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Abstract. Research on the microdroplet splitting phenomenon has intensified in recent years. Microdroplet splitting has
numerous applications in chemical synthesis, biology, and separation processes. The current paper covers the numerical study of
ferrofluid microdroplet splitting at various lengths and velocities inside the T-junction with branches of unequal widths under
asymmetric magnetic fields. Microdroplet splitting can be controlled by using an asymmetric magnetic field and the asymmetry
in the width of T-junctions branches. Three geometrical models of the T-junction with different widths ratio (0.7, 0.85, and 1),
along with a magnetic field with various intensities are studied. This magnetic field is generated by a line dipole. In this study, the
distance between the dipole and origin is kept constant. The splitting ratio of ferrofluid microdroplets at different velocities
(different capillary numbers), different non-dimensional lengths and different magnetic force (different magnetic Bond numbers)
at the center of T-junction are calculated for each amount of branch width. The results are verified with previous works and their
correctness is proved. The splitting ratio is defined as the volumetric ratio of the larger daughter droplet to the mother droplet.
The results indicate that generally, the stronger the asymmetric magnetic force is, the more asymmetric the splitting will become,
with the splitting ratio becoming closer to 1. Also, as asymmetry increases between the widths of the two branches of the T-
junction, the splitting ratio approaches 1.

Keywords: Ferrofluid droplets, breakup phenomenon, magnetic field, splitting ratio.

1. Introduction

Microfluidic devices have attracted lots of attention and in recent years, have experienced stunning growth in various varying
fields such as the academic and industrial fields [1-9]. Characteristics of microfluidic tools such as controllability, safety, low cost
and high productivity encouraged scientists to use them in different industrial equipment [3, 5-8]. The combination of
microfluidic flows and magnetic particles can be used in enhancement of heat transfer, separation processes, drug therapies,
catalytic reactions, etc. [10-14]

One of the most popular fields of microfluidic studies is the investigation of the breakup phenomenon of microdroplets at
micro-junctions [15-20]. In a numerical study in 2009, Leshansky, A. and L. Pismen showed that microdroplets within symmetrical
T-junctions could be broken under certain conditions and calculated the minimum length of a microdroplet as a function of the
velocity of the microdroplet to breakup in the microchannel [15]. In 2009, Jullien et al. experimentally studied the phenomenon of
microdroplets splitting at low-Capillary numbers in symmetrical junctions and observed two different flow regimes of splitting
and non-splitting [16]. Bedram and Moosavi also studied the “breakup time” of microdroplets in 2011 while investigating the
splitting of microdroplets in symmetrical T-junctions [20]. Symmetrical T-junctions are frequently utilized to breakup
microdroplets [15, 18, 20-23]. In this technique, a microdroplet achieves a T-junction with the continuous flows of the main stream.
This microdroplet is known as the mother microdroplet. As, the mother microdroplet reached the T-junction, it can be break up
into two smaller droplets dependent to the shear forces and surface tension [15, 16, 18, 20, 24]. It should be noted that in this case,
if the T-junction is perfectly symmetric (microbranch widths, microbranch lengths, internal roughness of the branches, etc. are
perfectly symmetrical) and the microdroplet breaks, each branch of the receptor can accommodate exactly half of the mother
microdroplet volume [15, 17, 20, 21, 23]. In this case, the splitting ratio is 0.5, which implies a symmetrical breakup [23]. Also, if the
microdroplet inside the purely symmetrical T-junction has not breakup for any reason, the splitting ratio will be 1 [23] (Very low
Capillary numbers or very short length of the non-dimensional microdroplet can be factors for non-breakup situation). To
increase the possibility of microdroplet breakup, it is suggested to utilize T-junctions with random angles [25] because the sharp
edges in the Y-junction allow microdroplets to breakup simply.
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Fig. 1. 2D geometrical schematic of the case utilized in this study. Three geometrical models were used for collecting the results among which only
the width of the left branch differs.

Using a symmetrical T-junction can only produce a splitting ratio of 0.5 or 1 [15, 17, 23]. In fact, due to existing symmetry, the
splitting ratio can only be 0.5 and 1. On the other hand, it is sometimes necessary to exert more control over the behavior of the
microdroplets within the junctions. Sometimes, the microdroplets inside the T-junction need to be broken asymmetrically to
produce splitting ratios varying from 0.5 and 1[18, 20, 23, 26]. Compared to the symmetrical splitting into equal-sized droplets, the
unequal breakup into unequal-sized droplets has the advantages of reaching precise volume ratio of two smaller droplets and
picking up reactants from droplet quantificationally that is crucial in material synthesis and other droplet-operating industries
[27, 28].

