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ABSTRACT
This article conducts a two-dimensional numerical model to simulate the
ferrofluid droplet formation from microfluidic T-junction under inhomogen-
eous magnetic fields with diverse strengths. This external magnetic field is
produced by two electric straight wires in a finite computational domain.
A coupled volume-of-fluid and level-set interface tracking method (VOSET)
is adopted to capture the evolution of two-phase interface. Meanwhile, a
two-region computational domain method is designed for situations that
the droplets are in close contact with the solid boundaries for the fluid
flow. All 2-D numerical simulations are implemented by a self-developed
CFD code, named as MHT (Multi-concept Heat Transfer). The numerical
results show a significant inhibition effect in droplet formation at the pres-
ence of external magnetic field. With the increase of the current intensity,
the magnetic force of the ferrofluid droplet increases and decreases peri-
odically, especially when the electric current intensity is less than 60A. The
increasing current intensity enlarges the departure diameter and prolongs
the departure period of ferrofluid droplet, especially when the current
intensity in the range 12A�54A. In the cases of electric current within
[12A, 54A], the departure diameter growths monotonically and nearly in a
quadratic manner with the increase of the current intensity. However,
when the current intensity exceeds 60A, the departure characteristic of
ferrofluid will be changed due to ferrofluid droplet absorbed on the upper
wall of the main channel.
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1. Introduction

Ferrofluid is an artificial material having both properties of magnetic material and fluid. Due to
its unique features, it is widely applied in sealing, sensing, vibration damping, optics, biomedicine,
and other fields[1].

With the continuous development of micro-fabrication technology, ferrofluids have been
applied to small scale devices, such as nanoscale self-assembly [2], magnetic trapping of bacteria
[3], micropumps [4], drug delivery [5] and magnetic cell separation [6]. Because ferrofluid drop-
lets can be used as carriers for transporting samples or as reaction platforms for lab-on-a-chip
(LoC) applications, accurate positioning of ferrofluid droplets is very important. In recent years,
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most studies of ferrofluid are focused on the shape of droplets or on observing the droplets forma-
tion processes through experiments. For instance, Fabian et al. [7] experimentally explored the
influence of parallel and perpendicular homogenous magnetic field on the ferrofluid droplet forma-
tion in dripping regime. Zhang et al. [8] experimentally investigated the ferrofluid droplet forma-
tion in a microfluidic T-junction, and a non-uniform magnetic field was constructed by a
permanent magnet placed at one side of the junction. Their results found an effect of the magnetic
field in prolonging the generation cycle. Sun et al. [9] used a high-speed digital camera to observe
the dynamics for droplet breakup with tunnels and formation of satellite droplets in a symmetric
microfluidic T-junction. Favakeh et al. [10] reported ferrofluid droplet formation in the presence of
alternating magnetic field. All these experimental observations on the ferrofluid droplets manipula-
tion suggest that the dynamic behavior of ferrofluid droplets can be controlled by the integrating
action of both the magnetic field and flow field. However, a deep insight into the flow behavior
and the mechanism of ferrofluid droplets placed in magnetic fields is still lacking.

