a) rectangular, b) semicircular, and c) triangular cavities.  

Fig. 7. Instantaneous and averaged streamlines in rectangular cavity at L/h = 1 and different Re.  
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leading edge of the cavity [27], appeared in the front region of the cavity 
and dissipated rapidly with the main vortex. 

In Figs. 10 and 11, the instantaneous flow fields in semicircular 
cavities with L/h = 1.6, and 2 are presented. The case of L/h = 1 is not 
presented as it is identical to rectangular cavity at the same length-to- 
depth ratio. The flow fields in the case of L/h = 1 were similar to 
those in the rectangular cavity under the same L/h because the bottom 
of the rectangular cavity was slightly rounded, i.e., the geometries of 
both cavities were the same. At L/h = 1.6, the vortex expanded as Re 
increased; however, the vortex structure remained stable over the time. 
At L/h = 2 and Re = 10, the vortex behind the leading wall of the cavity 
was observed only in certain time instances, and no vortex was observed 
in the average flow field. Thus, the flow was fully attached to the cavity. 
As Re increased, the vortex occupied the entire cavity, and the location 
of the vortex center changed only slightly during the cycle. At Re =
1000, the vortex propagated to the trailing cavity wall and high- 
curvature streamlines were observed near the leading cavity wall. The 
flow structure became more chaotic as the cavity length increased. Small 
vortices were generated behind the leading cavity wall and dissipated 
abruptly along with the main vortex. These vortices could not be 
captured during the experiment because of their short lifetimes. Similar 
phenomena were observed in the rectangular cavities. Hence, one may 
conclude that the turbulence in the recirculation zone increases with the 
cavity length. 

For the triangular cavity (Figs. 12–14), a vortex was observed at the 
bottom of the cavity at certain time instances at Re = 10. However, as L/ 
h increased, the vortex intensity in the cavity decreased. Therefore, in 
the average flow field, a vortex was observed in the cases of L/h = 1 and 
1.6, whereas only curved streamlines were shown at L/h = 2. In general, 
when L/h = 1, the flow topology in the cavity was similar to that in short 
rectangular and semicircular cavities. As Re increased, the vortex 
occupied the entire cavity. The vortex structure remained stable over the 
time at Re = 100 and 1000, and only a slight vortex center movement 
was observed. The recirculation zone in the triangular cavities was the 
most stable of all investigated Re values compared with the case of the 
rectangular and semicircular cavities. Vortex movements in the cavity 
were restricted by the sidewalls, and the space for the generation of 

short-lived eddies behind the leading cavity edge was insufficient; 
therefore, the effect of cavity instability decreased significantly. 

3.3. Particle tracking in cavities 

In the following figures (Figs. 15, 16 and 17), particle tracking in 
rectangular, semicircular, and triangular cavities with different L/h 
values is depicted at Re values of 10, 100, and 1000. The particle is 
considered trapped in the cavity if it circulates in the stable orbit for a 
sufficient long time. In this case the particle images were recorded for 
2–3 s. If the particle was found circulating in the stable orbit, we 
consider it as trapped. If particle leaves the cavity after single or several 
rotations the trapping is considered unstable. The entrapment of parti-
cles in the recirculation zone depends on the flow regime and cavity 
length. In all cases it is observed that initial particle position influences 
trapping efficiency. Only the particles located closest to the side wall 
could be drawn into the cavity. The shear lifting force acting on the 
particle is sufficient to direct particles into the cavity only if particles are 
moving close to the cavity opening. In the case of a short rectangular 
cavity (L/h = 1) (Fig. 15), the particles passed through the cavity at Re 
= 10 and 100 because the shear lifting force exerting on the particle was 
insufficient for the particle to be drawn into the cavity. As Re increased 
to 1000, the particles were entrained into the recirculation zone, 
showing a stable circulation patch. Obtained particle patches are com-
parable to ones presented by Jiang et. al [9] and Shen et al. [21,28] in 
rectangular cavities. Arguably, in our case the stable trapping is reached 
at higher Re due to differences in geometrical parameters and three- 
dimensional flow caused by a high channel aspect ratio. For longer 
cavities (L/h = 2 and 4), the particles passed through the cavities at Re 
= 10. As Re increased further, the particles were entrapped in the L/h =
2 cavity. At Re = 100, the particle path was stable for several rotations, 
with a clear exit path. At Re = 1000, the particle remained entrapped, 
and its path was shifted from the inner to the outer orbit. As the cavity 
length further increased to L/h = 4 at Re = 100, the particles entered the 
cavity at the leading edge and precisely followed the streamlines. After a 
single rotation along the cavity and vortices behind the leading and 
trailing edges, the particles departed from the cavity at the trailing edge. 

