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two-phase flow patterns in a Y-shaped microfluidic device. The two-phase
flow of water and n-butyl acetate is simulated using the volume of fluid
(VOF) method in a Y-shaped microfluidic device with different flow rates.
A 2D model was used for simulation, and the results were compared to
experimental data, showing good consistency. The study also examined the
effects of organic (n-butyl acetate) and flow on the overall flow model. The
authors observe three different flow patterns, including slug flow, parallel
flow, and droplet flow, depending on the flow rate. The results indicate that
a slug flow pattern is detected when the flow rates of the aqueous and
organic phases are both low and similar. Nonetheless, as the overall flow
rate rises, the slug flow pattern shifts to either parallel droplet or plug flow.
Similarly, when the flow rate of the aqueous phase is increased while
keeping the organic phase flow rate constant, the shift occurs from slug flow
to droplet flow. Therefore, this study is significant in providing insights into
the different flow regimes that can occur in a microfluidic system. This
understanding can be used to design and optimize microfluidic devices for
a variety of applications.

Introduction

Liquid-liquid extraction, also known as solvent extraction, is a separation technique widely
used in chemical and pharmaceutical industries to separate and purify compounds from a
mixture [2, 3]. The technique is based on the principle that different compounds have different
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solubilities in different solvents. In liquid-liquid extraction, a mixture is contacted with a
solvent that has a high affinity for a specific compound. The compound of interest transfers
from the original mixture to the solvent, forming a new solution separate from the original
mixture [4, 5].

Liquid-liquid extraction is a versatile technique that can be used to extract a wide range of
compounds, including organic and inorganic compounds, from different sources, such as plants,
animals, and industrial waste streams. The technique is commonly used in the production of
pharmaceuticals, food products, and fine chemicals. The effectiveness of liquid-liquid
extraction depends on several factors, including the choice of solvent, the solubility of the
compound of interest in the solvent, the mass transfer rate, and the separation efficiency.
Therefore, the optimization of liquid-liquid extraction processes requires a careful selection of
the solvent and the operating conditions, as well as a thorough understanding of the underlying
principles of the technique.

In recent years, advances in microfluidic technology have enabled the development of
miniaturized liquid-liquid extraction devices, which offer several advantages over traditional
extraction methods, such as reduced solvent consumption, shorter extraction times, and
improved separation efficiency. These devices have the potential to revolutionize the field of
liquid-liquid extraction by enabling high-throughput and automated extraction processes [6, 7].

Microfluidic flow patterns describe the behavior of fluids in microscale devices or channels.
These patterns are essential in understanding the flow dynamics of two-phase systems and
optimizing microfluidic systems for specific applications. There are three primary types of flow
in microfluidic systems: parallel, droplet, and slug flow. Flow maps graphically display these
main flows as a function of the flow rate of the two phases. By carefully controlling the flow
pattern, scientists can use fluid behavior in channels with microscale and improve devices that
can achieve precise chemical detections, separations, and reactions. Understanding the flow
patterns is crucial in designing microfluidic devices for applications such as drug discovery,
point-of-care diagnostics, and environmental monitoring. Additionally, microfluidic flow
patterns can be used to better understand biological systems, such as blood flow in capillaries.
The development of new microfluidic devices that can precisely control the flow pattern has
the potential to revolutionize various fields, including engineering, biotechnology, and
medicine [8].

Microfluidic tools have been used to study various liquid-liquid flow patterns based on
factors, for example, micro-channel shape and size, the flow ratio of the organic and aqueous,
flow rate, wetting behavior of the microchannel walls and physical characteristics of the liquids
(e.g., surface tension and viscosity) [9]. The most common liquid-liquid flow patterns observed
in microchannels with the two-phase flow are droplet, parallel, and slug flow. Slug flow is often
preferred for many devices because of the diffusion among the contiguous slugs and internal
mixing inside the slugs of the two phases. However, within the microfluidic device, achieving
complete phase separation remains challenging in slug flow regimes. The hydrodynamics of
slugs, such as the velocity and length of the slug are significant factors that can affect the
microfluidic device's performance [10-12].