With the advance of robust numerical algorithms and the rapid development of computer
hardware, numerical simulation has been becoming an ever-increasing powerful tool to achieve a
deeper understanding of basic mechanism and characteristics of complicated physical processes,
such as the action of ferrofluid droplets under an external magnetic field. Relying on numerical
simulation tools, researchers can further reveal the coupling physical mechanism of magnetic field
and flow field. However, due to the complexity of two-phase flow problem with an external mag-
netic field, the corresponding numerical approaches are still in development. Followings are a
brief review in this regard. Lavrova et al. [11] proposed a numerical solution strategy based on
finite element method (FEM) for calculating equilibrium free surfaces of ferrofluid under a mag-
netic field and determined the shapes of a ferrofluid droplet in a uniform magnetic field. Several
years later, Korlie et al. [12] developed a volume-of-fluid (VOF) method to study the dynamic
behavior of ferrofluid droplets exposed in a uniform magnetic field. Afkhami et al. [13] investi-
gated the deformation of a biocompatible ferromagnetic droplets suspended in viscous media in
presence of uniform magnetic field, and their results indicated the droplet extending along the
direction of the magnetic field. In the same year, Ki [14] addressed the numerical simulation for
two-phase incompressible flows in the presence of magnetic fields by using the level-set method.
Later, Liu et al. [15] performed numerical studies on the process of ferrofluid droplet formation
subjected to a uniform magnetic field paralleling with the flow direction and compared with the
experimental results. The results show that under the effect of the external magnetic field, longer
formation time and larger formation size of droplets can be observed due to the pulling effect on
the tip of droplets. Based on this, they also applied a particle level-set method on the simulation
of this problem and obtained similar results [16]. Shi et al. [17] performed a 2-D numerical simu-
lation on ferrofluid droplet falling in a nonmagnetic fluid subjected to a uniform magnetic force.
In the simulations, the method of VOSET [18] was used to capture the evolution of interface.
The effects of some parameters such as the magnetic Bond number, susceptibility, Weber num-
ber, Reynolds number, and magnetic field direction on the motion and deformation of droplet
were investigated systematically. The results obtained by their simulations indicated that an
increase in magnetic Bond number or susceptibility results in a greater degree of the droplet
deformation. In the next year, Ghaffari et al. [19] simulated the deformation of ferrofluid droplet
under a uniform magnetic field and investigated some parameters influencing the droplet shape
at equilibrium including the magnetic field intensity, droplet size, and surface tension. In their
simulations, the CFD package OpenFOAM with CLSVOF method [20] was applied to capture the
interface. From the data collected in their simulations, a correlation was proposed for the predic-
tion of the aspect ratio at equilibrium. Sen et al. [21] employed VOF to track the interface and
numerically simulated ferrofluid droplet generation in a T-junction considering a magnetic field
generated by two magnetic dipoles. In their study, it was assumed that the ferrofluid does not
change the magnetic field. Habera and Hron [22] developed a numerical approach based on FEM
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to solve the Maxwell’s equations for ferrofluid free surface flows. In their research, equilibrium
droplet shapes were numerically studied and compared with the experimental results. Varma
et al. [23] conducted LoC experimental and numerical investigations on the manipulation of
ferrofluid droplets in a uniform magnetic field. The result suggests that droplet size, shape, inter-
droplet space and velocity can be controlled by adjusting the magnetic permeability, the viscosity,
and the flow rate of carrier medium. Based on this, Ray et al. [24] investigated the manipulation
of ferrofluid droplets in a capillary microfluidic platform by a combination of uniform and non-
uniform magnetic fields.

Numerical simulation studies are further developed in recent two years. Aboutalebi et al. [25]
performed a numerical simulation on the splitting process of ferrofluid droplet in a T-junction
under a magnetic field. In the presence of an asymmetric magnetic field, they observed the
unequal separation sizes of the child droplets at the junction. Hassan et al. [26] numerically simu-
lated the deformation and orientation of a ferrofluid droplet in a simple shear flow under a uni-
form magnetic field. They applied conservative level set method for droplet interface tracking.
Ghaderi et al. [27] proposed a robust 2-D hybrid lattice-Boltzmann/FEM coupled magnetic field
equations and did a series of numerical simulations on the behavior of ferrofluid droplet falling
in nonmagnetic fluid under a uniform field. A mathematical model for a ferrofluid droplet in a
simple shear flow in the presence of a uniform magnetic field is elaborated by Paolo et al. [28].
Their results revealed that the droplet deformation is affected by the applied magnetic field inten-
sity and varies in time following a harmonic decaying law. Ling et al. [29] carried out a numerical
investigation on the motion of a ferrofluid droplet in a non-uniform magnetic field produced by
an electric wire loop. Their results show that the net magnetic force imposed on the droplet can
overcome the gravity and prevent it from dropping.

