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Abstract

Lots of attention has been paid to microfluidic and nanofluidic instruments in recent decades. One
of the interesting instruments in this field that has attracted scientists is T-junctions. This paper
reports an empirical study on the variation of breakup and non-breakup regions for ferrofluid
microdroplets in symmetrical T-junctions under an asymmetrical magnetic field in the center of
the junction. The asymmetrical magnetic field was generated using a permanent magnet on the
right side of the T-junction. During the tests, ferrofluid microdroplets with different lengths and
various velocities were entered into the T-junction and were influenced by an asymmetrical
magnetic field. Results show that the increment in the magnetic flux density causes a higher
possibility of non-breakup for ferrofluid microdroplets. Therefore, the breakup and non-breakup
region in the diagram of non-dimensional length versus Ca number shifts upward. On the other
hand, it was observed that the increment in Ca number is a key factor in breaking the microdroplets
in the T-junction. Finally, a correlation was proposed to predict the breakup and non-breakup
region due to different amounts of magnetic flux density and Ca number.
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1. Introduction

Since lots of attention has been focused on microfluidic instruments in recent years, the use of
these devices has been greatly expanded in academic and industrial fields [1-3]. The concept of
droplet microfluidics involves the controlled production and manipulation of nano- to femtolitre
droplets of a fluid phase in another fluid that is immiscible with the first [4]. The interesting
features of microfluidic instruments, such as controllability, safety, and negligible cost, have
trusted scientists to use them in different fields [5, 6]. They can be used in different applications
such as catalyst reactions, separation procedures, micropumps, biologic analyses, and so on [7-
10]. In recent years, there has been a lot of research that has been done on single-cell omics
applications of microfluidics, such as the study of sperm-surface interactions[11, 12]. A high-
throughput drug screening method using droplet microfluidics is another application being
investigated by researchers. They study how drugs could be properly delivered to relevant organs
using microfluidic concepts[13, 14]. In tissue and protein engineering, this concept could also be
used to analyze their structures better[4, 15]. Its wide range of applications has made microfluidics
an interesting and challenging topic for researchers across a variety of sectors.

Symmetrical T-junctions are one of the most interesting topics in microfluidics [16, 17]. They are
commonly applied to make breaks in microdroplets [18-22]. In this method, a microdroplet moves
toward a T-junction with the continuous flow. This microdroplet is known as the mother
microdroplet. As the mother microdroplet arrives at the T-junction, it can be broken into smaller
droplets dependent on the surface tension and shear forces [18-25]. Leshansky and Pismen [18]
showed numerically that microdroplets within a T-junction could be broken under specific
conditions. They obtained the minimum length of microdroplets for certain breakups inside the T-
junction as a function of the microdroplet velocity inside the microchannel and proposed an
analytical relation that depicted the border curve between breakup and non-breakup regions. Also
this year, Jullien et al. [22] experimentally investigated the phenomenon of microdroplet breakup
in low capillary numbers within symmetrical T-junctions and observed that two certain flow
regimes of “breakup” and “non-breakup” occur in them. In 2019, Jangir and Jana [25] investigated
the process of droplet breakup in a 3-D model, using a conservative Level Set method. They
observed that the new model has good agreement with previous ones, and the results are similar to
other investigations in this field. In all of the mentioned cases [18-25], it is clear that if the T-
junction is completely symmetrical (the width and length of the branches and internal thickness of
each branch, and so on are perfectly similar), and the microdroplet breaks, each branch will receive
exactly half of the volume of the mother microdroplet. In this case, the splitting ratio is 0.5, which
depicts symmetric splitting [26]. Also, if the microdroplet inside the symmetrical T-junction does
not split, the splitting ratio will be 1 [26].

Typical T-junctions can only produce a breakup ratio of 0.5 or 1 [26]. Actually, because of the
existence of symmetry in the T-junction, the breakup ratio can only be 1 or 0.5. Contrarily, it is
occasionally required to put more control over the behavior of the microdroplets in the T-junctions
to achieve other amounts for splitting ratio [19, 20, 26, 27]. For this purpose, it is necessary to
make some changes in the geometry of the T-junction or put an asymmetries in the initial
conditions of the issue. Therefore, to alter the geometrical specifications, the width or the length
of the microchannel branches can be changed. Since these variations, the mother microdroplet gets
asymmetric breakup. In fact, hydrodynamic resistances of the connecting branches are changed
due to the variations in the geometry [19, 20, 24, 26, 27]. Bedram and Moosavi [20] depicted that
if the lengths of the branches are different, a smaller amount of the mother microdroplet goes into



the longer branch after a breakup. Also in 2013, Salkin et al. [24] described that utilizing obstacles
in the microchannel can thrust the microdroplets to an asymmetric breakup. In that year, Samie et
al. [27] illustrated experimentally that if the width of the microchannel branches is different from
each other, then a larger amount of the mother microdroplet tends to enter the branch that is wider.
In 2019, Raveshi et al. [28] studied the asymmetric splitting of droplets in a closed-loop T-junction
with a single-layer valve. They reported that the change in the position of the valve can control the
splitting ratio. In 2020, Agnihotri et al. [29] examined a closed system of droplet production with
two T-junctions and observed different situations of breakup and non-breakup due to different
conditions.

