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Abstract. To precisely control and manipulate the main droplet within a microfluidic sys-
tem, aside from modifying the flow characteristics and liquid properties, the geomet-
ric design of the microchannel also plays a crucial role in the droplet dynamics. Three
main regimes are observed in a droplet in a contraction microchannel: trap, squeeze, and
breakup. This study employs theoretical and three-dimensional numerical models to as-
sess how two geometric parameters of the microchannel, namely the entry angle («) and
the contraction ratio (C), influence the critical capillary number (Ca) for droplet dynamics
of trap-squeeze regime transition. The model’s predictions align perfectly with simula-
tion results. Additionally, the study investigates the impact of the entry angle on droplet
deformation.

Keywords: capillary number, microfluidic, contraction ratio, numerical model, entry geom-
etry.

1. INTRODUCTION

The evolution of droplet-based microfluidic systems represents a significant advance-
ment in technology, driving the development of innovative experimental methodologies.
These systems offer distinct advantages including rapid processing, minimal sample and
reagent usage, straightforward operation, and precise manipulation capabilities. As a re-
sult, they not only enhance cost-effectiveness and time efficiency but also facilitate wide-
spread applications across biomedical research, chemistry, and beyond [1-3].
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Contraction microchannels are utilized in various engineering applications such as
DNA analysis [4], emulsification [5], cell filtration [6], and material property analysis [7].
Consequently, the study of droplet dynamics in contraction microchannels has garnered
significant interest from researchers. For instance, Zang et al. investigated the deforma-
tion of small droplets passing through narrow microchannels [8]. Mulligan and Roth-
stein conducted experiments to evaluate droplet behavior, including deformation and
breakup, in hyperbolic microchannels [9]. In recent years, the behavior of droplets in con-
traction microchannels has been extensively studied. Hoang et al. examined the effects
of contraction ratio (C) and capillary number (Ca) on droplet behavior through numeri-
cal simulations [10]. The geometric effects of microchannel width ratio were thoroughly
studied by Do et al. [11]. Recently, they also considered the influence of the contact angle
(6) between droplets and the channel walls on droplet dynamics [12].

With technological advancements, numerical simulations have emerged as valuable
tools for studying droplet dynamics [13-15]. However, previous studies often relied on
2D numerical simulations [16,17]. The discrepancies between 2D numerical simulations
and experimental results have been highlighted in many studies, especially for non-
circular microchannels [18,19]. Consequently, 3D numerical simulations are gradually
replacing 2D simulations.

This study uses a 3D numerical model to simulate and assess how three parame-
ters simultaneously affect droplet behavior, particularly in the trap and squeeze regimes:
capillary number (Ca), entry angle («), and contraction ratio (C). A theoretical model is
suggested to predict when these two regimes will change. Additionally, the deformation
of droplets due to the influence of the entry angle («) is also considered. This research
provides a comprehensive understanding of droplet dynamics in microfluidic systems
and is valuable for the geometric design of microchannels.

2. NUMERICAL MODEL

2.1. Geometric characteristics and boundary conditions

A system of contraction microchannels with specific geometric characteristics is
shown in Fig. 1. The larger microchannel and the contraction microchannel are the two
main components of this system. The coordinate axis center is occupied by a droplet
of diameter D. The larger microchannel has dimensions of 3D length and 2D width,
whereas the constricted microchannel has dimensions of 15D length and W width. The
microchannel depth of 2.5D is chosen in order to reduce the impact of sidewall defor-
mations on droplet behavior [20-22]. The contraction microchannel’s entry angle is rep-
resented by the symbol a. During the simulation, the contraction ratio (C) is adjusted
by changing the width of the contraction microchannel, defined as C = D/W. These
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geometric parameters have been validated and are commonly used to assess droplet de-
formation and dynamics in contraction microchannels [10,13,23].

The droplet and continuous phase exhibit the characteristics of an incompressible
Newtonian fluid, specifically a water phase with viscosity y;, while the continuous phase
is an oil with viscosity y.. There is a fixed viscosity ratio (y4/ ) of 0.15. The continu-
ous phase’s velocity is set at 0.00085 m/s, and the outlet pressure is zero. The capillary
number (Ca), representing the surface force, is defined as Ca = u.v/0, where ¢ is the
surface tension. To vary the capillary number, ¢ is adjusted during the simulation. The
microchannel walls have a contact angle of 180° with the droplet and exhibit no slip.
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Fig. 1. Details of the contraction microchannel geometry

2.2. Simulation setup

The simulations are carried out using CFD software. The study uses various compu-
tational techniques, such as the PISO algorithm, the PRESTO! method, a Second-Order
Upwind Scheme, and the Geo-Reconstruct scheme. Grid size significantly influences
droplet behavior [24]. In this study, a grid size of W /30 is used, which has been validated
as effective in numerical simulations of droplet dynamics in microchannels and has been
widely adopted [25]. The Courant number, which determines the computational time
step, is set to 0.25, consistent with previous studies [10-12,23,25]. Considering the sym-
metry of the model, a quarter-symmetry model is used to reduce the computational cost
of the simulations, as detailed in Fig. 2.