For this aim, some changes should be considered in geometrical features of T-junction or the initial conditions of models.
Therefore, to make changes in geometrical features, the width of the connecting branches, their length, the angle of the branches,
etc. can be altered. In this way, the mother microdroplet achieves asymmetric breakup while hydrodynamic resistances of the
connecting branches are changed [18, 20, 21, 23, 26]. Bedram and Moosavi in 2011 showed that if the branches’ lengths are
different, a larger amount of the mother microdroplet goes into the smaller branch after splitting [18]. Also, Salkin et al. in 2013
showed that using obstacle in the microchannel can lead to an asymmetric splitting [21]. Samie et al. in 2013 experimentally
depict that if the widths of the microchannel’s branches are separate, a larger volume of the mother microdroplet tends to join
the bigger part [26]. Moreover, other parameters have impacts on producing various microdroplet sizes inside branches. For
example, recent researches revealed that altering the inlet flow rate of the discrete fluid into the continuous one [18, 20, 21, 26], a
variation in surface tension between the continuous and separate phases [29], and a change in viscosity [29] can change the
performance of microdroplets in T-junctions. Enlarging the flow rate ratio of the separate fluid to the continuous one rises the
possibility of breakup in the T-junction. Also, by enhancing the velocity of the continuous fluid, the probability of splitting of the
mother microdroplet at micro T-junction rises. An increment in surface tension amongst the two phases without altering the
initial length of the mother microdroplet causes a smaller probability of separation at the T-junction [23].

Also, using magnetic fields [30-36] and electrical fields [37] are other techniques that have been noticed recently in
controlling of the splitting process of the mother microdroplets. By adding magnetic nanoparticles to different fluids, magnetic
properties can be created, which can be controlled by a magnetic field [30, 32, 34-36, 38, 39]. This type of fluid, which has magnetic
properties, is called ferrofluid. Ferrofluids have been utilized in many fields such as heat transfer enhancement [40], droplet
formation [41-44], and manipulation [45]. One of the ways that can be used to cause asymmetric breakup at junctions is to create
an asymmetric magnetic field at the center of the junction [23, 39, 46]. In this situation, the ferrofluid can be affected due to the
magnetic force created by the magnetic field. To do this, a magnetic field can be placed under one of the T-junction branches. In
this case, if the ferrofluid microdroplets, flow into the center of the T-junction, they will be affected by the asymmetric field due to
magnetic properties and break asymmetrically at the end of the T-junction [23]. In these situations, the splitting ratio can be
defined as "the volume of the microdroplet moves to the branch with less hydrodynamic resistance divided to the total volume of
the mother microdroplet” [23].

Volume of droplet which goes to branch with less resistance

Splitting Ratio =
piittng Ratt Total Volume of mother microdroplet

(1)

where, 0.5 still means symmetric breakup and 1 means non-breakup. It is also possible to achieve a splitting ratio between 0.5 to 1
in these cases [23].

So, to reach asymmetric breakup of microdroplets, changing the surface tension among the discrete and continuous fluids [29]
and utilizing various geometries [18, 26, 47] is suggested. Moreover, using magnetic force to breakup magnetic microdroplets and
examination of flow regime is studied numerically and experimentally [39, 46, 48]. But, in earlier findings, the analysis of the
impact of using asymmetric magnetic force in an asymmetric T-junction is not investigated yet. So, although many studies have
been conducted in recent years on microdroplets' breakup, manipulating microdroplets’ breakup in a T-junction with different
branch widths in the presence of an asymmetric magnetic field has not been studied numerically. The purpose of the present
paper is to study the microdroplets' breakup phenomenon in T-junctions with different branch widths under the influence of
asymmetric magnetic field numerically for the first time. The main advantage of this technique is that it allows for easier control
and fine-tuning of microdroplets' splitting ratio at T-shaped junctions.

Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 357-370 A\V'A



Numerical study on the ferrofluid droplet splitting in a T-junction with branches ... 359

2. Geometrical Specifications

The schematic layout of the geometry used to study the breakup phenomenon in microdroplets is depicted in Fig. 1. The setup
is comprised of a two-dimensional T-junction with equal-length branches, with a magnetic field, created from a magnetic dipole,
acting under the right branch. The field exerts a volumetric force to the ferrofluid inside the microchannel [14, 23]. In this state, a
ferrofluid microdroplet (referred to as droplet for simplicity from here on out) made of ferrofluid in water base (discrete phase)
which is driven by oil (continuous phase) enters the T-junction with constant velocity. The viscosity and the density of the
continuous fluid that carried the droplets were 0.00125 (kg/(m.s)) and 800.0 kg/m?, respectively. Also, the viscosity and the density
of the droplets were 0.001 (kg/(m.s)) and 998.20 kg/m?. The surface tension between the two fluids was assumed to be 0.005 N/m.
The initial condition is shown in Fig. 1. As the droplet enters the junction, because of the magnetic field effect and the width ratio
between the left and right branches, it might breakup in asymmetric ratios or pass unbroken through the branch above the
magnetic field [23].

3. Governing Physics

A water-based ferrofluid droplet is considered inside the microchannel. The forces applied on this droplet are as follows [14,
18, 20, 23, 26]:

— Inertial force, which appears because of the continuous fluid motion.

—  Surface tension force, which affects the droplet in motion and prevents its deformation.

-  Magnetic force due to the existing field: For droplets which contain magnetic nanoparticles, a force is applied by the
magnetic field beneath the right branch. This volumetric force is caused by the presence of a magnetic line dipole [14, 23].
Magnetic line dipole is a magnetic field constructed from two straight currents with opposite directions. For the
simulations carried out in this study, different intensities have been considered for the magnetic dipole, which can
generate different volumetric forces at the center of the junction. Therefore, ferrofluid droplets can be affected by
different amounts of volumetric forces. The magnetic field in the desired range can be obtained as follows [14, 23]:

3 sina_ cosa.
B=y,(1+ xy)m r—zaer— rzaen; forr>b 2

In which m=bI/2r. m is the magnetic dipole moment per unit length, b is the distance between two straight currents with
opposite directions and I refers to current intensity (A). y, is free space permeability which is equal to 4rx10'N/A”. y, is
magnetic susceptibility, r is the distance from the dipole, e, and e, are unit vectors and « is the polar angle. It should be
noted that Eq. 2 is correct for the r >> b. In this study, two straight currents with opposite directions were used to generate the
magnetic field [14]. In this case, the magnetic field source is called a line dipole. This magnetic field is proportional to 1/r? and the
dimension of m is A.m. In this paper, the ferrofluid susceptibility is assumed very low (x,, =0.06) for ferrofluid with small
magnetic nanoparticles concentrations and so, H~H, approximation is considered. However, this solution is only valid for
ferrofluids with low susceptibilities and accurate results would be obtained if Navier-Stokes and Maxwell equations are solved
simultaneously.
Mass and momentum equations are as follows [30]:

%+6.(p\7):0 3)
V) & (579) =+ 97+ 7 @

in which p is density (kg/m?), t is time (s), V is velocity, p is pressure, 7 is viscous stress tensor and | is Kelvin’s body force.
The amount of V.7 in momentum equation (Eq. 4) can be expressed as [24, 30]:

o ™,
V.7 =F, +p é)sz (5)
Hence, Eq. 4 can be written as [30]:
é)u W _opi B v, +f ©)
at - ox, Pt e+ Ox,0%;

The effect of the surface tension force F,, is givenby F —oxé,ni where o represents the interfacial tension and » stands
for the mean curvature of the interface [24]. Also, &, and n; depicts the delta function and the interface unit normal vector,
respectlvely The normal vector can be calculated for the cells near the wall using the following relation: where
Ni = Nwcosa +twsina, nw and t, are the unit vectors normal and tangential to the wall surface, respectively. [24]

In Eq. 6, p and p are considered as average viscosity and density for each computational cell, respectively. The values of

these two properties can be calculated as [14, 23]:

p=pd+p,(1-0) )
= pd+ pg(1-9) (8)
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In Egs. 7 and 8, the c and d subscripts represent continuous and discrete phases. ¢ denotes the volumetric ratio of the
continuous fluid in every grid. In all the computational cells, ¢ is between 0 (fully filled by the dispersed phase) and 1
(completely occupied by the continuous phase). ¢ is solved by the following equation [24]:

00 00
el 20
ot Vo, ©)

If the volume fraction is not equivalent to its highest or lowest values (1 or 0), it implies that the cell is filled by both phases
and the boundary of the dispersed phase (interface of ferrofluid droplet) is considered to be positioned with ¢=10.5 .

