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A study of fluid flow in structured channels plays an important role in solv-
ing most fluid dynamics problems. The knowledge of the flow structure
in separate cavities can be used to intensify mixing in microreactors and
microelectrochemical systems (MEMS) as well as to increase heat transfer
in heat sinks. Besides, knowledge about fluid flow in micro cavities could
be useful to mitigate the symptoms of aneurysms. In this study, a 2D mi-
cro-particle image velocimetry (uPIV) system was used to investigate water
flow in an open-type microcavity located in a straight, square cross-section
(0.5 x 0.5 mm?) microchannel. Two identical micro cavities of the same
cross-section as the main channel and the depth of 1 mm are oppositely
located in the middle part of the channel. Because of symmetry, the flow
structure of the primary vortex was investigated in only one cavity. Measure-
ments were carried out in different planes over the entire height of the cavity
at Reynolds number in the range from 100 to 3000. The flow in the channel
was stationary and pulsating.

Results indicate that flow in the cavity is three-dimensional. This is con-
firmed by velocity profile shape changes in its different transversal planes.
In addition, it is determined that flow structure in the cavity depends on
flow regime and flow pulsation characteristics. Velocity distribution shows
that in the transverse direction there is the minimum velocity zone corre-
sponding to the centre of the primary vortex generated by the channel flow,
also the same zone is observed along the cavity in its axial plane. At low Re,
such velocity distribution occurs in pulsating flow earlier than in the case of
stationary flow. With increasing Re, velocity distribution in pulsating flow
flattens out also more. It means that disturbed flow in the channel accelerates
the formation of a stable flow structure in the cavity.

Key words: microfluidics, flow in microchannel, micro-particle image ve-
locimetry, micro cavity

INTRODUCTION

heat transfer intensification in heat sinks [2] and
mitigation of blood flow impact in aneurysms [3].

Investigations of flows over cavities, backward
facing steps and obstacles help to gain full un-
derstanding of flow dynamics and physics. Flows
in a structured microchannel play an important
role in such engineering problems like mixing in
microreactors, microelectrochemical systems [1],

Chen and Hung studied vortex structure of
two-dimensional flow in open-type cavities [4].
Cavities aspect ratio varied from 0.1 to 7, and flow
regime from laminar to fully turbulent. Results
showed that vortices centre position in a deep
rectangular cavity depends on Re number and



38 Paulius Vilkinis, Mantas Valantinavicius, Nerijus PediSius

aspect ratio. When Re is very small, vortex struc-
ture in the cavity is symmetrical and it changes
with Re number increasing. Faure et al. investigat-
ed fluid flow over an open cavity with aspect ratio
varying between 0.5 and 2 and Reynolds number
in the range of 1150 < Re < 10670 [5]. Smoke was
used for flow visualization. The authors conclud-
ed that three-dimensional spanwise structures are
developing in cavities. The rotation of primary and
secondary vortices generates flow between them
that can develop only in the spanwise direction.
Spanwise vortices generate large advection velocity
and centrifugal instabilities in flow [6]. Beaudoin
et al. observed three-dimensional flow structures
in the spanwise direction in flow over a back-
ward-facing step using the particle image veloci-
metry system [7]. It is considered these transverse
longitudinal vortices are induced by recirculating
flow behind the reattachment point.

In this study, stationary and pulsatile flow in
a microchannel with an open-type micro cavity is
investigated. The task of this research is to inves-
tigate flow and vortex structures in a cavity under
both flow conditions and restore the spatial struc-
ture of the vortex from two-dimensional velocity
profiles.