Furthermore, using a magnetic field is another method that has been attained in manipulating the
breakup process [30-34]. Adding magnetic particles to different fluids can produce magnetic
properties, which can be manipulated by a magnetic field [32-36]. This type of fluid is called
ferrofluid. Ferrofluids have been used in different fields, such as droplet formation [37-41], droplet
[42, 43] and marble [44, 45] manipulation, and heat transfer enhancement [46]. One of the methods
that can cause asymmetrical splitting in T-junctions is the presence of an asymmetric magnetic
field in the center of the joint [26, 47-49]. In 2018, Aboutalebi et al. [26] conducted a symmetrical
T-junction with asymmetrical magnetic. They depicted that, in this case, there will be more control
over the breakup phenomenon. The ferrofluid microdroplets can be influenced by the magnetic
force and split into two daughter droplets with different volumes. Also, they described an
analytical equation, which was a function of Ca and Magnetic Bond number, to predict the border
curve of breakup and non-breakup numerically. In another work, Aboutalebi et al. [48] studied the
effect of an asymmetrical magnetic field on the performance of asymmetrical T-junctions
numerically. They reported that the combination of the asymmetrical magnetic field with
variations in the width ratio of T-junction’s branches can help to reach a wide range of splitting
ratios.

Hence, breakup ratio, BR, or splitting ratio can be defined as "the volume of the microdroplet
enters to the branch with less hydrodynamic resistance divided to the total volume of the mother
microdroplet” [26, 48]. BR = 1 means non-breakup, and BR = 0.5 reflects symmetric breakup. In
this case, it is probable to achieve a splitting ratio between 0.5 to 1 [26, 48].

In previous investigations, utilizing magnetic force to study the phenomenon of microdroplet
breakup is conducted [47, 48, 50, 51]. However, the variations of the border curve between the
breakup and non-breakup regions and describing an analytical equation for them to predict it for
different amounts of Ca numbers have not been investigated empirically in T-junctions. The
purpose of this paper is to study the prominent factors on the variation of the border curve of
breakup and non-breakup and achieve an empirical relation to predicting this border for different
values of Ca numbers, non-dimensional length, and magnetic flux density.

2. Materials and methods

2.1. Physics of the problem

To study the phenomenon of ferrofluid microdroplet breakup in T-junctions, it is necessary to
introduce the physics of the issue. The forces exerted on the ferrofluid microdroplets at the T-
junction in the presence of a magnetic field can be explained as three main forces [19, 20, 26, 27].



The first one is “Inertial force”. This force acts on the back of the microdroplet due to the
continuous fluid motion. Olive oil is used as the continuous fluid in this investigation. The other
force which exists is “Surface tension”. This force affects the microdroplet in motion and prevents
it from breaking up. The last force is the “Magnetic force” resulting from the magnetic field. In
addition to the previous forces which affect the moving ferrofluid microdroplets, an external body
force resulting from the magnetic field is also exerted on the microdroplet. The existence of this
magnet at different distances from the origin causes different volumetric forces to be exerted on

the microdroplet. As a result, this force must be related to the magnetic field, M , and the gradient

of magnetic field strength, H. The following equation is proposed to calculate the external
magnetic force on the ferrofluid microdroplets:

f = 4 MVH (1)
where the magnetic field strength has the unit of A/m, and wo is the free space permeability and

equals 4z x107" N/A2 For low temperatures and a limited range of magnetic fields, the
magnetization field (M ) can be written as a function of magnetic field intensity (H ) [17, 75]:

M=yH )

which y, is magnetic permeability.

2.2. Materials

To generate and study the ferrofluid microdroplet behavior in T-junctions, two fluids are required
as continuous and discrete phases. For the experiments, the required ferrofluid synthesized in the
laboratory was water-based ferrofluid. The ferrofluid microdroplets as discrete fluids were
generated from this water-based fluid. Also, olive oil was selected as the continuous phase.