The last term [ in Eq. 6, depicts the magnetic force which is the sum of volume and surface forces. The surface force is
neglected because the magnetic susceptibility of ferrofluid is very low and the volumetric force and is expressed as follows [49,
50]:

f = uMvH (10)

M reflects the magnetization in Eq. 10. This term is the force that is imposed on the ferrofluid because of its existence in
magnetic field [14, 23].

For smaller temperatures, the magnetic current magnitude vector M could be linked to H by [14, 23, 49]:
M=, H (11)

In Eq. 11, H reflects the magnetic field strength (A/m). Also y,, is assumed to be constant because low magnetic inductions
are applied to the ferrofluid droplet. In this case, the operating condition falls within the low values of magnetic field strength
and magnetization and so the slope of the curve ( x,, ) can be assumed constant.

As presented before [18, 23, 26], in a symmetrical T-junction, there are two possibilities for the fate of an entering droplet. It
can either break into two equal-size droplets or not breakup at all. For the first scenario, because the volumes of the daughter
droplets are equal, the splitting ratio is 0.5 [23]. Based on the definition, the 0.5 splitting ratio indicates the symmetrical breakup
of the droplet, while the splitting ratio of 1 is attributed to no breakup. However, if symmetry no longer holds, the splitting ratio
will have a value between 0.5 to 1 [23]. In the current study, the symmetry in the T-junction is disrupted by having different
widths for the two outlet branches (WR =W, / W, ) and existence of an asymmetric magnetic field which locates beneath of the
wider branch (right branch). The magnetic force stemming from a dipole under the right branch makes a higher volume of
ferrofluid droplet likely to enter the right branch. Also, due to the greater width of the right branch with respect to the left one,
the hydrodynamic resistance of the right branch is lower than the left naturally, which further helps the asymmetric breakup of
the droplet [18]. Hence, two events may occur for a ferrofluid droplet inside a T-junction with unequal branch widths under an
asymmetric magnetic field [23]:

—  The ferrofluid microdroplet exits from the right branch (which is less resistant due to greater width and the presence of a

magnetic field) without breaking at the T-junction. In this case, according to the definition, the breakup ratio will be equal
to 1.

—  The ferrofluid droplet breaks inside the T-junction and creates two daughter droplets. In this case, the volume of the
daughter droplets will definitely be different due to the asymmetry in the width of the branches and the asymmetric
magnetic field. Therefore, according to the definition, the failure ratio in this numerical case will be between 0.5 to 1.

Time sequencing of non-breakup and breakup regimes is shown in Fig. 2(a) and (b), respectively.

4. Numerical Algorithm

The finite volume method in OpenFoam software was used to solve the problem. One of the conventional strategies to study
and track the interface in a two-phase system (water-based ferrofluid as discrete fluid and oil as continuous fluid) in the finite
volume method is the use of the volume of fluids (VOF) method [18, 20, 23].

Fig. 2. (a) breakup and (b) non-breakup regimes.

Journal of Applied and Computational Mechanics, Vol. 9, No. 2, (2023), 357-370 A‘V'A



Numerical study on the ferrofluid droplet splitting in a T-junction with branches ... 361

Uniform Inlet Velocity

¢
no slip / \

no slip
f \ Outlet 1

Outlet 2 i

sage = P aage =0
P aige =0 / Diigin gage
;37\®® dipole

no slip

-
e/ b

Fig. 3. (a) Boundary conditions used to solve the problem. Constant velocity at the inlet for the continuous fluid, no-slip boundary condition for the
walls and zero gauge pressure for the outlets of the T-junction. (b) computational mesh utilized in this study.

In the current study, the phases are assumed to be incompressible and immiscible, and the problem is solved by considering
suitable boundary conditions. The boundary conditions, as depicted in Fig. 3(a), include constant velocity at the inlet for the
continuous fluid, the no-slip boundary condition for the walls and the pressure considered as zero gauges at the outlets of the
branches. The computational mesh used in this study is shown in Fig. 3(b).