3. PREDICTION THEORY MODEL

Droplet motion within a microchannel with a contraction undergoes three typical
regimes: trap, squeeze, and breakup, detailed in Fig. 3. According to Hoang et al. [24],
entry angle was found to be significant for the transition from trap to squeeze. Therefore,
this study focuses on the trap-squeeze regimes for various contraction ratio and entry
angle.
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Fig. 2. Quarter-symmetry model (blue)

a
-) Ca = 0.001,C = 1.24, a = 0.7854 (rad)

b)
Ca = 0.002,C = 1.24, a = 0.7854 (rad)

t =0.124403s t =0.337805s
<)

Ca = 1.662,C = 1.24, a = 0.7854 (rad)
t =0.1166s t =0.16344s

Fig. 3. Three classical droplet regimes in contraction microchannels:
(a) trap, (b) squeeze, and (c) breakup

Considering the scenario of a water droplet being trapped, at this position, the
droplet is subjected to the influence of hydrostatic pressure. The hydrostatic pressure
Apy, can be represented as follows

HmViCrL;
Apy = ————, 1
where the friction coefficient is denoted as Cy = 57.7 and Dy, is the hydraulic diameter
[26].

The Laplace pressure for a given interface is defined by the Young-Laplace equation

20
as Ap = —-. When the droplet moves into the contraction microchannel, the droplet loses

its original spherical shape as it is trapped, as shown in Fig. 4, which causes a discrepancy
in radii between the droplet’s front and back interfaces. The Laplace pressures at the back
and front interfaces of the droplet are Ap;, and Apy, respectively. As aresult, Ap = Ap; —

Apy is the pressure difference between the front and back of the droplet, where Ap, =

1 1 1 1
o <Ryb + sz> ,and Apy = o <Ryf + Rz,f> are the Laplace pressures at the back and
the front interfaces of the droplet, respectively; R, and R, are the radii of curvature of

the droplet in the y and z directions, respectively, and the subscripts b and f stand for
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curvature radii measured at the back and the front of the droplet, respectively, as shown
in Fig. 4(a).

Due to the height of the large microchannel is equal to that of the contraction mi-
crochannel, one can assume that R, = R, j, thus, the radii of the interface are considered
in the z direction only. Consequently, Ap can be simplified in Eq. (2) with two character-
istic radii, R, and Ry, which correspond to its front and back interfaces as depicted in

Fig. 4(b) [10] : .
Apz(f(Rf—Rb>. (2)

For the back radius Ry, it is influenced by the entry angle « [24]. Thus, R, increases
with increasing & and is independent of the contraction ratio C, so R, can be approxi-
mated as R, ~ R,. However, the front radius R r which is defined as R fF~ RC -M may
rely on the contraction ratio C even though it is thought to be independent of a. As a
result, the pressure differential between the droplet’s front and back interfaces is shown

as follows A
_v mM_ M
Ap = R (AOC o ), 3)

where Ag, A1, and M are constants. If Ap, < Ap, the droplet will be trapped. Therefore,
the following formula is used to find the critical capillary number for droplet dynamics
of trap-squeeze regime transition

2D;° M4
Cac > Cfﬂ <AOC - 7 . (4)
Za Ap
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Fig. 4. Diagram illustrating the mechanism of the trap due to the impact of entry angle
and contraction ratio: (a) Full description, (b) simplified analysis
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4. RESULTS AND DISCUSSION

4.1. Trap to squeeze

Fig. 5 illustrates the detailed results from the predictive equation (4) and the simu-
lation outcomes. The solid lines represent the critical capillary numbers for the droplet
dynamics transition from the trap to the squeeze regime, calculated using the predic-
tive equation (4) with newly determined constants: M = 3.0067, Ay = 0.0084, and
A; = 0.0016. The dashed lines show predictions using the constants from Hoang et
al. [24], which are: M = 0.054, Ay = 0.016, and A; = 0.001.

The data points correspond to the critical capillary numbers at various entry an-
gles for three different contraction ratios: C = 1.11, C = 1.25, and C = 1.43. The new
constants closely match the simulation results across all three C values, accurately reflect-
ing the transition behavior for each contraction ratio. However, with the constants from
Hoang et al. [24], the predicted results appear nearly identical across the three contrac-
tion ratios, with minimal distinction between them, leading to lower accuracy when the
contraction ratio varies.

This comparison highlights that the newly determined constants enable the model to
better reflect the differences in droplet dynamics across each contraction ratio. The figure
also shows that as the contraction ratio increases, the critical capillary number required
for the regime transition also rises, emphasizing the importance of geometric adjustments
in influencing droplet dynamics and optimizing microfluidic applications.
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Fig. 5. Effects of entry angle and contraction ratio on the critical capillary number. Solid and

dashed lines represent predictions using current constants and constants from Hoang et al. [24],

respectively. Colors indicate contraction ratios: red (C = 1.11), yellow (C = 1.25), and black
(C =1.43)
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To examine this more closely, the critical capillary number is fixed at Ca = 0.0015,
and the entry angle and contraction ratio are varied to investigate droplet regimes. The
simulation results and predictive model are detailed in Fig. 6. The trend indicates that
with a smaller entry angle, a larger contraction ratio is required for the droplet to be
trapped. Conversely, as the entry angle increases, the required contraction ratio de-
creases.