In order to make the ferrofluid which was used in the experiments to produce mother microdroplets
as a discrete phase, the following stages were implemented: First, deoxygenated distilled water
was poured into an Erlenmeyer flask, and in order to extract all the oxygen in the container
throughout the ferrofluid preparation, nitrogen gas was blown into the system. Next, 10.812 g of
ferric chloride (6.H20) with a molar mass of 270.295 g/mol and 3.976 g of ferrous chloride (4.H20)
with a molar mass of 81.198 g/mol were added to the distilled water.

In this stage, the solution in the Erlenmeyer flask was stirred at 1000 rpm on a hotplate stirrer. In
this stage, the temperature is raised to 70 °C and after the complete solution of salts was ensured,
50 ml of ammonium hydroxide was added dropwise to the solution with a burette. The addition of
ammonium hydroxide continued until the pH of the solution reached 10. This process slightly
turned the color of the solution from brown to black, which indicated the formation of magnetite
particles. In this state, the temperature was increased to 80 °C, held for an hour, and then magnetite
nanoparticles were washed. For washing and separation of excess ammoniac and other impurities,
deoxygenated distilled water was used. Additionally, the strong magnetic field of a magnet was
used to separate the liquid from the nanoparticles. This magnetic field absorbed the nanoparticles.
After the separation of nanoparticles, distilled water was added to them and the resulting solution
was stirred to remove the residual ammonia, and separation was again performed by the strong



magnet. This procedure was repeated 3 to 5 times until the pH reached 7. Surfactant, as a chemical
compound that reduces surface tension and interfacial tension, was added to the resulting moist
powder, mixed with the stirrer, and eventually, 100 ml distilled water was added, and the solution
was put inside a sonicator device for 10 minutes. This method was used to produce water-based
ferrofluid as a dispersed phase for the experiments. The ferrofluid as the discrete phase has
pd=1050 kg/m?® and ug=2.11 mPa.s. The resulting fluid was stimulated in response to the magnetic
field, and the intensity of stimulation was directly proportional to the intensity of the magnetic
field. The magnetization curve for the ferrofluid that is used in the present study is provided in
Fig.1. It shows that the effect of the magnetic field on the magnetization of the ferrofluid is quite
sensitive as long as it is below the saturation point, even if a considerably small magnetic field is
applied.

Olive oil was selected as a continuous phase with the density and viscosity of pc=912 kg/m3 and
1c=99.5 mPa.s, respectively. Also, the surface tension between oil and ferrofluid was measured to
be ¢=2.8 mN/m. Calculation of this value was based on separate experiments using tensiometer.
This value is supposed to be constant during the experiments. The properties of fluids used in the
paper are listed in Table 1. The properties of continuous and discrete phases are assumed to be
constant during all the experiments.

Metallic nanoparticles with magnetic properties (iron, nickel, cobalt, and so on.) are suspended in
a liquid consisting of a nanofluid with a particle size of 10-100 nm. Initially, nanoparticles are
homogeneously dispersed in liquids because of their small size. As particles join to each other over
time, their colloidal properties are lost, the particles settle in the solution, and the magnetic
properties of the solution are lost as well. One side of these surfactant particles connects to the
colloid, and the other side connects to the solution. Hence, the heads that have the same name
cause repulsion between colloids and prevent particles from joining together, thereby maintaining
the magnetic properties of solutions. Following the above-mentioned method, nanoparticles with
an average diameter of 50 nm were produced in this study.

2.3. Experimental setup

The goal of this study was to investigate the effect of a permanent magnet and its magnetic flux
density on the ferrofluid mother microdroplet breakup in a T-junction. The schematic of the
utilized T junction in the experiments can be seen in Fig. 2.

To fabricate a suitable microchannel for running the experiments, these steps have been taken:
first, the mold of the microchannel was produced using the 3-D print method. The
PolyDiMethylSiloxane (PDMS) elastomer and curing agent were mixed with a ratio of 10 to 1 and
placed in a vacuum chamber until the mixture was completely degassed. A PDMS layer was
covered on the mold and was baked for 20 minutes in the oven. The temperature of the oven was
170 °C. Then, the produced layer was cut off from the mold and bonded on a glass slide. The
thickness of the coated PDMS layer and glass slide were 4 and 1 mm, respectively. Also, the width
and the depth of the microchannel branches were 400 and 200 um, respectively. The accuracy of
microchannel manufacturing is less than 1 %. Then, the width and depth of the microchannel used
in this research were assumed constant in any section of the microchannel.



Fig. 3 shows the experimental setup used in this study. Olive oil as the continuous phase and the
ferrofluid as the discrete phase enter the main and side channels via indicated tubing connectors.
(point A and point B in Fig 2., respectively). Two syringe pumps (Fnm, SP1000HPM) were used
to transfer both fluids into the microchannel. The accuracy of each syringe pump was 0.001 mi/h.