Fig. 8. Instantaneous and averaged streamlines in rectangular cavity at L/h = 2 and different Re.  

Fig. 9. Instantaneous and averaged streamlines in rectangular cavity at L/h = 4 and different Re.  
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At Re = 1000, a particle was entrapped at the trailing edge, and its path 
changed from the inner to the outer orbit. Subsequently, the particle 
migrated to the parallel plane, where it could no longer be tracked. No 
exit path from the cavity was observed, indicating that either the 
entrapped particles remained trapped in the cavity or left the cavity at 
planes closer to the sidewalls. This particle behavior indicates that flow 
in cavities is three-dimensional. Either narrower channel or bigger 
particles should be used to reduce this effect. 

For the semicircular cavities (Fig. 16), the case of L/h = 1 is not 
shown owing to the rounded cavity bottom, which implies that the ge-
ometry and flow fields are identical to those of the rectangular L/h = 1 

case. As the cavity length increased to L/h = 1.6 and 2, the particles in 
both cavities exhibited similar behaviors. At Re = 10, the particles were 
entrained into a small vortex behind the leading cavity wall, whereas 
most of the particles passed above the cavity. Subsequently, the 
entrapped particles migrated from the inner to the outer orbit. As the 
outermost orbit merged with the particle patch above the cavity, the 
particles escaped the vortex. At a higher Re, the particles entered the 
cavity at the trailing edge. The particles experienced a high inertial 
centrifugal force at a high Re and were entrapped in the outer orbit. As 
the velocity decreases inside the vortex, the particles can switch patches 
to the inner orbit. After several rotations, the particles disappeared from 

Fig. 10. Instantaneous and averaged streamlines in semicircular cavity at L/h = 1.6 and different Re.  

Fig. 11. Instantaneous and averaged streamlines in semicircular cavity at L/h = 2 and different Re.  

Fig. 12. Instantaneous and averaged streamlines in triangular cavity at L/h = 1 and different Re.  
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the vertical plane, indicating the formation of additional vortices across 
the cavity depth. At L/h = 1.6, the change in the vertical plane occurred 
more abruptly than that at L/h = 2, where the particles remained in the 
investigated vertical plane for a longer period. 

In the case of the triangular cavities (Fig. 17), the particles passed 
above the cavity at Re = 10 and 100 in all investigated cases. However, 
at Re = 1000, regardless of the L/h ratio, the particles were entrapped in 

a single orbit. The most stable orbit was observed at L/h = 1. A stable 
orbit is a consequence of the selective entrapment of the particles. Some 
particles passed above the cavity, indicating that only a few particles 
were entrapped, thus resulting in a stable orbit. When L/h increased, the 
particle path became distorted, indicating the formation of an additional 
orbit. However, the particles remained trapped in the cavity throughout 
the measurement period. 

Fig. 13. Instantaneous and averaged streamlines in triangular cavity at L/h = 1.6 and different Re.  

Fig. 14. Instantaneous and averaged streamlines in triangular cavity at L/h = 2 and different Re.  

Fig. 15. Particle trajectory in rectangular cavities.  
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Fig. 16. Particle trajectory in semicircular cavities.  

Fig. 17. Particle trajectory in triangular cavities.  

Fig. 18. Particle behavior modes in a) rectangular, b) semicircular, and c) triangular cavities.  