The variables are the velocity of the continuous fluid at the inlet, magnetic field density, and the widths of the left branch. The
outlet pressures were held constant at all times. In the course of running the simulation in different states, two ferrofluid droplets
with non-dimensional lengths of 1.77 and 2.77 were used to allow for a better analysis. The non-dimensional length is defined as
L /W, ratio with L as the initial length of the droplet at the inlet of the microchannel and W as the width of the main branch of
the microchannel. In order to evaluate the results in different states, the non-dimensional ratio of the widths (WR =W, /W, ) was
used, in which as stated before, W, and W, are the widths of the right and left branches, respectively (for this problem, as it
can be seen in Fig. 1, the width of the main branch of the microchannel is 400 micron). The non-dimensional widths (WR) were 1,
0.85 and 0.7. The inlet velocity was changed by having different Capillary numbers (Ca), which is the ratio of continuous fluid
inertia to surface tension (Ca = .V, /o). The Ca numbers used here were 0.03, 0.04, and 0.05. The magnetic field direction was
altered using the Magnetic Bond number (MagneticBo = y,W,H” /¢ ), in which p, is the magnetic permeability coefficient in
vacuum with a value of 47rx107N /A’ and H is magnetic field strength vector (A/m). The Magnetic Bond number range was
from 0 (no magnetic field) to 104. It should be noted that although the diagrams are expressed in terms of magnetic Bond number,
the process of ferrofluid droplet splitting depends on both the magnitude and direction of applied magnetic force. In this study
the position of the magnetic dipole is kept fixed and so it can be extrapolated for different magnetic Bond numbers in the
problems that uses a magnetic dipole in the same position. However, for different positions of the magnetic dipole, the results are
qualitatively valid (e.g., the splitting ratio increases with an increasing in magnetic Bond number if a dipole is placed anywhere
on the right-hand side). The mesh and time step intendancy of the numerical results were checked. For this purpose, each
geometry has meshed with 10024, 20058, 30078, 40102, and 50112 elements, and the obtained results to determine the splitting
ratio of the droplet had a difference of less than 1% in the 30078-node grid compared to the finest grid.

Time independency is also examined. The results revealed that a time step of 2x10°° is appropriate for the transient
simulations. The QUICK scheme is utilized for the discretization of the momentum equation, and the SIMPLEC scheme is utilized
for the pressure-velocity coupling.
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Table 1. Grid independency study (L/W:=1.77, Ca=0.04, WR=0.85 and Magnetic Bond=58.5)

i+1 i
Grid Number  Splitting ratio (S.R) u
S.R"
10024 0.6123 0.116
20058 0.6928 0.044
30078 0.7249 0.003
40102 0.7276 0.001

50112 0.7288 B

Table 2. Verification for m =0

m Vo Re 6, Nu

Reference [14] 0 0.005 11.8 0.59 2.61

Current simulations 0 0.005 11.8 0.5772 2.6541

5. Verification

In this section, at first, the results are verified. The results of droplet breakup in symmetric T-junctions are verified with the
results of Leshansky and Pismen [15]. Afterward, the correctness of the magnetic force has been investigated.

It is necessary to introduce the concept of two parameters of L and Lc in order to validate the results. L is the initial length of
the mother droplet at the starting of the process, while the critical length Lc depicts the maximum length of the mother droplet
prior to its breakup in the T-junction [15].

Leshansky and Pismen [15] explained an analytical relationship which can define a curve amongst non- breakup and
breakup regions. The recommended equation is a function of the Ca number and can be defined by:

L (12)
w

where L. is the mother droplet length just before breakup in the T-junction and W is the channel width. To verify the accuracy of
the numerical method, the simulation results for the Ca number and the non-dimensional length ratio of the droplet in the T-
junction without magnetic field were validated with the analytical results of Leshansky and Pismen [15] as can be seen in Fig. 4.

Based on Fig. 4, it is observed that the present results are precisely predicted the borderline between separating and non-
separating regions in the T-junction and is in agreement with the results of Leshansky and Pismen [15].

Furthermore, to evaluate the impact of the magnetic field on the ferrofluid material, a water-based ferrofluid flow, both in the
existence and absence of external magnetic force with the same boundary conditions as in Ref. [14] were utilized to perform
computations. This article is utilized for the second part of verification, because a line dipole was chosen to apply the magnetic
field, which is related to the methodology applied in the present study. The line dipole is placed at x/h=5. First, in case (a), Nusselt
number (Nu= (fNudx,x=0tol)/l, Nu=q,C/(k(T, —T;))) where I is the length of the plate, g, denotes wall heat flux, C is
convection heat transfer coefficient, k is thermal conductivity and T denotes temperature) and dimensionless exit flow
temperature (6, = (T, — T;) / (T, — T;), where b, f, and h are pertaining to the temperatures of bulk fluid, cold wall, and heated inlet)
were computed in the absence of the magnetic field. Table 2, indicates that the deviations among the present results and those of
Ref.[14] for Nu and 6, are 1.69%, and 2.17%, respectively.