As the ferrofluid approaches the oil inside the main microchannel (point F in Fig. 2), ferrofluid
microdroplets are formed and move towards the center of the T-junction (point C in Fig. 2). To
record the movement of microdroplets inside the T-junction, a high frame rate camera (Nikon 1
J4) with 1200 fps was used, and a small LED lamp was placed below the microchannel to improve
the quality of images. Finally, a magnet was placed at a distance of d from the T-junction (as seen
in Fig. 3), and the behavior of microdroplets at the T-junction was recorded by the camera.

The data on the camera were examined with a customized image processing software, DMV [52].
This software is a powerful tool for determining the length and velocity of microdroplets and the
volume of mother and daughter microdroplets. The length of the mother microdroplet (L) was
measured with this software and was non-dimensionalized using the width of the microchannel
(W) as L/W. Capillary number, which is the ratio of continuous fluid's inertial force to the surface
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o)
phase. The Ca is determined in the main channel, which connects to the T-junction. In fact, this
parameter is for microdroplets after their formation (point F) in the main channel till they arrive at
the center of the T-junction (Point C). Also, uc denotes the dynamic viscosity of the continuous
phase (olive oil), and o is the surface tension.

tension force, is defined as Ca = in which u indicates the mean velocity of the continuous

As can be seen in Fig. 2, a permanent magnet (Neodymium magnet with the size of 20 mm x 10
mm x 5 mm) was placed at a distance of d from the center of the T-junction on the right branch to
produce a magnetic field. The magnitude of the magnetic flux density at the center of the T-
junction could be changed just by altering the distance d. To determine the variation of the
magnetic flux density of the permanent magnet with the distance from the center of the magnet, a
gauss meter with an accuracy of 0.01 mT (Lutron MG-3003SD) was used. According to Fig. 4, to
determine the magnetic flux density, the probe of the gauss meter was placed at different distances
from the middle part of the left side of the magnet. Fig. 4 shows the variation of magnetic flux
density with distance from the edge of the magnet.

Also, by analysis of camera records, the volume of daughter microdroplets that go to the right side
and left side was calculated, and then the breakup ratio was determined. The breakup ratio is
defined as the ratio of the volume of the daughter microdroplet which moves into the right branch
(which has less resistance due to the existence of the permanent magnet) to the total volume of the
ferrofluid mother microdroplet. As was discussed before, there are generally two possibilities for
the ferrofluid mother microdroplet when it reaches the T-junction in the absence of a magnetic
field. It might exit through one of the branches without splitting, or it can be divided into two
daughter microdroplets with equal volumes, each exiting through a separate branch. In the latter,
since the volumes of the two daughter droplets are identical, the splitting ratio becomes 0.5 due to
equation (1). According to this definition, a breakup ratio of 0.5 indicates a symmetrical breakup
of the microdroplet, and a breakup ratio of 1 means the mother microdroplet has not broken up.



However, if a magnet is placed on the right branch of the T-junction, as seen in Fig. 5, a larger
volume of the microdroplet enters the right branch due to the interaction of the magnet and the
iron particles in the ferrofluid. Therefore, there are two possible scenarios. The first scenario can
be seen in Fig. 5(a), which is that by passing the ferrofluid microdroplet from the T-junction, the
whole volume exits from the right branch, which the magnet is placed, and has less resistance in
comparison with the left branch. In this case, the breakup ratio becomes 1. The second scenario,
as can be observed in Fig. 5(b), is that the ferrofluid microdroplet is divided into two daughter
microdroplets, but this time not necessarily with a breakup ratio of 0.5. Because in this case, the
existence of a magnet on the right branch leads to larger breakup ratios than 0.5 due to its influence
on magnetic particles in ferrofluid microdroplets. In Fig. 5, two ferrofluid mother microdroplets
in T-junction with different regimes of breakup and non-breakup in the presence of a permanent

magnet are observed. For both cases, uc=3.02 mm/s (Ca=0.107), ‘E?‘:l?OmT . and the time
consequence is 250 ms.

2.4. Methods

The experiments were conducted, and the results were recorded as follows: According to Fig. 3,
the syringe that was connected to the main channel (syringe A) was filled with olive oil, and the
one connected to the right side of the main channel (syringe B) was filled with ferrofluid. Next,
the flow rate of syringe A was varied from 0.3 to 15 ml/hr. Then, for each flow rate that was fixed
in syringe A, the flow rate in syringe B was varied from 5 to 200% of the flow rate in syringe A.
In this way, ferrofluid mother microdroplets were generated in point F in Fig. 2. The size of
ferrofluid microdroplets was a function of Qd/Qc, where Qa4 and Qc denote the flow rate of the
continuous phase and disperse phase, respectively. Also, the velocity of ferrofluid microdroplets
had a unique relationship with the flow rate of syringe A. Hence, these ferrofluid microdroplets
were moved forward to the center of the T-junction (point C in Fig. 2.) with a specific velocity and
dimensionless length.