P. Vilkinis et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 150 (2024) 111046

11

3.4. Relationship between flow structure and particle behavior 

The flow topology is vital to particle trapping in cavities. Jiang et al. 
[9] showed that a flow must be separated for particle trapping. Particles 
cannot be trapped in an attached flow, and trapping is unstable in a 
transitional flow [24]. The particle trapping results are summarized in 
Fig. 18. As shown, the particle trapping modes are consistent with the 
flow phase diagrams presented in Fig. 3. In most cases, vortices were 
present in the cavities at Re < 100. However, these vortices were 
generally weak, and the inertial lift force was insufficient for the parti-
cles to migrate through the thick shear layer. In the case of semicircular 
cavities, a few particles were entrained into the cavity because of the 
specific vortex shape, which mitigated the boundary between the 
separated shear layer and recirculating flow. Nevertheless, the particles 
remained trapped for a short time because of the unstable vortex 
structure. In all the other cases, the particles passed above the cavity in 
the same manner as if no vortex was present. 

As Re increased to 100, the vortices and particle entrapment in the 
cavities became unstable. Owing to the vortex movement in the cavities 
and additional eddy formation, no stable orbit was indicated around the 
primary vortex. These instabilities resulted in unstable particle trapping 
in the transitional flow regime; therefore, the particles departed from 
the cavity after several rotations. In most cases such trapping mode re-
mains at Re = 100 – 200. In all the cases, at Re > 500, the flow structure 
in the cavities satisfied the requirements for successful particle trapping 
[6,29]. Regardless the similar flow structure at Re = 100 and 1000 as 
presented in Figs. 3 and 4, the unstable flow structure observable in 
Figs. 7–14 plays a major role in efficient particle trapping Fluctuations 
observed in the cavities in this flow regime did not affect the particle 
trajectory owing to its low intensity and short living time, and the lift 
force [9] exerting on the particle primarily determined the particle path. 
However, owing to the three-dimensionality of the vortex, the particle 
was directed toward a parallel vertical plane, and the particle could not 
be further tracked using our equipment. This migration was more 
evident in longer cavities, where complex vortical structures have suf-
ficient room to develop. Nevertheless, one can speculate that the particle 
remained entrapped in the recirculation zone, as particles escaping from 
the cavity in the middle plane were not observed. By contrast, the most 
stable particle path was observed in the triangular cavities at Re > 500, 
which was similar to case of the rectangular and semicircular cavities at 
L/h = 1, where the vortex movement was restricted by the close prox-
imity of the cavity side walls. 

4. Conclusions 

In this study, the flow structures in rectangular, semicircular, and 
triangular cavities with different L/h values of 1–4 for rectangular 
cavities and L/h = 1–2 for semicircular and triangular cavities in the 
range of Re = 10–1000 were investigated experimentally. Additionally, 
the behavior and trapping efficiency of 20 µm microparticles were 
analyzed. 

Three distinctive flow regimes, namely attached, transitional, and 
separated, were observed in the cavities, based on the L/h and Re. The 
coarse threshold values obtained indicated the transfer between the flow 
regimes for each cavity type. Short rectangular and triangular cavities 
featured a stable recirculation zone because they were bounded by the 
side walls of the cavities, and only a small space was available for 
instability formation, which contribution to the flow structure is 
negligible. 

The 20 µm diameter microparticles used accurately followed the 
streamlines in the cavity. The particles entered the cavity only after a 
recirculation zone was formed. To trap the particles effectively, the zone 
must be stable, and it is available at Re > 100. Although, flow structure 
changes only slightly at Re > 100, flow stability becomes the main 
defining parameter for efficient particle trapping. Trapping was the most 
stable in the triangular cavities, whereas in the rectangular and 

semicircular cavities, the particles migrated to parallel vertical planes. 
In triangular cavities vortex is bounded by the side walls and its 
movement and formation of instabilities are restricted; therefore, vortex 
is the most stable. The flow structure and particle behavior generaliza-
tion, based on the geometry and flow regime, may facilitate the design of 
particle-trapping applications. 

In this work qualitative results on particle trapping efficiency and its 
correlation with flow structure are presented. These results will serve as 
guidelines for continuing the research on a more quantitative level. In 
further research the influence of particle size and different cavities width 
will be performed to avoid the unfavorable effect of flow three- 
dimensionality to increase trapping efficiency at lower Re. 
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editing, Visualization. Justas Šereika: Investigation, Visualization, 
Writing – original draft, Writing – review & editing. Gediminas Skar-
balius: Validation, Investigation. Algis Džiugys: Conceptualization, 
Formal analysis, Supervision. Nerijus Pedišius: Conceptualization, 
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