As can be seen, although a number of numerical studies have been conducted on the behaviors
of ferrofluid droplets under uniform/nonuniform magnetic field, research on the formation of
ferrofluid droplets in a microfluidic T-junction under nonuniform magnetic field is very limited.
Additionally, when a ferrofluid droplet is placed in a magnetic field, it will distort the magnetic
lines around it due to its greater magnetic permeability than non-magnetic materials. In the exist-
ing studies, the magnetic field was solved in a computational domain designed for fluid flow. It
requires the computational domain be large enough such that its borders are sufficiently far from
the interface between the ferrofluid and non-magnetic fluid phases. However, in many applica-
tions, ferrofluid droplets are controlled in narrow space, such as ferrofluid pump [4] and valve
used in microchips [30]. In those situations, the droplets are in close contact with the solid boun-
daries for the fluid flow. To resolve this issue, a new scheme of computational domain should
be proposed.

In this article an in-house Multi-concept Heat Transfer (MHT) code developed by the authors’
group is applied to simulate the motion and deformation of ferrofluid droplets in a microfluidic
T-junction under an inhomogeneous magnetic field. A two-region computational domain is
adopted, in which the magnetic field is solved in an extended domain. To test this in-house code,
the formation of a single ferrofluid droplet under a uniform magnetic field is first simulated.
Numerical simulations using MHT code are conducted for the motion and deformation of ferro-
fluid droplets in a non-uniform magnetic field. The numerical simulation results are discussed at
various parameters considering effects of magnetic force. The obtained results can provide valu-
able references for accurately controlling the size and frequency of ferrofluid droplets.

The rest of this article is structured as follows. Section 2 presents the ferrofluid free surface
flow from the physical point of view and gives its governing equations; and Section 3 describes
the numerical methods for solving those equations. Section 4 presents and discusses some numer-
ical simulations, including validations of the adopted in-house code. Finally, some conclusions
were drawn in Section 5.
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2. Problem description

Figure 1 provides the schematic of a two-dimensional microfluidic T-junction droplet generator
considered in the present study. The ferrofluid (dispersed phase) and a non-magnetic fluid (con-
tinuous phase) are injected from the main channel and the branch one, respectively. Under the
influence of the continuous phase, the ferrofluid flows into the main channel in droplets with a
certain size, which varies with the flow rates of the two phases. Meanwhile, a non-uniform mag-
netic field is applied around the channel junction, which applies a volumetric force on the ferro-
fluid. It will therefore influence the splitting process and vary the size of the generated droplets.
The main and the branch channels are both 400 lm in width. The properties of the water-based
ferrofluid, and the non-magnetic fluid reported by Zhang et al. [8] are adopted here. Densities of
the non-magnetic fluid and the ferrofluid are qc ¼ 872.5 kg/m3 and qd ¼ 1100 kg/m3, respect-
ively; their viscosities are gc ¼ 0.026 Pa�s and gd ¼ 0.002 Pa�s, respectively. The susceptibility of
the ferrofluid is v¼ 2.88 at the particle volume concentration of 2%, and the surface tension coef-
ficient between the two phases is r¼ 0.0015N/m. All physical properties of the two phases are
listed in Table 1.

It is worth noting that the non-uniform magnetic field in this study (as schematically shown
in Figure 2) is generated by two electrified straight wires (see Eq. (1)) instead of the permanent
magnet reported in [8]. This unique design is based on the fact that the magnetic field generated
by the energized line can be easily altered by changing its current value. Under this condition, we
can modulate the magnetic field strength by changing the magnitude of the electric current. This
change of magnetic field will lead to the variation of the joint influence of the magnetic force,
gravity, and surface tension, which will affect the splitting process and change the size of the gen-
erated ferrofluid droplets.

Hðx, yÞ ¼ I � ðP � P1Þ
2p P � P1j j2 � I � ðP � P2Þ

2p P � P2j j2 (1)

where the locations of P1 and P2 are (0.000m, 0.002m) and (0.001m, 0.002m), respectively.

2.1. Physical assumptions

The flow of ferrofluid droplets in magnetic field can be treated as a problem of incompressible
free surface flow with interaction between a dispersed phase and a continuous one. Ferrofluid

Figure 1. Schematic of microfluidic T-junction droplet generator.
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free surface flow in magnetic field is associated with multiple physical processes. Their governing
equations are as follows.