3. Validation

To evaluate the correctness of the results obtained from experiments, they should have been
verified. The results of microdroplet breakup in our study are validated with the results of
Leshansky and Pismen [18].
It is necessary to introduce the concept of two parameters of L and L, to validate the results. L is
the initial length of the mother microdroplet at the start of the process, while the critical length L,
depicts the maximum length of the mother droplet prior to its breakup in the T-junction [18].
Leshansky and Pismen described an analytical equation that can obtain a border between non-
breakup and breakup regions. The recommended equation is a function of Ca number and can be
defined as [12]:

Ly 3caon 3)
W
where W is the width of the microchannel. To verify the accuracy of the obtained results, the
breakup or non-breakup status of different microdroplets in various Ca numbers in the T-junction
without a magnetic field was plotted. These statuses were compared with the analytical equation
of Leshansky and Pismen, as can be seen in Fig. 6.



Based on Fig. 6, it is observed that the present results precisely predict the borderline between
splitting and non-splitting regions in the T-junction and are in agreement with the results of
Leshansky and Pismen.

4. Results

The results of the experiments can be seen in Fig. 7 and 8, respectively. Fig. 7 shows the variations
of the breakup ratio concerning the non-dimensional length of the ferrofluid mother microdroplet

for four different Ca numbers of 0.035, 0.107, 0.366, and 0.633 in the existence of |B| =170mT .

The behavior of the diagram for each Ca number is the same. This diagram depicts that as the non-
dimensional length of the ferrofluid microdroplet increases in a specific Ca number, the breakup
ratio gets closer to 0.5, which means a symmetrical breakup. Also, it is shown that for small
ferrofluid microdroplets, the breakup ratio is closer to 1 rather than 0.5. More than this, for some
non-dimensional lengths of ferrofluid microdroplets, the breakup ratio means that the ferrofluid
microdroplet entirely passes through the right branch without breaking. For example, in

‘é‘ =170mT and Ca=0.107, for the ferrofluid mother microdroplets whose non-dimensional
lengths are smaller than 1.25, the breakup ratio becomes 1. This amount is a critical value for non-
dimensional length in the mentioned Ca and ‘é‘ In fact, if the ferrofluid microdroplet, which has

a non-dimensional length of less than 1.25, enters the T-junction, it passes through the right branch
without breaking due to the smaller resistance of the right branch. In this case, the intensity of the
existing magnetic field is strong enough that it can affect the entire volume of the ferrofluid
microdroplet and push it into the right branch. As the non-dimensional length increases from 1.25,
the breakup ratio reduces asymptotically to reach about 0.5. Generally, at a constant velocity, as
the length of the ferrofluid microdroplets increases, the strength of the fixed magnetic field
decreases to influence the whole volume of the ferrofluid mother microdroplet and conduct it to
the right branch. The reason for this phenomenon is that as the microdroplet becomes longer, the
magnetic field is less likely to pull the entire volume of the mother microdroplet towards itself and
only pull a portion of it. Hence, the influence of the magnetic field on the ferrofluid microdroplet
breakup decreases. In contrast, when the microdroplet is small, the field is strong enough to pull
the entire mother microdroplet, and hence, the breakup ratio becomes 1.

The other worthy point in Fig. 7 is that in a lower Ca number, the breakup ratio at a certain non-
dimensional length increases. For instance, it is shown that in the non-dimensional length of 5.5,
the breakup ratio is 0.509, 0.53, 0.552, and 0.582 for Ca numbers of 0.035, 0.107, 0.366, and 0.633,
respectively. When the ferrofluid microdroplet enters the T-junction with a high Ca, due to the
high inertia, the ferrofluid microdroplet is more likely to break up symmetrically. Therefore, the
increase in the Ca, increases the tendency of the ferrofluid microdroplet to break up symmetrically
and reduces the breakup ratio. This is while the increase of the magnetic field increases the
tendency of microdroplets to break up asymmetrically and soars the breakup ratio. In fact, an
increment in the magnetic flux density and the increase in Ca number are two parameters that have
opposite effects on the phenomenon of ferrofluid microdroplet breakup.