Microfluidics is a rapidly growing field that focuses on the manipulation of fluids in
microscale channels. The small dimensions of microchannels lead to unique flow behavior and
enable high-resolution analysis and manipulation of fluids. The behavior of fluids in
microchannels is strongly influenced by the flow pattern, which can be manipulated for specific
applications. Flow patterns in microchannels can be classified into four main categories:
parallel, droplet, and slug flow [13, 14].

Parallel flow is characterized by the co-flow or counter-flow of two streams of fluids in the
same direction or opposite directions, respectively. It is commonly used in microfluidic devices
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for mixing and separation operations [15-17]. The flow pattern in parallel flow is influenced by
various factors, including the Reynolds number, the aspect ratio of the channel, and the
viscosity of the fluids [18]. The impact of these factors on the flow pattern has been extensively
studied, and several models have been proposed to predict the flow pattern in parallel flow [19-
21].

Droplet flow is characterized by the formation of discrete droplets of one fluid suspended in
another fluid. It can be used for micro-reactors and micro-emulsification processes. The flow
pattern in droplet flow is influenced by various factors, including the surface tension, viscosity,
and flow rate of the fluids, as well as the geometry of the microchannel. Several studies have
investigated the dynamics of droplet formation and the factors that influence droplet size and
frequency [22, 23].

Slug flow is characterized by the formation of long bubbles of one fluid separated by short
segments of another fluid. It can be used for mass transfer and reaction processes [24, 25]. The
flow pattern in slug flow is influenced by various factors, including the viscosity ratio of the
fluids, the Reynolds number, and the contact angle between the fluids and the microchannel
walls. Several studies have investigated the dynamics of slug formation and the factors that
influence slug size and frequency [24, 25].

The flow pattern in microchannels is influenced by various factors, including microchannel
geometry, fluid properties such as viscosity and surface tension, flow rate, and channel wall
wettability. The impact of these factors on flow patterns has been extensively studied, and
several models have been proposed to predict flow patterns in microchannels [26, 27].

Many researchers have researched the flow pattern in microchannels. The micro-channels
used are Y-shaped, Serpentine, Spiral, etc [26-28].

Asadi-Saghandi et al. [27] investigate the two-phase flow patterns of liquid-liquid devices
in a numbered-up microfluidic device. The authors present a dimensionless analysis of the flow
patterns to identify the key parameters that influence the flow characteristics, including the
Reynolds number, the capillary number, and the viscosity ratio. The study aims to provide a
better understanding of the flow patterns in microfluidic devices. The authors experimentally
investigate the flow patterns in a numbered-up microfluidic device and classify the flow
patterns into five categories: parallel flow, droplet flow, slug flow, and annular flow. The
experimental results are compared with the theoretical predictions based on the dimensionless
analysis, and good agreement is observed.

Amini et al. [28] in a serpentine microfluidic device present a two-phase flow with CFD
simulation. The study aims to examine the effect of geometric parameters on the flow patterns
and pressure drop in the microfluidic device. The authors use the volume of fluid (VOF) method
to simulate the two-phase flow of water and n-butyl acetate in a serpentine microfluidic device
with different channel widths and depths. The results show that the geometric parameters
significantly affect the flow patterns and pressure drop in the microfluidic device. The authors
observe three different flow patterns, including slug, plugs and droplet flow, depending on the
geometric parameters, and the flow rate.

In this research article, CFD simulation was used to investigate the flow map in a Y-shaped
microchannel. The three main flow regimes in microchannels were thoroughly developed and
analyzed in detail. The primary focus of the study was to reveal the flow map of the
microchannel at various flow rates. Moreover, the study involved the mathematical calculation
of the two-phase flow interior of the microchannel to distinguish the flow model in the Y-
shaped microchannel. The experimental results were used to validate the mathematical
simulations. The data received from the simulations were found to be compatible with the
experimental results, indicating the accuracy of the mathematical model used for the
simulations. The outcomes of this study have significant implications for the design and
optimization of microfluidic devices, particularly those involving multi-phase flows.
Understanding the flow patterns and regimes in microchannels can aid in the development of
more efficient and precise microfluidic devices for a variety of applications, including chemical



synthesis, biological assays, and drug discovery. The study highlights the usefulness of CFD in
predicting and analyzing the behavior of fluids in microchannels, which can be difficult to
observe experimentally due to the small length scales involved.