2.1.1. Governing equation for fluid flow
The fluid flow can be considered as incompressible two-phase flow with moving interfaces. Using
the one-fluid formulation, the fluid flow can be described by continuity and momentum equa-
tions,

r � u ¼ 0 (2)

@ðquÞ
@t

þr � ðqu� uÞ ¼ �rpþr � gruþ gruT
� �

þ qgþFrþFH (3)

where the gravity acceleration g is specified as 9.8m/s2; Fr and FH denote the surface tension and
the magnetic force, respectively. Fr and FH can be calculated by:

Fr ¼ rjdð/Þn (4)

FH ¼ r � sm
sm ¼ lHH � 1

2
lH2I

� �
(5)

Table 1. Physical properties of the continuum and the dispersed phases ([8]).

Phase Density (kg/m3) Viscosity (N � s/m) Magnetic permeability Surface tension (N=m)

Continuum 1100.0 0.002 l0� –
Dispersed 872.5 0.026 2:88l0 0.0015
�l0 is the vacuum permeability and l0 ¼ 4p� 10�7N=A2.

Figure 2. Magnetic field generated by two electrified straight wires.
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2.1.2. Governing equation for magnetic field
The magnetic field can be described by the Maxwell’s equations for a nonconducting ferrofluid.

r � B ¼ 0 (6)

r�H ¼ 0 (7)

B ¼ l0 H þMð Þ (8)

where H, B, and M are the magnetic field strength, the magnetic flux density and the magnetiza-
tion of the ferrofluid, respectively.

In the non-magnetic phase (continuous phase), the magnetization vanishes. According to the lin-
ear magnetization assumption for the ferrofluid, the magnetization M and magnetic field strength H
satisfy the relationship M ¼ vH: Therefore, magnetic induction B can be determined by:

B ¼ lH (9)

where l ¼ ð1þ vÞl0: Note, l takes different values in the two phases.
Usually, the ferrofluid phase can be treated as a non-conducting, linear magnetization material.

Then, the magnetic field strength H can be written as:

H ¼ �rw (10)

where w represents a magnetic scalar potential.
Combining Eqs. (6), (9) and (10), the governing equation for the magnetic field can be

expressed as:

r � lrwð Þ ¼ 0
l ¼ l0ð1 þ vÞ (11)

3. Numerical methods

The numerical methods presented in this section are implemented by an in-house CFD code,
named as MHT, designed for solving multi-region heat transfer and fluid flow. Compared with
Fluent and other CFD commercial software, MHT has many advantages such as flexible grid
interface, multi-region coupling function, extensible module, and convenient for secondary devel-
opment. Based on MHT framework, a two-region approach for magnetic field is adopted. Then,
the formation of ferrofluid in non-uniform magnetic field is simulated.

3.1. Interface tracking method

The volume fraction of the ferrofluid f satisfies following equation,

@f
@t

þ u � rf ¼ 0 (12)

Youngs’ PLIC algorithm [31] is implemented in interface reconstruction. The jumps of the
surface tension and magnetic forces near the interface are handled by a smoothed Heaviside func-
tion in the whole computational domain. The smoothed Heaviside function and its derivative,
namely smoothed delta function, are given below:

Hð/Þ ¼
0 / < �e
1
2

1þ /
e
þ 1
p
sin

p/
e

� �
� e < / < e

1 / > e

8>><
>>:

(13)
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dð/Þ
0 j/j > e
1
2e

1þ cos
p/
e

� �
j/j � e

8<
: (14)

where e is an adjustable parameter of size, often taken 1.5 times (or more than) of the mesh size;
/ represents a Level-Set function and it is generated by the reconstructed interface geometry in
VOSET, in order to calculate the interface normal and curvature more accurately.

3.2. Two-region approach for the magnetic field

As indicated above, the magnetic field is usually solved in the computational domain large
enough to make its boundary far away from the interface between magnetic fluid and non-mag-
netic fluid. In the microfluidic droplet control situations, the droplet is in close contact with the
boundary (such as the tube wall).