Fig. 8 shows the variations of breakup ratio with respect to the non-dimensional length of the
microdroplet at Ca=0.107 and 0.366 for three different magnetic flux densities of 0 (without
magnetic field), 100 (medium-intensity magnetic field), and 170 mT (high-intensity magnetic
field). It should be noted that the upper range of the magnetic field is selected based on the
reproducibility and reliability of the experimental results. In addition, the range selected falls
within a common one in related studies. The trends of all three curves are descending. This figure

shows that when no magnetic field is applied (‘ﬁ‘ =0), depending on the size of the ferrofluid

mother microdroplets, the microdroplets either exit without breaking up (breakup ratio of 1) or
break up symmetrically and exit through separate branches (breakup ratio of 0.5). For instance, in

Fig. 8 (a), when ‘é‘ =0 for the non-dimensional length of 1.1, the breakup ratio is equal to 1. It is

clear that in this case, any microdroplet with a non-dimensional length of less than 1.1, enters the
center of the T-junction will not break, and the breakup ratio for it will be equal to 1. However,
with a slight increase in the microdroplet length from 1.1, the breakup ratio will be 0.5, which
means symmetrical splitting. If there is no magnetic field in the system and the T-junction is
perfectly symmetrical, the breakup ratio can only be 1 or 0.5, which indicates non-breakup and a
perfectly symmetrical breakup of the microdroplet, respectively. Moreover, it can be seen that the
situation varies dramatically due to the existence of magnetic flux density in the system. In Fig. 8
(@), it is obvious that in the presence of the magnetic flux density, the breakup ratio varies in the
range of 0.5 to 1. In this case, ferrofluid mother microdroplets with higher non-dimensional lengths
are more likely to have a symmetrical breakup and a breakup ratio closer to 0.5. For example, at

Ca=0.107 and ‘é‘ =100mT , for a specific mother microdroplet with a non-dimensional length of
1.34 (L/W = 1.34), the breakup ratio is 0.669. By increasing the amount of L/W to 1.91 and 2.68,
the breakup ratio decreases to 0.596 and 0.565, respectively.

The other interesting point about this figure is the effect of magnetic flux density on the breakup
ratio. According to Fig. 8 (a), by increasing the magnetic flux density at the T-junction, the
likeliness of the asymmetrical breakup of the microdroplet increases, and higher values of the
breakup ratio are achievable. Hence, tuning the breakup ratio and obtaining different microdroplet
sizes is possible by changing the magnetic flux density. Finally, these results show that it is
possible to fine-tune the breakup ratio and obtain the exact sizes of the daughter microdroplets by
changing the magnetic field intensity. In Fig. 8 (a), for instance, for a specific mother microdroplet

with a non-dimensional length of 1.34 (L/W = 1.34), the breakup ratio is 0.5 due to ‘ﬁ‘ =0 . By
increasing the value of ‘E‘ to 100 and 170 mT, the breakup ratio increases to 0.669 and 0.74,

respectively. It means that, by altering the value of B from 0 to 170 mT, the breakup ratio was
enhanced by 48%.

Fig. 9 shows the border curve between breakup and non-breakup regions for different values of
Ca number and dimensionless length in 3 magnetic flux densities of ‘EE‘ =0, 100, and 170 mT (The

distance of center of T-junction from the permanent magnet are set to 1.2 mm and 3.3 mm for ‘é‘

= 100 and 170 mT, respectively.). To plot these graphs, different ferrofluid microdroplets with
different velocities entered the T-junction, and breakup or non-breakup of them have been
recorded. As mentioned, there are two possibilities of breakup and non-breakup for ferrofluid



microdroplets inserted into the T-junction. It can be seen that in each of these diagrams, the border
curve between the splitting and non-splitting zones has a decreasing trend, and with increasing Ca
number, the minimum critical length of the ferrofluid microdroplets to break up in the junction,
decreases. Also, an increment in the non-dimensional length of microdroplets raises the possibility
of breakup in the junction. In fact, increasing the Ca and non-dimensional length are key factors
that help the ferrofluid microdroplets to break at the micro-junction in any amounts of magnetic
flux densities.

For a better comparison of breakup and non-breakup border curves, these boundaries are shown in
Fig. 10. In this graph, it is clear that as the magnetic flux density applied to the center of the T-

junction increases, the border curve shifts upward. In other words, by increasing the amount of ‘Eﬂ

, the non-breakup area expands and progresses to the breakup zone. The magnetic force based on
Eq. 1 is proportional to BVB. This quantity is calculated based on thevariation of magnetic flux
density in Fig. 4, and the results show that similar to magnetic flux density BVB , decreases as the
distance from the magnet increases. Increasing the magnetic force reduces the chance of the
ferrofluid microdroplet breaking at the junction. Physically, it can be said that the stronger the
magnet in the right branch, the more the total volume of the mother microdroplets will tend to
enter the right branch due to less hydrodynamic resistance. Obviously, if the total volume of the
microdroplet is not absorbed by the magnet, a percentage of it enters the right branch. Also, if the
microdroplet breaks in the junction in the absence of a magnetic field, only half of the mother
microdroplet’s volume enters the right branch.