Furthermore, the consistency between the predictive model and the simulation re-
sults across different contraction ratios and entry angles reinforces the reliability of the
model. This validation is critical for designing and optimizing microfluidic systems, par-
ticularly in applications where precise droplet manipulation is essential. The results pre-
sented in Figs. 5 and 6 not only validate the theoretical model but also underscore the
importance of considering both the entry angle and contraction ratio in microchannel
design to achieve desired droplet behavior. The high degree of correlation between the
model and simulation results indicates that this approach can be confidently used to pre-
dict and control droplet transitions in various microfluidic applications.
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Fig. 6. Phase diagram of regimes with different values of entry angle
and contraction ratio with Ca = 0.0015

4.2. Pressure differences in trap and squeeze regimes

As outlined in the theoretical framework, the flow pressure and the internal pres-
sure of the droplet are the key factors that determine the droplet’s regime. This section
compares the pressure characteristics of the trap and squeeze regimes under the follow-
ing conditions: contraction ratio C = 1.25, entry angle a = 0.7854, capillary number
Ca = 0.001 for the trap regime, and Ca = 0.002 for the squeeze regime.
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Fig. 7 shows a clear difference in the internal pressure of the droplet between the two
regimes. In the trap regime (i.e., low Ca), the internal pressure of the droplet increases
significantly as Ca increases, highlighting the role of surface tension in controlling droplet
pressure. As the droplet passes through the constriction, the pressure distribution around
it becomes asymmetric, with the pressure in front of the droplet being higher than behind
it. This pressure difference is larger at low Ca and can exceed the inlet pressure of the
flow, resulting in the trap regime.

Fig. 8 illustrates the variation of inlet pressure (Pa;,) between the two regimes. At
higher Ca, the droplet moves faster [23]. As the droplet enters the constricted region,
the inlet pressure increases to push the droplet into the contraction microchannel. Once
the inlet pressure becomes large enough to overcome the pressure difference across the
droplet, it is squeezed into the constriction, and this pressure level is maintained through-
out the droplet’s motion in the contraction microchannel.

In contrast, in the trap regime, although the inlet pressure increases and reaches a
peak value, it remains insufficient to overcome the internal pressure of the droplet. As a
result, the droplet is pushed back, allowing the carrier fluid to flow into the contraction
microchannel, causing the pressure to drop. The flow then continues to push the droplet
forward, increasing the inlet pressure again, but subsequent peaks are lower than the
initial one. Eventually, the system reaches a steady state, where the droplet remains
trapped and the inlet pressure stabilizes. Notably, this stabilized pressure level is similar
in both regimes.

Fig. 7. Comparison of internal droplet pressure in trap and squeeze regimes
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Fig. 8. Variation of inlet pressure during droplet entry into the constriction in trap
and squeeze regimes

4.3. Droplet deformation

The droplet must deform in order to enter the contraction microchannel; its shape is
determined by the contraction ratio (C), viscosity ratio (A), and capillary number (Ca)
[11,12]. To assess the droplet deformation due to the impact of the entry angle («),
the maximum length of the droplet (Lmax) deformed before entering the contraction mi-
crochannel is considered.

14 T T T T T
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Fig. 9. Entry angle’s effects on the maximum droplet length ratio with C = 1.25

Fig. 9 illustrates the maximum droplet length ratio (Lmax/D) as a function of the
entry angle (x) when the droplet passes through a constricted microchannel under two
different capillary numbers: Ca = 0.04 and Ca = 0.004. The results indicate that as
the entry angle increases, the maximum droplet length ratio also increases significantly
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for Ca = 0.04. This trend suggests that larger entry angles lead to greater elongation of
the droplet at higher capillary numbers, highlighting the pronounced effect of the en-
try angle on droplet deformation under these conditions. Conversely, for Ca = 0.004,
the droplet length ratio remains relatively stable across varying entry angles, indicating
minimal influence of the entry angle on droplet deformation at lower capillary numbers.
These findings emphasize the importance of considering both the entry angle and the
capillary number in microchannel design, particularly for applications requiring precise
control over droplet deformation. Larger entry angles and higher capillary numbers need
careful management to avoid excessive elongation, which could impact the functionality
of the droplet in various microfluidic processes.

5. CONCLUSION

This study has effectively elucidated the intricate relationship between entry angle
(«) and contraction ratio (C) in microfluidic systems using both 3D simulations and the-
oretical modeling. The predictive modeling approach has rigorously validated its accu-
racy in forecasting the critical capillary number (Ca) necessary for droplet dynamics of
trap-squeeze regime transition. These results not only provide a solid foundation but
also underscore the importance of these parameters in optimizing microfluidic system
designs for a wide range of critical applications. The findings highlight the potential
for further advancements in understanding and manipulating droplet dynamics within
microchannels, paving the way for enhanced efficiency and innovation in microfluidic
technology.
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