To resolve this problem, a two-region method is used for ferrofluid free surface flow in mag-
netic field. As is illustrated by Figure 3, region X1, named fluid region in this article, is occupied
by phases of a ferrofluid and a non-magnetic one; region X2, named vacuum region here, is an
extended region having a magnetic permeability of vacuum. In such computational domain, free
surface flow is solved only in the fluid region, while the magnetic field is solved in fluid and vac-
uum regions. The boundaries of the vacuum region are designed far enough from the ferrofluid
phase, such that the distortion effect on the magnetic field is negligible and reasonable boundary
conditions can be applied for the magnetic potential. In this situation, whether the ferrofluid
droplets exist or not, the external magnetic field in the computational domain is almost
unchanged, so it is considered that the selected computational domain is sufficient for the

Figure 3. Two-region method for ferrofluid free surface flow.
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problem. This two-region domain design is helpful for solving the problem in different regions,
simplifying the solution process, therefore improving efficiency and accuracy.

3.3. Boundary conditions

As Figure 4 shows, the fluid flow is considered only in the fluid region in our computational
domain, and correspondingly, its boundary conditions are specified on the border for the fluid
region. Concretely, the ferrofluid phase flows in from the branch tube having an inlet velocity of
0.001m/s, while the non-magnetic fluid flows in from the left of the main tube with a velocity of
0.01m/s. Fully developed condition is set up at the outlet of the main tube. No-slip wall condi-
tions were given on the other part of the border.

Since the fluid region is designed to be fully surrounded by the vacuum region, the boundary
condition of the magnetic potential needs to be given only on the border of the vacuum region.
For a specific cell face on boundary, the normal gradient of the magnetic scalar potential can be
calculated based on the given magnetic field intensity:

@w
@n

� �
b
¼ nb � rwð Þb ¼ �nb �Hb (15)

where nb refers to the unit normal the cell face, and Hb is the magnetic field strength calculated
by Eq. (1). In this study, the magnetic potential value of the reference point (top left corner, its
coordination is x ¼ � 0.0004m, y¼ 0.0016m) is set to 2.0 A. With this boundary condition the
magnetic scalar potential can be uniquely determined.

3.4. Grid independent test

In this section, grid-independent examination is performed for the case without external magnetic
field. Figure 5 shows the interface positions at 0.16 s of the ferrofluid droplet under the condition
of pure two-phase flow without external magnetic field using four grid sizes. It can be seen that
the phase interfaces obtained by using 10lm and 12.5 lm are basically the same. In order to
maintain a balance between accuracy and saving computing resources, all subsequent calculations
in the present study adopt a grid resolution of 10 lm.

The adopted grid systems for the T-junction and the two-region are presented in Figure 6.

Figure 4. Two-region method for T-junction ferrofluid droplet generator.
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Figure 5. Results of grid independence test.

Figure 6. Grid systems.
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4. Results and discussion

In this section the process of droplet shape change under uniform magnetic field is investigated.
First, a validation example is provided. Then the results of ferrofluid droplets formation process
under non-uniform magnetic field are presented. Finally, the variation characteristics of droplets
under different magnetic field forces are analyzed quantitatively.

4.1. Validation: droplet shape in a uniform magnetic field

To validate the numerical methods and the in-house code MHT used for the present study, we
first performed a simulation on a single ferrofluid droplet deformation under a uniform magnetic
field. As Figure 7 shows, a circular ferrofluid droplet having a radius R is placed at the center of
an 8R� 8R domain. In the computation, we followed the parameters of the experiment reported
by Flament et al. [32]. Concretely, the droplet radius R¼ 0.001m, the magnetic permeability of
the ferrofluid v¼ 2.2, and the surface tension coefficient is 0.00307N/m. The computational
domain was discretized by 100� 100 uniform grid. Under the coupling effect of the magnetic
field and the velocity field, the droplet will elongate along the direction of the magnetic field, and
finally, a balance between the effects of the surface tension and the magnetic force will
be reached.