TECHNIQUE

Flow vector fields and velocity profiles were ob-
tained by the micro-particle image velocimetry
system (UPIV). uPIV is an optical method used to
measure fluid motion in small-diameter channels.
Fluorescent tracer particles are illuminated by a la-
ser sheet. Excited particles generate a fluorescence
signal, which is collected by a CCD camera. Sev-
eral pictures are taken within a known period of
time. Knowing the time separating two successive
particle images and displacement of the particle
within that time, particle velocity is calculated.
The pPIV system provided by Dantec Dynam-
ics consists of a double pulsed neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser, laser
control system LPU 450, FlowSense EO CCD cam-
era providing an image field of 2048 x 2048 pixels
mounted on the inverted Leica DM ILM micro-
scope. Deionized water flow rates from 0.001 pl/h to
7635 ml/h in the microchannel are formed by a sy-
ringe pump WPI AL4000 (World Precision Instru-
ments). Pulsatile flow is generated with OB1 MK3

microfluidic flow control system provided by Elve-
flow. Tracer particles (Invitrogen) added to water
were 1 um in diameter. Delay between two laser
pulses depends on water flow rate. Slow-moving
particle displacement can be captured with long
pulse separation time, while fast-mowing particles
require shorter time between pulses. Therefore,
different delay was used to measure the velocity in
the axial plane of the channel and near walls.
Velocities were calculated by summing longitu-
dinal (v ) and transversal (vy) velocity components:

_ [,
v=alvi+v) (1)

It should be kept in mind that only total ve-
locities are presented in Figures below. In addi-
tion, velocity direction is changing at the centre
of the vortex, which is not presented in Figures.

Experiments were conducted in a microchan-
nel manufactured in a transparent polymer chip.
Microchannel cross-section is of square shape
with dimensions of 0.5 x 0.5 mm®* Microchannel
total length is 63 mm. In the central part, at a dis-
tance of 40 mm from the inlet, the microchan-
nel has two oppositely located micro cavities.
The cross-section of cavities is square to a depth
of 0.75 mm, and the bottom of the rounded ra-
dius r = 0.25 mm. The scheme of the investigated
microchannel is presented in Fig. 1.
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Fig. 1. Scheme of investigated microchannel with two micro cavities
on the opposite walls
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RESULTS

Stationary flow over open cavity

The velocity vector maps in an open-type
cavity at different flow regimes and mea-
surement planes are presented in Fig. 2.
A thick blue arrow on the lid of the cavi-
ty shows flow direction in the main channel.
Thin black arrows represent flow direction in



Investigation of fluid flow structure in open type cavity under stationary and pulsatile flow conditions 39

z=0
z=120
z =200

Re =100

Re = 1500 Re = 3000

Fig. 2. Velocity vector maps in an open-type cavity at different Reynolds numbers and measurement planes

the cavity. Vertical and horizontal red lines
indicate the cross-sections where velocity pro-
files were measured. As can be seen from 2D

images of velocity vectors presented in Fig. 2,
the structure of vortices in the cavity significant-
ly depends on Re_, . In laminar flow (Re, = 100),
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one vortex is observed in the cavity, the centre
of which is almost on the cavity axis, but distant
from the cavity lid and located at y/h, ~ 0.15.
The secondary vortex at the bottom of the cav-
ity is not observed. The values of relative veloc-
ity v/v, (here, v, - velocity in the channel) in
the cavity axis, presented in Fig. 3, demonstrate
that the velocity of fluid circulation in the cav-
ity is very small as compared to the velocity in
the channel. Its minimal value approximately re-
flects the position of vortex centre. The largest
velocity in the cavity axis is observed at the cav-
ity lid and along y/h, ~ 0.25, from which going
deep into the cavity, velocity gradually reduces.
Depending on the measuring plane, the larg-
est velocity (red coloured vectors in Fig. 2) in
the cavity middle plane (z = 0) is observed at
the interface between the main flow in the chan-
nel and flow in the cavity. Approaching the wall
of the cavity, z = 120-200, the maximum velocity
is shifted to the forward-facing wall of the cavity.

As Re reaches the value of 1500, the main
vortex is stretched in the direction of flow,
its asymmetry increases, and the position of
the greatest velocity in the middle plane is locat-
ed near the forward-facing step. Also, the signs of
the formation of the second vortex with the op-
posite rotation direction at the bottom of the cav-
ity become apparent. The whole structure obtains
the form of eight. At z = 120, maximum velocity

is located at interface between main and second-
ary vortices. At the near-wall region, z = 200,
the greatest velocity shifts to the backward-fac-
ing wall of the cavity and enters the main flow.

