96

Van Thanh Hoang, Van Duong Le, Bich-Tram Truong-Le

STUDY ON DROPLET DEFORMATION IN CONTRACTION MICROCHANNEL
NGHIEN CUU VE SU BIEN DANG CUA GIOT NHO TRONG KENH THU LAI

Van Thanh Hoang'*, Van Duong Le?, Bich-Tram Truong-Le?

The University of Danang - University of Science and Technology
2The University of Danang

*Corresponding author: hvthanh@dut.udn.vn
(Received: December 23, 2022; Accepted: March 20, 2023)

Abstract - Microfluidics systems based on two-phase fluid
dynamics have been widely applied from industrial machinery to
the aerospace and automotive applications. The systems are
designed to handle small volumes of liquids, often in the
microliter or even nanoliter range. Droplet-based microfluidics is
used for biochemical analysis or materials synthesis as well. The
effectiveness of the interactive manipulation between two fluidic
phases was significantly impacted by the droplet dynamics of
deformation. This research aims to describe the droplet
deformation for a wide range of parameters such as capillary
number, viscosity ratio, and entry angle in a contraction
microchannel. The results show that, droplet deformation is
significantly influenced by the parameter mentioned above.
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1. Introduction

Over the past few decades, microfluidic systems
applied widely and developed strongly, which play a
vital role in the in Lab-on-a-Chip (LoC) and micro TAS
systems in predominantly fields like biomedical,
environmental and pharmaceutical domains [1].
These systems have many highlight advantages such as
low-volume specimens and reagent expending, short-time
analysis. It can allow manipulation ability of
tiny particles, droplets and cells, with low-manufacturing
cost. Additionally, microfluidic technologies based on
droplets had a strong development in chemical
and biological fields [2]. The deformation of droplets
in microfluidic systems was attended to recently.
To increase the control and handling of reagents
and chemical substances more precisely in digital
devices, these systems will create droplets by using
two or more fluid substances which cannot be mixed
together [3], [4].

Contraction microchannels are quite widely used in
much microfluidic equipment which are based on
droplets for different purposes such as to create
emulsification [5]-[7] or to detect and analyze genes
optically [8]. Pipe and McKinley measured the
rheological properties of polymeric materials in the
contraction microchannel [9].

By using numerical simulation and experiment, the
droplets’ dynamics in the contraction microchannel were
studied in quite a detail. Most previous literature using
numerical simulation techniques was done in two-
dimensional models. For instance, the boundary element

Tém tit - Cac hé théng vi chit 16ng dya trén dong luc hoc
chat 16ng hai pha di dugc ap dung rong rii tir may moc cong
nghiép dén cac ing dung hang khéng vii tru va 6 t6. Cac hé
théng nay duoc thiét ké dé xur Iy mot lugng nhé chit 1ong,
thuong & mue microlit hodc tham chi nanolit. H¢ théng vi chat
16ng dya trén giot nhoé ciing duoc st dung dé phan tich mau
hodc tdng hop vat lidu. Hiéu qua cia thao tic twong tac gitra
hai pha chét 16ng bi anh huéng dang ké bsi dong luc bién dang
ctia giot nuwdc. Nghién ciru ndy nham muc dich mé ta bién dang
giot cho cac tham s6 nhu hé sé mao dan, hé sd ty 1€ d6 nhot
giita hai pha va goc vao kénh trong mot vi kénh thu lai. Két qua
cho théy, bién dang giot bi anh huong déng ké boi nhing tham
s6 néu trén.
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giot; phan tich so0; h¢ s0 mao dan

method (BEM) is adopted to describe the droplets’
deformation in the contraction entry geometry and
rheology. Chung et al. presented the influences of
viscoelasticity to the deformation of droplets in a planar
contraction-expansion microchannel following the scale
5:1:5 [10]-[12]. Moreover, Christafakis and Tsangaris
studied the effects of the fluid parameters in a two-
dimensional model like capillary number (Ca), Reynolds
number (Re), Weber number (We), and viscosity ratio on
the deformation of droplets [13]. The examination of
dynamics of droplets in an axisymmetric contraction
microchannel caused by the Reynolds number, viscosity
ratios and capillary number [14]-[16]. The deformation
of droplets in a three-dimensional model of contraction
microchannels has not been investigated in many papers
of the literature. In a contraction channel, the conduction
of typical three-dimensions studies to describe the
deformation of droplets under different microchannels
and control droplets, cells and particles deformation
presented [17]-[19]. Imani et al. explored the droplet
deformation caused by capillarity and wettability through
a channel having capillary number is constricted [20].
Patlazhan et al. investigated the elongation deformation
of droplets as an equation of the ratio through entry
droplet diameter and cross-sectional area of the channel
having a narrow part [21].

It can be seen that contraction microchannel plays an
important impact in droplet-based microfluidics system.
As far as the contraction microchannel is concerned, there
are very few studies mentioning the effect of entrance
geometry on droplet deformation. This research provides
an insight of droplet dynamics in micro contraction channel



ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE - DAl HOC DA NANG, VOL. 21, NO. 4, 2023 97

depending on capillary number, viscosity ratio, contraction
ratio, and entry angle.