Figure 7 shows the droplet shapes at equilibrium with applied uniform magnetic fields with
H¼ 1200A/m, 2400A/m, 2900A/m and 3700A/m, and the experimental results shown by the
continuum pictures from Flament et al. [32] are included for comparison. It can be seen that the
degree of deformation increases with the magnetic field intensity [16, 29]. Satisfied agreements

Figure 7. Ferrofluid droplet shapes at equilibrium.
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are reached between numerical and experimental results except for the case with the largest mag-
netic field intensity (H¼ 3700A/m), where the droplet elongation was slightly over-predicted. In
this regard, similar results were found by Afkhami et al. [13] in their numerical studies. As dis-
cussed by Afkhami et al. [13], the slightly over-predicted elongation lies in the constant surface
tension coefficient used in the simulations which actually increases with the intensity of the
applied magnetic field.

In order to assess the two-region method described in Section 3.2, we then performed the
same problem using a two-region mesh displayed as Figure 6 (b). In this specific case, the mag-
netic field intensity was given as 2900A/m. The fluid region (X1) is a 4R� 4R square discretized
by a 50� 50 uniform grid, and the vacuum region (X2) is discretized by an unstructured mesh
with greater grid size. The ferrofluid droplet shape at equilibrium along with the magnetic poten-
tial contours and magnetic field lines around it are plotted in Figure 8, where the red-dashed line
refers to the interface between the two regions used in the computation. Compared with the
droplet shape obtained by one-region approach (see Figure 8 (c)), one can see the same aspect
ratio is achieved at equilibrium. Meanwhile, the magnetic field solved in the two regions shows a
continuous feature across their boundary. The numerical results illustrated in this section confirm
that the numerical methods and the developed code are reliable and can be applied for the pre-
sent study.

4.2. Droplet generation under external magnetic fields

Now attention is focused on the results of the problem described in Figure 1: the ferrofluid drop-
let generation in T-junction. The temporal evolution of the ferrofluid droplet at the T-junction
without and with a magnetic field is shown in Figure 9, where the case without magnetic field is
shown in the left, and the case with nonuniform magnetic field is in the right. In this figure, the
zero time (t¼ 0s) is defined as the moment when the liquid level is flat and going to change.

From Figure 9, it can be seen that at first period (t¼ 0 s to t¼ 0.18 s) the formation process of
ferrofluid is almost the same with or without magnetic field, those without magnetic field being
only a little smaller. But afterwards, the ferrofluid droplets grow quite differently for the two
cases. It can be seen from the right column of Figure 9, the formation process of ferrofluid drop-
lets in magnetic field can be divided into three stages: the expansion, extrusion and pinch-off. In
the expansion stage, from time t¼ 0 s to t¼ 0.2 s, the flow of two phases gradually fills the T-
junction in the side pipe (Branch 1). Because the magnetic field force is opposite to the flow dir-
ection of the ferrofluid, less ferrofluid flows into the downstream channel under the obstruction
of both the magnetic force and the continuous phase. At this stage, the tip of the ferrofluid drop-
let gradually expands radially and laterally in the main channel, and the droplet gradually plumps

Figure 8. Numerical results of ferrofluid droplet deformation at H¼ 2900 A/m.
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up to the radial maximum (t¼ 0.22 s), which is the end of this stage. Subsequently, the ferrofluid
droplet forming process enters the extrusion stage (t¼ 0.22 s� t¼ 0.26 s). At this stage, the extru-
sion pressure and shear force of the droplet play a leading role in driving the droplet tip to move
downstream. The outline of the dispersed neck gradually changes from convex to concave and
becomes thinner. After entering the pinch-off stage (t¼ 0.26s� t¼ 0.28 s), the dispersed neck

Figure 9. Evolution of the ferrofluid droplet formation process. Left column: no magnetic field; right column: nonuniform mag-
netic field.
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thins rapidly near the T-junction. At time t¼ 0.28 s, the extrusion pressure and shear force finally
overcome the resistance of both magnetic force and interfacial tension, so the dispersed neck frac-
ture occurs, and then a new ferrofluid droplet is formed. The magnetic field generated by the
wires on the side of the microfluidic T-junction attracts the ferrofluid and impedes the flow of
the dispersed phase, making it more difficult for the continuous phase to pinch off the dispersed
phase to form new droplets. The pinch off time and dispersed thread length of the ferrofluid
droplet formation with and without magnetic fields are different. In the case without magnetic
field, the dispersed neck is broken at t¼ 0.26s and the length of the dispersed thread is 0.0006m.
Whereas, the case with a magnetic field, the dispersed neck breaks until t¼ 0.28s and the length
of the dispersed thread is 0.0007m. Obviously, the magnetic field designed in this article hinders
the formation of droplets, prolongs the formation cycle of ferrofluid droplets, reduces its forma-
tion frequency, increases the radius of curvature of the neck of droplets, and thus increases the
size of the droplet in the radial direction of the main channel.