Velocity vectors and temperature contours, demonstrated in Figs. 5, show an excellent agreement amongst previous studies
and current computations.

O Non-Breakup

5.5 - Breakup & Non-Breakup Curve (Leshansky and Pismen analytical relation)
o ®  Breakup

0 0.02 0(.94 0.06 0.08

Fig. 4. Comparison of results of the current model (spots and squares) and the analytical relation of Leshansky and Pismen (the curve which is
described as L,/ w = 1.3Ca **').The borderline describes the analytical relation which determines the breakup & non-breakup region in Leshansky
and Pismen work while the spots and squares describe the situations of different microdroplets with different Ca numbers obtained in this paper.
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Table 3. Verification form = 0.19x10™* A.m

m Vo Re 0, Nu

Reference [14] 1.90E-05 0.005 11.8 0.58 2.67

Current Solution ~ 1.90E-05 0.005 11.8 0.5725 2.688

The simulations were further evaluated alongside the case (b) of Ref. [14] in Table 3. In the existence of a magnetic field, the
results show a discrepancy of 0.67% for the Nusselt number and 1.29% for 6, , that shows a good agreement amongst the results
of the present work and those of the Ref.[14]. The temperature contours for the present analysis are presented in Figs. 6. The
effects of the dipole located in the middle of the channel are noticeable.

6. Results and Discussion

Figs. 7(a) to 7(c) show the variations of the splitting ratio of ferrofluid droplets against Magnetic Bond number at a constant
non-dimensional length of 1.77 for different Ca numbers of 0.03, 0.04 and 0.05 and for three different width ratios (WR=0.7, 0.85
and 1).

It is shown that, the increment in Magnetic Bond number, enhances the splitting ratio before reaching 1. The physical
explanation for this behavior lies in the fact that for any ferrofluid droplet at a constant Ca and width ratio, the greater the
magnetic field intensity at the center of the junction, the greater the volume of the ferrofluid droplet will tend to enter the right
branch.

There is an interesting point in Fig. 7(a). In this figure, the splitting ratio is equal to 1 for all the width ratios and Magnetic
Bond numbers. As a matter of fact, the amount of Ca number is not enough for droplet splitting. It is depicted that the ferrofluid
droplet passes through the T-junction without breakup in WR=1 and Magnetic Bond=0. Therefore, applying a magnetic field or
making a change in the ratio of width branches does not change this splitting ratio.

x/h
(®)

Fig. 5. Temperature Contour and velocity vector for m = 0 (a) Reference [14] (b) current simulation

0.002
0.0015
> 0.001

0.0005

0 L
-0.002

L1 N N L
-0.001 )(% 0.001 0.002

Fig. 6. Temperature Contour for m =0.19x10* A.m, Re = 11.8.
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Fig. 7. Variations in splitting ratio vs. Magnetic Bond for L/W:=1.77 and (a) Ca=0.03, (b) Ca=0.04, and (c) Ca=0.05 at three different width ratios.

Fig. 7(b) shows that by increasing the Ca number up to 0.04, the variation of splitting ratio against the Magnetic Bond number
is ascending until it reaches 1. When the splitting ratio becomes 1, it indicates that the entire volume of the ferrofluid droplet
enters the right branch. It is seen in this state that with increasing magnetic field intensity, no change will occur to the splitting
ratio because the entire volume of the ferrofluid droplet enters the right branch. For instance, in Fig. 7(b) at Ca=0.04, WR=1 and
non-dimensional length of 1.77, when Magnetic Bond number is zero, the breakup will be symmetrical (splitting ratio = 0.5); but
as the Magnetic Bond number increases, the splitting ratio increases up to 1. By further increasing in Magnetic Bond number, the
splitting ratio remains constant at 1. It should be noted that the greater the magnetic force at the center of the junction, the
greater the ability of the ferrofluid droplet to move toward the right branch. In fact, a larger volume of the ferrofluid droplet will
tend to enter the right branch due to the presence of a stronger volumetric magnetic force.