Mathematical Simulation
Governing Correlations

The VOF method [28-30] is utilized to calculate multiphase flows that involve liquid-liquid
(LL) interfaces. This method is particularly effective in tracking the boundary between two
non-mixing phases. In this model, parameters like pressure and velocity are shared between the
two phases and represent the average volume fractions of each phase. The conservation
equations of two incompressible, non-miscible liquids for momentum and mass are volume-
averaged and can be found in [31-34]:
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In these correlations f5 is the exterior body forces, u is the dynamic viscosity, p is the density
of the fluid, pgiis the gravity force, and u is the speed vector.

The viscosity and density of the mixture are estimated via volume fraction averaging as
below:

U= ayly + azuy, (3)
p = ap; + azp, (4)

where «a is the volume percentage and digits belong to the phase. It is evident that the sum
of the volume percentage of the specific phase is supposed to be one hundred percent, as follows

a; = 1 (5)

n
i=1

Accurately tracking the interface within cells is crucial in multiphase flows, where the
volume fraction at the interface can range from 0 to 1.

To achieve this, a continuity equation must be solved for the volume fraction of one or more
phases, with unity being the maximum possible value. For the volume fraction of the i-th phase,
the continuity equation can be expressed as follows:

0 ,
a(aipi) + V. (aipv) =0 (6)

Because of the difference in surface tension between the two sides, a pressure jump occurs
at the interface. This difference is taken into account in the balance equation, where the slope
of the surface tension term should match the added body force in the momentum balance. The
pressure jump is estimated according to the method described in:
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To analyze the wetting behavior of the substance, the contact angles of water droplets on the
glass surface are examined.

Mathematical Method

Geometry and Grid

For the flow map analysis, a microchannel geometry with two-dimensional was selected.
The microfluidic chip has dimensions of 500 ym x 110 um X 6 cm. To construct the
computational domain, standard components with side lengths of 1, 2, 3, and 5 pum were
utilized, resulting in mesh numbers of 256000, 5436000, 1065000, and 1838000. After
analyzing the volume percentage correlations and the flow field, the simulation results were
compared to experimental data (Abdollahi et al. [10] ), and the slug length was plotted and
presented in Table 1. The estimation errors for the slug length were found to be less than 1%
for the 1 and 2 pum elements. Based on this result, grids with an average length of 2 um were
selected. The geometry and mesh used in the simulation are shown in Fig. 1.

Table 1. Impact of mesh dimension on the slug length.
First Component Size (um) 5 3 2 1

Slug Length 2.97 2.65 2.34 2.32

Fig. 1. Geometry and grid of microchannel

Mathematical Simulation

In the two-phase flow simulations, for both liquid phases, uniform inlet velocity boundary
conditions are applied. This means that the velocity at the inlet is the same for both liquids, and
they enter the microfluidic device with the same flow rate. At the outlet, the Pressure Outlet
boundary condition is applied for both phases, which assumes that the pressure at the outlet is
equal to the atmospheric pressure. At the walls for the liquid phases, the no-slip boundary
condition is determined which means that the velocity of the fluid at the wall is zero. The finite
volume method is utilized to discretize the governing equations and obtain numerical solutions.



For pressure-velocity coupling, the SIMPLE algorithm is selected, which is a widely used and
robust algorithm for solving the Navier-Stokes equations. The second-order upwind
discretization scheme is used for momentum, which provides a higher accuracy for the solution.
The residuals are fixed to 10 for the convergence criterion, which indicates the accuracy of
the solution. To obtain numerical solutions, the ANSYS FLUENT software package is utilized
to perform the finite volume method. Overall, the simulation methodology aims to accurately
model the two-phase flow in the microfluidic device and provide reliable results for further
analysis and interpretation.