4.3. Influences of the magnetic field intensity

In this subsection, the influence of the nonuniform magnetic field intensity on the deformation
of ferrofluid droplet is analyzed in detail. As mentioned above, the magnetic field intensity is con-
trolled by the electric current values. For example, the relationship of magnetic potential and cur-
rent intensity at position (0.0014m, 0.0012m) is presented in Figure 10. It can be found that the
magnetic potential value is directly proportional to the electric current value, and their relation-
ship can be approximated with a function y¼ 0.0009xþ 3� 10�5. Therefore, the effect of the
magnetic field intensity can be replaced by the influence of the electric current intensity on the
droplet deformation.

The variation of magnetic force on a single ferrofluid droplet with electric current intensity
from 0A to 72A is further calculated to explore their relationship under the generation process
of ferrofluid droplets and the results are presented in Figure 11. As the current intensity
increases, the magnetic force of the ferrofluid droplet increases and decreases periodically, espe-
cially for electric current intensity is less than 60A. It is to be noted that the minimum magnetic
force for I¼ 60A is smaller than that for I¼ 54A, and the magnetic force for I¼ 72A fluctuates
periodically and continues to increase. To illustrate this abnormal phenomenon, locations and
sizes of ferrofluid droplet for I¼ 54A, 60A, and 72A at several times are exhibited in Figure 12.
When the electric current intensity increases to I¼ 60A, the departure characteristics begins to

Figure 10. Relationship of magnetic potential and current intensity at position (0.0014m, 0.0012m).
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change. Specifically, for I¼ 60A, some ferrofluid will be adsorbed close to the upper wall of the
main channel, which leads to a droplet with smaller departure diameter, so its corresponding
magnetic force is smaller. Whereas, when the current intensity continues to increase to I¼ 72A,

Figure 11. Different magnetic force imposing on the droplet.
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the ferrofluid is adsorbed on the top of the main channel, so the magnetic force progressively
increases with the expansion of the adsorption area.

It can be found from Figure 11, in the cases with the current intensity less than 54A (Figure
11 (a) and (b)), the magnetic force on the ferrofluid droplet presents a significant periodic vari-
ation. Taking the case with current intensity I¼ 24A (see Figure 13) as an example, the magnetic
force on the droplet gradually increases to its maximum when the dispersed neck expands, after-
wards decreases to its minimum which is due to the tail of dispersed neck is thinned until frac-
ture under the damping effect of continuous phase. When t¼ 0.27s, the dispersed neck ruptures,
the corresponding magnetic force reaches the minimum and its value is 0.0007N, and at this
moment a whole generation cycle is completed. Subsequently, a new ferrofluid droplet generates
and grows gradually, and the magnetic force will repeat the above process.

To quantify the departure period of ferrofluid droplet with different electric current intensities
which are less than 60A, the departure frequency of ferrofluid droplet under different electric
current values is calculated and plotted in Figure 14. As can be seen, with the increase of current
intensity, the departure frequency of the ferrofluid droplet decreases, that is the departure period
increases. The evolution of departure frequency can be divided into three stage: fluctuation stage,
decline stage, and upsurge stage.

In the fluctuation stage (2A�12A), the existence of magnetic field has little effect on the for-
mation of ferrofluid droplets, and the departure frequency is basically maintained at about
5.15Hz. While in the decline stage (12A�54A), the departure frequency decreases monotonically
along with the increase of the current intensity. The departure frequency falls nearly in a quad-
ratic form with current intensity. The quadratic function is determined by the least square
method as shown in Figure 14 (b). In this stage, although the magnetic force can promote the
droplet retention with the increasing the current intensity, it is not enough to adsorb the ferro-
fluid droplet to the upper wall of main channel. Therefore, the departure period is prolonged by
the increasing current intensity. The magnetic force can be increased enough to adsorb the ferro-
fluid droplet to the radial upper wall of the main channel, when continue to increase of the cur-
rent intensity (54A�60A). The departure characteristic at this stage is different with that in the
decline stage, which is consistent with the characteristics shown in Figure 11.