The other noteworthy point is the effect of WR on ferrofluid droplet breakup. As seen in Figs. 7(b) and (c), for a specific
ferrofluid droplet at constant Ca and Magnetic Bond number, by decreasing the width ratio (more asymmetrical T-junction) the
splitting ratio increases. Fig. 7(c) shows that just by changing WR (geometrical asymmetry), the splitting ratio at the Magnetic
Bond of 0 is 0.5 for WR=1, 0.62 for WR=0.85, and 0.73 for WR=0.7. This illustrates that without applying the magnetic force at the
center of the junction, it is possible to achieve arbitrary splitting ratios only by altering the branch width ratio (WR). Therefore, the
change in branch width ratio, as well as the change in magnetic field intensity can be effective in controlling the breakup ratio.
Also, it can be seen that in Fig. 7(c), the splitting ratio at Magnetic Bo=58.5 and WR=1 is 0.58. On the other hand, this number is 0.7
and 0.83 for width ratios of 0.85 and 0.7 at the same Magnetic Bond number. This means that the variations in the width ratio of
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the T-junction significantly reduces the hydrodynamic resistance of the right branch, allowing a higher volume of ferrofluid
droplets to enter the right branch. In other words, by altering the width ratio of the branches in a T-junction and the
hydrodynamic resistance of the branches along with changing the Magnetic Bond number, there is a higher control on the
breakup of ferrofluid droplets to reach the desired splitting ratio.

Similarly, the splitting ratio against the Magnetic Bond number for L/W1=2.77 is depicted in Fig. 8(a) to (c).

The main behavior as Fig. 7 can be seen in Fig. 8, but a slight difference exists. By increasing the non-dimensional lengths, the
splitting ratio decreases at the same conditions. For instance, the splitting ratio in Fig. 8(a) covers a wide range between 0.5 and 1,

whereas all the splitting ratios in Fig. 7(a) are one.
Figs. 9(a) to 9(c) show the variations in splitting ratio against Magnetic Bond number at L/W:=1.77 in different Ca numbers for

WR=1, 0.85, and 0.7, respectively.
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Fig. 8. Variations in splitting ratio vs. Magnetic Bond for L/W:=2.77 and (a) Ca=0.03, (b) Ca=0.04, and (c) Ca=0.05 at three different width ratios.
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As illustrated in these figures, the Ca number plays an important role in the droplet breakup process. Generally, as the Ca
number increases the splitting ratio decreases at a constant Magnetic Bond number. For instance, as seen in Fig. 9(b), for low Ca
number (0.03) splitting ratio is equal to 1 for all Magnetic Bond numbers. This indicates that the inertial force is very low relative
to a magnetic force that it does not breakup in the junction and its entire volume enters the right branch. However, by increasing
the Ca number, the magnetic force could not pull the entire volume of the ferrofluid droplet to the right branch and the droplet
would breakup. It can be seen that at a constant Magnetic Bond number of 58.5, by increasing Ca from 0.03 to 0.04, the splitting
ratio decreases from 1 to 0.73. In fact, the effect of Ca number and Magnetic Bond number on splitting ratio is reverse; increasing
the Ca number in a constant condition yields to decrease in splitting ratio, whereas by increasing the Magnetic Bond number
considering the fixed situation, the droplet splitting enhances. Also, by increasing the width ratio from Figs. 9(a) to 9(c), the same
trend is observed, while more asymmetric droplet splitting could be achieved.

Similarly, the splitting ratio behavior is shown in Figs. 9(d) to 9(f) for L/W:=2.77 in different Ca numbers for WR=1, 0.85, and 0.7,
respectively. It is depicted that in these figures the general trend is the same as that of L/W1=1.77. For example, in Fig. 9(e) by
increasing the Ca number from 0.03 to 0.05 at a constant Magnetic Bond number equal to 58.5, the splitting ratio decreases from 1
to 0.68 and then reduce to 0.65.

Figs. 10(a) to (c) show the variation of the splitting ratio with Magnetic Bond number for the two ferrofluid droplets of varying
non-dimensional lengths of 1.77 and 2.77.
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Fig. 10. Variations in splitting ratio vs. Magnetic Bond number for comparing L/W:=1.77 and 2.77 and (a) WR=1, (b) WR=0.85, and (c) WR=0.7 at
different Ca number.