Upon transition of flow in the channel into
the turbulent flow regime (Re, = 3000), in
the cavity, besides the main vortex, a strong
secondary vortex is formed at the bottom of
the cavity. It is seen that the flow drawn into
the cavity reattaches to the front vertical wall
of the cavity and at the reattachment zone splits
into two parts, one of which moves towards
the flow in the channel forming a primary vor-
tex, and the other one moves towards the bottom
of the cavity and forms a secondary vortex with
the opposite direction of rotation. The greatest
velocity remains at the backward-facing wall of
the cavity in the whole height of the cavity. Ve-
locity minima in the cavity axis along y/h ~ 0.2
and 0.7 (Fig. 3, curve 3) corresponds to the cen-
tre position of the main and secondary vortices,
and maximum along y/h ~ 0.6 to the division of
these vortices. Volumes taken by both vortices
in the cavity even out.

Figure 4 presents the values of relative veloc-
ity based on the cavity length in the axial plane
passing through the centres of the main (a) and
secondary (b) vortices parallel to the chan-
nel wall. Thus, these values indicate velocities
at which the fluid with regard to the centre
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Fig. 3. Relative velocity values in the cavity axis based on its depth: 7, 2, and 3 — ReDh = 100
(v/v, values on the right-sided vertical axis), 1000, and 2500. y/h, value O indicates the location
of the cavity lid, and y/h, = 0 indicates the bottom of the cavity
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Fig. 4. Relative velocity values at the axial plane level of the channel corresponding to (a)
the main and (b) secondary vortex centres: a: 7, 2, and 3 — Re,, = 100, 1500, and 3000; b: 7
and 2 —Re,, = 1500 and 2500. x/L value O indicates the edge of the backward-facing wall, and
x/L value 1indicates the forward-facing wall of the cavity

of the main vortex (Fig. 3a) streams towards
the cavity bottom when x/L < (0.2-0.4), and
vice versa streams towards the cavity lid when
x/L > (0.2-0.4). The specified distance x/L lim-
its indicate that the centre of the main vor-
tex changes its position, which corresponds to
the minimum velocity.

A similar situation is observed in the second-
ary vortex zone taking into account the fact that
the rotation direction is opposite to the rotation
direction of the main vortex.

In all cases, velocity differences between flow
directed towards cavity bottom and its lid in
the same measuring plane are registered. Also,
primary and secondary vortices structures and

maximum velocities location changes are ob-
served over the whole depth of the cavity. This
can be explained by transversal overflows exist-
ing in the cavity, which lead to the formation of
three-dimensional flow.

Pulsatile flow over open cavity

Measurements on pulsatile flow conditions
were performed in the laminar flow regime at
Re = 100-1000 and on different sine wave fre-
quencies from 10 to 40 Hz. Since all velocity
profiles at the investigated Re number range are
similar in the middle plane of the cavity, only
the results obtained at Re = 1000 are presented in
Fig. 5. A little velocity increase over the primary
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Fig. 5. Relative velocity values (a) of primary vortex and (b) along the depth of the cavity in
the axial plane at Re = 1000 and under different pulse conditions

vortex can be observed on flow leaving the cav-
ity on a higher pulse frequency. As can be seen
from Fig. 5b, no significant influence on velocity
distribution is observed along the cavity.

More measurements were performed at dif-
ferent planes of the cavity in steps of 40 um in
both sides of the axial plane. The created 3D
surface maps of velocity profile in cavity struc-
ture at Re = 100 and Re = 1000 are presented in
Fig. 6a and 6b, respectively. White arrows indi-
cate velocity direction towards the bottom (up)
and the lid (down) of the cavity, and the black
arrow indicates direction of the main flow in
the channel. The left part of the graph corre-
sponds to the forward-facing wall where flow
enters the cavity, and the right part corresponds
to the backward-facing wall where flow leaves
the cavity and meets the main flow in the chan-
nel. Thus, the middle part, where velocity is
the smallest along the height of the cavity, corre-