Results and Discussions

In this study, the flow maps for different liquid-liquid schemes are generated to demonstrate
how the flow rate affects the flow map. The different flow regimes, including plug flow, droplet
flow, and slug flow, observed in a Y-shaped microfluidic system, which has been validated
through experimental results reported by Abdollahi et al. [10] are depicted in Fig. 2. The results
obtained in this study are compared to the experimental data, and a good agreement is observed
between the two. Overall, the flow maps provide insights into the different flow regimes that
can occur in a microfluidic system and how they are affected by the operating conditions.

When the flow rates of the aqueous phase and the flow rates of the organic phases are
relatively low and comparable, slug flow is observed, as shown in Fig. 2a. The flow rates of the
organic and aqueous phases are 70 and 70 microliters per minute, respectively. As shown, the
organic phase occupies a significant portion of the cross-section of the main channel upon
entering it first, effectively blocking the continuous phase. This results in an elevated drag force
acting on the interface, which causes the organic phase to enter the main channel gradually and
completely over time. The interaction between the pressure gradient, drag force, and surface
tension force plays a crucial role in the behavior of the two-phase flow within the microchannel.
The pressure gradient and drag forces act in opposition to the surface tension force, leading to
the separation of the dispersed phase from the Y-shaped entrance. This dominant influence of
the pressure gradient and drag force results in the detachment of the dispersed phase from the
Y-junction, leading to the formation of a distinct clump.

Once the aqueous phase returns to its designated inlet, the clump undergoes complete
separation from the continuous phase. This separation is facilitated by the prevailing fluid
dynamics and the interplay of forces within the microchannel. As a result, the clump travels
independently along the main channel.

The cyclic nature of this process allows for the continuous modification of clump sizes
generated by the two-phase flow. By adjusting the physical properties of the fluids employed,
such as viscosity and flow rates, it becomes possible to manipulate the resulting clump sizes.
This flexibility in clump size modification offers opportunities for tailoring various
applications, including microfluidic devices, chemical reactions, and biological assays.
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Fig. 2. a)The slug flow regime, b) The droplet flow regime c) The plug flow regime (Simulation) d) The plug
flow regime (experimental work) [10]

With an increase in the overall flow rate within the microfluidic device, the initial slug flow
undergoes a transformation that leads to either droplet flow or plug flow, depending on the
specific flow rates and physical properties of the fluids involved. This transition occurs when
the flow rate of the aqueous phase decreases while the flow rate of the organic phase increases.
As a consequence of this change, the flow pattern shifts from slug flow to droplet flow. This is
illustrated in Fig. 2b, where the aqueous flow rate is 90 microliters per minute, and the organic
flow rate is 30 microliters per minute. In droplet flow, the organic phase forms discrete droplets



that are separated by the aqueous phase. Conversely, when the flow rate of the aqueous phase
remains constant while the flow rate of the organic phase increases, the resulting flow pattern
will consistently be plug flow. This is shown in Figs. 2c & 2d, where both the aqueous and
organic flow rates are 10 microliters per minute. In plug flow, the organic phase occupies the
entire cross-section of the microfluidic channel, and the aqueous phase flows through the
organic phase as a continuous plug. Therefore, the overall flow rate and the relative flow rates
of the aqueous and organic phases play a crucial role in determining the flow regime observed
in the microfluidic device. Having a comprehension of how variations in flow rates can impact
the flow regime holds significance in the design and optimization of microfluidic systems
tailored for specific applications.