2. Problem statement

The geometrical shape of the contraction microchannel
is shown in Figure 1. The initial location of a droplet with
radius R and the origin of the coordinate system are shown
in the figure by a red sphere. Because the microchannel in
this work is 5R deep, the top and bottom surfaces have a
minimal impact on the droplet's behavior [22]-[24].
The greater microchannel has a length of L; and a width of
4R, whereas the contraction microchannel has 30R and W,
respectively.

With no outlet boundary effect, a contraction
microchannel length of 15D was selected to fully capture
the droplet movements. The non-dimensional number
C = D/W is used to define the contraction level. Because
the contraction C in this investigation was selected as
1.25, the microchannel width is consistently smaller than
the initial droplet diameter. As shown in Figure 1, a
symmetric model representing a fourth of the entire three-
dimensional model is used in this work to reduce

processing costs.
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Figure 1. Geometrical description
a) 3D model; b) 2D model

3. Computational Model

A commercial program called ANSYS Fluent is
used to run the simulation. The computational methods
used in this work are the Geo-Reconstruct scheme
for interface interpolation, the PRESTO! strategy for
pressure interpolation, the PISO scheme for pressure-
velocity coupling, a second order upwind scheme for
the momentum conservation equation, and the
momentum conservation equation [25]. It is fine enough
for the current inquiry that the hexahedral elements
utilized to evenly discretize the computing domain
have a size of W/30 [25]. Using a variable time stepping
method, the time discretization is done with a Courant
number of 0.25.

The practical results of the droplet generation problem
given in earlier works were used to validate the
computational model [25], [26]. It should also be
mentioned that similar computational models have
been widely accepted in numerous studies of droplet
dynamics in two-phase microfluidic devices [17], [18],
[271-[29].

The formula for the capillary number (Ca), which is
defined as Eq. (1), includes the characteristic velocity V,
the medium phase's viscosity (pm), and the coefficient of
surface tension (o) between the droplet phase and the
medium phase. Two different capillary numbers will be
used in the discussion that follows depending on where
the droplet is in the microchannel. In the larger
microchannel, the capillary number is denoted as "Ca;"
and is determined by the entrance velocity, which serves
as the characteristic velocity Vi; in contrast, the capillary
number in the contraction microchannel is determined by
the average velocity in the contraction microchannel,
which serves as V.

HmV
Ca= — 1
a=tm W

4. Results and Discussion

The term "trap" indicates that a droplet does not pass
through the entrance contraction position, whereas the
term "squeeze™ represents a phenomenon in which a
droplet is moving in the contraction microchannel.
Figure 2 plots the transition from trap to squeeze for a
wide range of capillary numbers and entry angles.
The entry angle ranges from 15° to 75° and it is
dependable to be trapped or squeezed as capillary
change ranges from 0.001 to 0.0018. It can be seen that
when increasing the entry angle, a droplet tends to be
trapped at a high capillary. Although at high capillary
number but droplet still trap, this can rely that increase
in entry angle will obstruct movement of droplet at
contraction position.
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Figure 2. Transition from trap to squeeze in contraction
microchannel
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Figure 3. Droplet description in contraction microchannel
In order to evaluate droplet dynamics, Figure 3 is used

to define droplet deformation in the contraction
microchannel. The droplet deformation is defined as L,
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which is measured at the back interface and the front
interface. In addition, droplet position is compared with
the original coordinator and is expressed by Zq as shown in
Eq. (2), where Z, and Zs are the back interface and front
interface positions, respectively.
Zy+2Z
a= =7 2 L (2)
Droplet dynamics as a function of position in the
microchannel for a wide range of viscosity ratio is
depicted in Figure 4. In general, droplet deformation
increases with the viscosity ratios [30]. One can observe
that droplet deformation position at changed entry angle
area does not depend on viscosity ratio and over
deformation phenomenon has not been found at a higher
viscosity ratio.
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Figure 4. Droplet deformation as a function of position in
microchannel

The entry angle used to estimate droplet deformation
is shown in Figure 5. Generally, droplet deformation
at steady state is independent of the entry angles.
However, the amount of deformation and position at
changed entrance angle area largely depend on the
entry angle. A larger entry angle leads to a longer
deformation at the entrance contraction position. Large
entry angles tend to create large shear stresses at
the entrance position.

1.25
000.
O e
1.204 o e
o g0
o o * *
o : 0.’ * %
1.15 1 N DGD * *
Q ° *
~ o * *
e * *
) ] o
1.10 o * .
o * *
o ¢ *
i o *
1.05 P *
C e *
Oo: ** * a=15°
1.00 poSe®* a=45°
o a=75°
T T T T
4 8 10

6
Z4/D
Figure 5. Droplet deformation as a function of position

5. Conclusion

This research presents droplet dynamics of
deformation under consideration of geometrical
contraction shape and flow conditions. There are some
findings, as follows: first, when increasing entry angle,
droplets tend to be trapped at higher capillary number,
vice versus. Second, entry angle does not depend on
droplet deformation at steady state in a contraction
microchannel. Third, droplet is likely to be trapped even
at a large capillary number when contraction entry angle
increases. Finally, over-deformation phenomena have not
been found when the viscosity ratio is high. These
investigations would yield helpful knowledge for
designing and fabricating droplet-based microfluidic
systems with contraction microchannels.
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