As discussed before, Leshansky and Pismen developed an analytical relation to show the border
curve between the breakup and non-breakup regions in symmetrical T-junctions. In the current
study, a correlation is established to depict the border curve between zones in the presence of the

magnetic flux density. It should be noted that all the terms in the proposed correlation must be
2

B
)
Oty
[53-55]. Utilizing the results for different magnetic flux densities and performing curve fitting, the
following relation can be obtained as:

non-dimensionalized. Hence, it is necessary to put B in a non-dimensional term such as (

2
L =1.3Ca** + 0.0003(\/\/—B )7 Ca 0 (4)
W Oty

It can be seen that for ‘I§‘ =0 mT, Leshansky and Pismen’s equation is obtained. In our experiments,

the amount of W, O, and £/, were constant parameters. By putting the amounts of these
parameters in the equation, it can be simplified to:

viv =1.3Ca % +37.8B**Ca % (5)

5. Conclusion
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In this study, the effect of an asymmetrical magnetic field on the ferrofluid microdroplet breakup
phenomenon at a T-junction was investigated. The following results were obtained from the
experiments:

e Applying an asymmetrical magnetic field in symmetrical T-junctions can change the
amount of breakup ratio as well as the border curve between the breakup and non-breakup
region.

e As the Ca number of a ferrofluid mother microdroplet inside the main microchannel
decreases (the microdroplet velocity decreases), the breakup ratio increases and approaches
1 under a constant asymmetric magnetic field. In fact, decreasing the Ca number decreases
the tendency of the microdroplet to break up symmetrically.

e Mother microdroplets with larger lengths tend to break up more symmetrically, and the
breakup ratio approaches 0.5.

e As the magnetic field intensity in the center of the T-junction increases, microdroplets
break up more asymmetrically, and the breakup ratio tends toward 1. By increasing the
magnetic field intensity at the T-junction, the likeliness of the asymmetrical breakup of the
mother microdroplet increases, and higher values of the breakup ratio are achievable.

e Utilizing an asymmetrical magnetic field in the center of the T-junction causes a shift
upward for the border curve between the breakup and non-breakup regions in the diagram
of non-dimensional length versus Ca.

e Acorrelation has been obtained to predict the variations of the border curve of breakup and
non-breakup regions due to changes in magnetic flux density.

This study focused on the effect of a permanent magnetic field on the process of ferrofluid
microdroplet breakup. It would be interesting to study the effect of ferrofluid concentration, and
geometry parameters, such as T-junction with asymmetric length or width, on the ferrofluid droplet
splitting in future studies.

6. Appendix

In this section, the uncertainty analysis has been discussed. To obtain the result, the breakup ratio
is calculated based on the following equation:

ar_ A (6)

Aot
Where, Ar and Awt are the cross-section area of the mother and right daughter microdroplets,
respectively. So, the breakup ratio is a function of Ar and Att (BR = f (Ar, Att)). By taking logarithm
from both sides and taking a derivative, it can be obtained as follows:

IN(BR)=1InA —In A, (7)
|d(BR)|= dA\‘+ dA, | (8)
BR | [A | |A,]

By assuming the microdroplet is a rectangle with a width equal to channel width (W) and length
of L, the relative error can be calculated:
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9)

[,

d(BR)| |wadL,
BR | |WL | |WL,

Where Lr and Lt are the right and mother droplet lengths, respectively. The error for obtaining Lr

and Lt by an image processing software is 1 pixel, and for Ca=0.03, ‘é‘ =170mT , and L/W =2.64

with Lr = 100 pixels and Lt = 170 pixels , the relative error is 1.6%.
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Nomenclature:

g =0z

Area (um?)
Magnetic flux density (mT)

Magnitude of Magnetic flux density (mT)

Breakup ratio

Capillary number

Distance between magnet and center of T-
junction (um)

Magnetic force applied on the ferrofluid
droplet (N)

Magnetic field strength (A/m)

The initial length of the ferrofluid droplet
(um)

Maximum length of the ferrofluid droplet
during passing the center of T junction
(um)

Magnetization (A/m)

Volumetric flow rate (ml/hr)

Velocity (m/s)

Width of the microchannel (400 um)

Greek symbols

V] Dynamic viscosity (mPa.s)
Mo Magnetic permeability coefficient in vacuum (N/A?)
p density (kg/m®)
Surface tension between two fluids (mN/m)
z Magnetic susceptibility
Subscripts
c Continuous-phase
d Discrete-phase
r Right side
tot Total
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Figure Captions
Fig. 1. Magnetization curves of the ferrofluid that is used in the present study.