Establishing a quantitative criterion for evaluating flow patterns depicted in maps generated
using different dimensionless numbers is crucial for meaningful comparisons. By setting such
a criterion, researchers can objectively analyze and assess flow patterns based on consistent
parameters, enabling a more reliable understanding of how various factors, such as Reynolds
number, affect the flow behavior in two-phase systems. This approach ensures that comparisons
are not only visually insightful but also scientifically rigorous, enhancing the validity of the
study's findings and conclusions. Fig. 3 shows the flow maps for a liquid-liquid system, which
depict how the flow regime is affected by changes in flow rate. At moderate flow rates, the flow
regime observed is slug flow, where the organic phase forms elongated slugs separated by the
aqueous phase. However, as the overall flow rate is increased, the flow regime transitions to
either plug flow or droplet flow. The transition from slug flow to either droplet flow or plug
flow is contingent upon the flow rate and physical properties of the organic phase. Specifically,
when the flow rate of the aqueous phase remains constant and the flow rate of the organic phase
is increased, the flow regime undergoes a transition. This transition is characterized by a shift
from slug flow to either droplet flow or plug flow, depending on the specific type and flow rate
of the organic phase. In droplet flow, the organic phase forms discrete droplets separated by the
aqueous phase, while in plug flow, the organic phase occupies the entire cross-section of the
microfluidic channel, and the aqueous phase flows through the organic phase as a continuous
plug.

In contrast, when the flow rate of the organic phase is increased while maintaining a constant
flow rate of the aqueous phase, the resulting flow regime consistently exhibits plug flow
characteristics. This behavior is depicted in Fig. 3. The flow maps provide a visual
representation of how changes in flow rate and fluid properties can impact the flow regime in
a liquid-liquid system. This understanding can be useful in designing and optimizing
microfluidic systems for specific applications that require a particular flow regime. Overall,
flow maps provide a valuable tool for predicting and controlling the flow regime in microfluidic
devices, which can enable precise manipulation and control of fluids in various applications,
such as chemical synthesis, biology, and microreactors.

Fig. 4 presents flow pattern maps of the two-phase systems, utilizing the Reynolds number
as the coordinate system. These flow pattern maps have been generated through computational
work. To enable a meaningful comparison between generalized flow maps generated using
different dimensionless numbers, it is essential to establish a quantitative criterion. This
criterion would serve as a basis for evaluating and assessing the flow patterns depicted in the
maps, allowing for a consistent and objective analysis.

In Fig. 5, the flow patterns are shown based on the Capillary number (Ca) of the aqueous
and organic phases as coordinates. The figure demonstrates that as the Ca increases for the
organic phase, the flow transitions towards parallel flow. Moreover, when the Ca is high for the
aqueous phase and low for the organic phase, the flow displays characteristics of droplet flow.
Conversely, slug flow is observed when both phases have equal or low Ca values.
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Fig. 5. Flow pattern maps of the two-phase systems with Ca as the coordinates

Nomenclatures

=
G
M

Surface tension
Standard gravity
Mass

[N/m]
[m/s?]
[kl




i W AR
238 b Bazes
m Mass transfer rate [kg/m?3.s]
P Pressure [Pa]
S Mass source term [kg/m?3.s]
T Temperature [K]
T Time [s]
\Y Velocity [m/s]
\Y Volume [mq]
X,Y,Z Cartesian coordinates [m]

Greek symbols

A Volume fraction [-]

B Coefficient

P Density [kg/m?]
K Curvature [-]

o Stress [kg/m.s?]
\Y Gradient [-]

U Viscosity [kg/m.s]

Subscripts and indices

M Mass
L Liquid
Conclusion

This paper introduces a novel model that offers the capability to predict flow patterns in Y -
shaped microchannels. The specific focus of the study is the investigation of liquid-liquid
extraction behavior utilizing water and n-butyl acetate within a Y-shaped microchannel. A two-
dimensional model is used to analyze the flow characteristics within the Y-shaped
microchannel, and the obtained results demonstrate good agreement with experimental data.

Furthermore, flow pattern maps of the two-phase systems are presented, utilizing the
Reynolds number (Re) and Capillary number (Ca) as coordinates. These flow pattern maps are
generated based on computational simulations, allowing for a comprehensive visualization of
the complex flow behavior within the microchannel. The presented model in this article holds
potential for investigating various parameters, including changes in fluid viscosity and
microchannel geometry, thus offering a versatile tool for further exploration and analysis in the
field.
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