In each diagram of Fig. 10(a) to 10(c), two different Ca numbers are considered. The general trend in Fig. 10 is that the splitting
ratio increases with increment in Magnetic Bond number. The important point in these graphs is that if the splitting ratio of two
non-dimensional ferrofluid droplets for a fixed WR, Ca and a Magnetic Bond number are compared, the smaller ferrofluid droplet
has a higher splitting ratio or equals the larger ferrofluid droplet. When the splitting ratio is equal for both small and large
ferrofluid droplets, the non-breakup state occurs for both of the ferrofluid droplets under simulated conditions. In fact, the
splitting ratio of the larger ferrofluid droplet is always smaller than the splitting ratio of the smaller ferrofluid droplet unless the
larger ferrofluid droplet does not breakup within the T-junction, where the splitting ratio will be equal to 1. It seems that if the
larger ferrofluidic droplet does not break through the T-junction under simulated conditions, the smaller ferrofluidic droplet will
not break either. The physical reason for this phenomenon can be interpreted as, under the same conditions of the simulation,
the asymmetric magnetic field intensity is able to affect the larger percentage of the volume of the smaller ferrofluid droplet, and
thus the greater the percentage of the ferrofluid droplet volume goes to the right branch.
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7. Conclusion

In this study, the variation of splitting ratios for ferrofluid droplets within a T- junction with different branch widths in the
presence of an asymmetric magnetic field is investigated. The effect of four dimensionless parameters including, the width ratio
of the T-junction, Magnetic Bond number, Capillary number, and the non-dimensional droplet length on the splitting ratio is
studied. The splitting ratio varies between 0.5 and one. For a ferrofluid droplet in a symmetrical T-junction (WR=1), if there is no
magnetic field in the system (Magnetic Bond=0), then the splitting ratio would be only 0.5 or 1. That is, the mother droplet either
splits into two smaller droplets with equal volumes and each new droplet passes through one branch (splitting ratio=0.5) or it
passes without breaking through the branch with lower resistance (splitting ratio=1). In this case, the branch with lower
resistance is determined by numerical calculations. So, when a numerical simulation is carried out, in order to go from one time
step to the next, some calculations should be rounded up for computational cells. As a result, the round-up changes the
hydrodynamic resistance of the branches and directs the drop toward the branch with less resistance. For a given ferrofluid
droplet in a T-junction, as the width ratio increases, the splitting ratio decreases. Also the greater the Magnetic Bond number, the
greater the ferrofluid droplet volume tends to enter the right branch due to the presence of the magnetic field beneath the right
branch of the T-junction, and so the splitting ratio increases. On the other hand, an increase in the Capillary number results in a
reduction in the splitting ratio. Also, an increment in non-dimensional droplet length leads to a reduction in splitting ratio.
Therefore, this investigation shows that to control the ferrofluid droplets breakup and reaching various splitting ratios,
simultaneous use of a T-junction with different width ratios and an asymmetric magnetic force are recommended.
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Nomenclature

b Distance between the conductors (m) tu The unit vectors tangential to the wall surface

B Magnetic flux density (T) V  Velocity (m/s)

C Convection heat transfer coefficient (W/m?2.K) W1 Width of the main branch and the right branch of the

microchannel (400 pm)

Ca Capillary number W, Width of the left branch of the microchannel (pm)
e, Unit vector WR Width ratio (L/W4)

f Magnetic force applied on the ferrofluid droplet (N) x  Axial distance (m)

E, Surface tension force (N) y Height (m)

H Magnetic field strength (A/m) Greek symbols

h Channel height (m) a Polar angle

I Current (A) 8, Kronecker delta

k Thermal conductivity (W/m.K) 6, Non-dimensional temperature

1 Length of the plate (m) x  Mean curvature of the interface

L Initial length of the ferrofluid droplet (m) u Dynamic viscosity (Pa s)

Le Maximum length of the ferrofluid roplet during passing p, Magnetic permeability coefficient in vacuum (N/A2)

the center of T junction (m)
M Magnetization (A/m) p Density (kg/m?)
m Dipole moment of line dipole per unit length (A.m) o Surface tension between two fluids (N/m)
Magnetic Bo Magnetic Bond number 7  Viscous stress tensor (Pa s)
Nu Local Nusselt number ¢  Volumetric ratio of the continuous fluid in each
computational cell

Nu Average Nusselt number X. Magnetic susceptibility
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ni Unit vectors to the wall surface .
Subscripts

M Unit vectors normal to the wall surface b  Bulk fluid

p Pressure (Pa) ¢ Continuous-phase
qa., Wall heat flux (W/m?) d Discrete-phase

r Radius (m) f Cold wall

Re Reynolds number h  Heated inlet
S.R. Splitting ratio w  Wall

T Absolute temperature (K)

t Time (s)
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