sponds to vortex centre. As can be seen, distri-
bution of velocity entering the cavity is symmet-
ric at Re = 100. In this case, velocity minimum
is observed at the axial plane of the cavity, which
divides the vortex into two same size parts. Each
part keeps the structure of vortex. At Re = 1000,
the profile of velocity entering the cavity is asym-
metric over the height of the cavity with a drop of
velocity near one of cavity walls and significant
maximum in the axial plane. In this case, pulsa-
tile flow causes the flattening of velocity profile,
which is observed at the most part of flow en-
tering the cavity and across the whole area near
the forward-facing wall. Compared both profiles
it can be seen that vortex structure is smoother
at Re = 1000. At higher Re number, secondary
flows in the corners of square cross-section cavi-
ty can be suppressed by unsteady flow. This leads
to the flattening of velocity profile near the side
walls of the cavity.
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Fig. 6. Three-dimensional velocity profiles across primary vortex at (a) Re = 100 and (b) Re = 1000 and pulsatile sine wave frequency 40 Hz

CONCLUSIONS

In this article, the flow structure in an open-type
cavity under stationary and pulsatile flow condi-
tions was investigated. Flow regime in the main
channel changed from laminar to fully turbulent.
At stationary and pulsatile flow conditions, ve-
locity differences near backward-facing and for-
ward-facing walls were registered. Also, change of
vortex structure and location of maximum veloci-
ty was observed at different measurement planes.
These flow structure differences over the height
of the cavity lead to a conclusion that transver-
sal flows exist in the cavity and flow structure is
three-dimensional in laminar and turbulent flow
regimes. Under different pulsatile flow conditions,
there are no significant changes of flow structure in
the axial plane. Changes of velocity profiles are ob-
served at transversal planes away from axial planes
of the cavity. With increasing Reynolds number,
velocity distribution in pulsating flow flattens out.
It means that disturbed flow in the channel accel-
erates the formation of a stable flow structure in
the cavity.
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SRAUTO STRUKTUROS ATVIROJO
TIPO KAVERNOJE TYRIMAS ESANT

STACIONARIAM IR PULSUOJANCIAM
TEKEJIMO REZIMAMS

Santrauka

Zinios apie srauto struktiirg struktiirizuotose kana-
luose yra itin svarbios sprendziant su srauty dinamika
susijusius uzdavinius. Jos gali buti panaudotos intensi-
fikuojant $ilumos mainus bei skys¢iy mai$ymasi kana-
luose ir mikroelektromechaninése sistemose (MEMS).
Srauto dinamikos tyrimai atlikti mikrokavenose gali
bati panaudoti sprendziant su aneurizmy susidarymu
kraujagyslése susijusias problemas. Siame darbe mi-
krosrauty vizualizacijos sistema buvo panaudota istirti
vandens srautg atviro tipo mikrokavernoje. Tiriamos
mikrokavernos, viena priesais kitg, jtaisytos tiesaus

mikrokanalo vidurinéje dalyje. Matavimai buvo atlie-

kami skirtingose plokstumose per visa kavernos auks-
tj, Reinoldso skaic¢iui kintant nuo 100 iki 3 000, t. y.
kanale esant laminariniam, pereinamajam ir turbulen-
tiniam reZimams. Taip pat matavimai atlikti srautui
kanale tekant stacionariai ir pulsuojant tam tikru daz-
niu. Eksperimentiniai grei¢io profiliy formos kitimo
rezultatai skirtingose kavernos plok$tumose parodé,
kad srautas atvirojo tipo kavernoje yra trimatis. Pagal
greic¢io profiliy kitimg galima spresti apie kavernoje
esantj tekéjima skersine kryptimi. Taip pat greicio pro-
filio forma kavernoje priklauso nuo tekéjimo rezimo ir
pulsacijos charakteristiky. Esant pulsuojan¢iam tekéji-
mui, greicio profilio iSsilyginimas pasiekiamas ties ma-
zesniu Reinoldso skai¢iumi nei stacionaraus tekéjimo
atveju. Tai leidZia teigti, kad srauto sutrikdymas kanale
leidZia grei¢iau pasiekti stabilig tekéjimo struktarg ka-
vernoje.

Raktazodziai: mikrosrautai, tekéjimas mikroka-
nale, mikrosrauty vizualizacijos sistema, atvirojo tipo

mikrokaverna