Fig. 2. The schematic and dimensions of the microchannel. The width and depth of all the branches
are 400 and 200 pm, respectively.

Fig. 3. The schematic of the experimental setup

Fig. 4. The variation of the magnetic flux density of the permanent magnet with the distance from
the center of the magnet.

Fig. 5. Two ferrofluid microdroplets in T-junction with different regimes of non-breakup and
breakup in the presence of a permanent magnet (left) L/W = 1.05 and BR = 1, (right) L/W = 2.1
and BR =0.622.

Fig. 6. Comparison of results of the current investigation (squares and spot) and the analytical
relation of Leshansky and Pismen, which determines the breakup and non-breakup region fora T-
junction.

Fig. 7. Breakup ratio variations with respect to non-dimensional length for the ferrofluid mother
microdroplet in ‘é‘ =170 mT at four different Ca numbers.

Fig. 8. Breakup ratio variations with respect to non-dimensional length for the ferrofluid mother
microdroplet at three different values for ‘EE‘ and (top) Ca =0.107 and (down) Ca =0.366.

Fig. 9. The border curve between breakup and non-breakup regions for three different magnetic
flux densities of (top) ‘Iﬂ =0 mT, (middle) ‘E‘ =100 mT, and (bottom) ‘EE‘ =170 mT. The distance

of center of T-junction from the permanent magnet are set to 1.2 and 3.3 mm for ‘é‘ =100 and 170
mT, respectively. The magnetic force is proportional to BVB which is equal to 9420 and 1660
(mT)?/m.

Fig. 10. The variations of the border curve due to the existence of magnetic flux density in the
diagram of Ca with respect to non-dimensional length. The distance of center of T-junction from
the permanent magnet are set to 1.2 and 3.3 mm for \é\:loo and 170 mT, respectively. The

magnetic force is proportional to BVB which is equal to 9420 and 1660 (mT)2/m.
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Table Captions
Table 1. The properties of fluids.
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Table 1.

Materials Density (kg/m®) Dynamic Viscosity (mPa.s)
Olive il 912 99.5
Ferrofluid 1050 211

29




Biographies

Mohammad Aboutalebi received his PhD in Mechanical Engineering from Sharif University of
Technology, Tehran, Iran, where he also earned his BSc in 2006 and MSc in 2009. Dr. Aboutalebi's research
focuses on experimental tests, heat transfer, and micro and nano fluids, with a particular interest in
microdroplets. His work contributes to the understanding and application of advanced fluid mechanics and
heat transfer principles.

Omid Adibi is an Assistant Professor in the Energy Management Group at Niroo Research Institute,
Tehran, Iran. He received his MEng in 2012 and PhD in 2018 from Sharif University of Technology. Dr.
Adibi specializes in thermal management and computational fluid dynamics, with research interests in
building energy modeling, phase change materials, and optimization of engineering equipment. His work
focuses on innovative approaches to energy management and reducing energy consumption.

Mohamad Ali Bijarchi is an Assistant Professor in the Department of Mechanical Engineering at Sharif
University of Technology, Tehran, Iran. He received his BSc and MSc degrees in Mechanical Engineering
from the University of Tehran in 2012 and 2014, respectively, and completed his PhD at Sharif University
of Technology in 2020. His research interests span diverse areas, including Al applications in fluid
mechanics and heat transfer, renewable energies, battery thermal management, ferrohydrodynamics, and
microfluidics, with a focus on innovative approaches to energy and thermal challenges.

Mohammad Behshad Shafii is a Professor in Mechanical Engineering at Sharif University of Technology,
Tehran, Iran. He earned his BEng from Sharif University of Technology in 1996 and his PhD from
Michigan State University in 2005. Dr. Shafii's research focuses on thermal management and fluid
dynamics, including heat pipes, fluid diagnostic techniques, and solar energy applications. His work
combines theoretical and experimental approaches to advance heat transfer and fluid mechanics.

Siamak Kazemzadeh Hannani is a Professor of Mechanical Engineering at Sharif University of
Technology, Tehran, Iran, and a member of the Center of Excellence in Energy Conversion. He received
his PhD in Mechanical Engineering from the University of Lille, France, in 1996. Dr. Hannani's research
interests focus on finite element methods, heat transfer, and turbulence modeling, contributing to
advancements in computational methods for engineering applications.

30