Figure 12. Locations of droplet for I¼ 54A, 60 A, and 72 A at several different times.
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To further illustrate the effect of magnetic force on the ferrofluid, the departure diameter of
the ferrofluid droplet is used. In this article the image processing method is used to calculate the
departure diameter and the resulted image is shown in Figure 15. As shown in the figure, the red
component of Figure 15 (a) is supposed to the ferrofluid, the blue component is the continuous
phase, and the green part is the interface of the two phases. The outer boundary of the red part
is used to distinguish the ferrofluid droplet and the continuous phase. The final processing result
is shown in Figure 15 (b). Based on the images the equivalent departure diameter of the ferro-
fluid droplet can be calculated by:

ddeparture ¼ 2:0
Adrop

p

� �0:5

Dxpixel (16)

where Adrop represents the number of image pixels occupied by ferrofluid droplet, Dxpixel is the
physical size of single pixel.

The departure diameter is investigated by varying the electric current intensity from 0A to
60A while keeping other parameters unchanged. According to the results of the image processing

Figure 13. The magnetic force imposed on the droplet during the departure process.
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method, the departure diameter of a ferrofluid droplet under the above conditions are obtained
as shown in Figure 16. It is obvious that the magnetic force does affect the formation of ferrofluid
droplet.

This result is consistent with the characteristics shown in Figure 14. The variation of departure
diameter under different electric current intensities also can be segmented into three stages: fluc-
tuation stage, upswing stage, and slump stage. In the fluctuation stage (I¼ 0� 12A), the depart-
ure diameter of ferrofluid droplet is fluctuated around 0.00031m. When the electric current
intensity continues to increase, it enters the upswing stage, and the departure diameter rises rap-
idly in a quadratic form with current intensity. The expression of the quadratic function is deter-
mined by the least square method as shown in Figure 16 (b). When the current intensity exceeds
54A, the departure diameter drops sharply, that is, drop diameter variation enters into the
slump stage.

Figure 14. The departure frequency of ferrofluid droplet under different electric current intensities.

Figure 15. The image for departure diameter calculation.
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5. Conclusions

In this study, the generation characteristics of ferrofluid droplets in a microfluidic T-junction
under the influence of nonuniform magnetic field has been studied numerically. Specifically, a
coupled volume-of-fluid and level-set interface tracking method (VOSET) was applied for han-
dling the moving boundary. A two-region method is designed for ferrofluid free surface flow in
magnetic field. The numerical methods were implemented by an in-house CFD code, named as
MHT, designed for solving multi-region heat transfer and fluid flow. Based on this, formation of
ferrofluid droplets under various magnetic field strength are studied in detail. The main conclu-
sions of this study are:

1. The magnetic field strength can be effectively controlled by two electrified straight wires
instead of permanent magnet. In this condition, the produced magnetic force can control
ferrofluid droplet formation.

2. As the current intensity increases, the magnetic force of the ferrofluid droplet increases and
decreases periodically, especially for electric current intensity is less than 60A.

3. The evolution of departure frequency (departure diameter) with the increase of electric cur-
rent intensity can be divided into three stages: fluctuation stage, decline (upswing) stage, and
upsurge (slump) stage.

4. The size and period of ferrofluid droplet formation can be effectively controlled when I is
within the range of [12A, 54A]. In these cases, increasing current intensity can prolong the
ferrofluid droplet generation period.

5. When the current intensity exceeds 60A, the ferrofluid will be absorbed on the upper wall of
the main channel.

All findings obtained this article will provide valuable references for accurately controlling the
size and frequency of ferrofluid droplets, thus promoting the further development of its applica-
tions in many fields including biologic analyses, micropumps, and drug delivery.
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