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Abstract  
 

This paper reports both experimental and numerical investigations of the formation process of 

ferrofluid droplets in a flow focusing configuration with and without an applied magnetic 

field. In the experiment, the homogenous magnetic field was generated using an elec-

tromagnet. The magnetic field in the flow direction affects the formation process and changes 

the size of the droplets. The change in the droplet size depends on the magnetic field strength 

and the flow rates. A numerical model was used to investigate the force balance during the 

droplet breakup process. A linearly magnetizable fluid was assumed. Particle level set 

method was employed to capture the interface movement between the continuous fluid and 

the dispersed fluid. Results of the droplet formation process and the flow field are discussed 

for both cases with and without the magnetic field. Finally, experimental and numerical 

results are compared. 
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1 Introduction 

 

Magnetic particles inside a droplet allow its control and manipulation using a magnetic field 

(Pamme 2006). Magnetic beads with a size ranging from one to tens of micrometers are not 

homogenously distributed in the droplet, and can easily cluster or be extracted from the liquid 

under a strong magnetic field (Long et al. 2009; Lehmann et al. 2006; Tsuchiya et al. 2008; 

Shikida et al. 2006). Magnetic particles such as magnetite (Fe3O4) with a few nanometers in 



 

 

size can avoid the above problem of the larger magnetic beads. Fluids with smaller 

homogenously suspended magnetic particles are called ferrofluids and behave like liquid 

magnets in a magnetic field. A surfactant is added into the fluids to prevent the agglomeration 

of the particles induced from the magnetic dipole interaction and sedimentation due to the 

gravity of the particles (Rosensweig 1985; Odenbach 2003). Ferrofluids can display various 

interesting behaviors and patterns under the different strengths of the magnetic field. Moreover, 

the fluid exhibits a decrease in viscosity under an applied AC magnetic field (Zahn 2001). 

 

Ferrofluid droplets suspended in another immiscible fluid form an emulsion. For instance, 

an emulsion of water-based ferrofluid in oil can be formed in a T-junction microchannel (Tan 

et al. 2010). Ferrofluid droplets and emulsions have a variety of applications in biology and 

engineering such as detection of defects in ferromagnetic components (Philip et al. 1999), cell 

sorting (Zborowski et al. 1999; Kose et al. 2009), optical filter (Philip et al. 2003), PCR (Sun 

et al. 2007), pump and valve (Hartshorne et al. 2004). In addition, ferrofluid emulsion was 

used as shadow mask for micro-fabrication to prevent chemical and UV exposure by varying 

the pattern of magnetic field (Yellen et al. 2004). Ferrofluid droplets can be used for magnetic 

manipulation as well (Friedman and Yellen 2005. 

 

Ferrofluid droplets can be manipulated by employing planar electromagnets (Nguyen et al. 

2006). Ferrofluid plugs driven by a permanent magnet can be used as a liquid piston for fluid 

transport in a polymerase chain reactor (Sun et al. 2008). Recently, Nguyen et al. (2010) 

studied the effect of magnetowetting on a sessile ferrofluid droplet by employing a moving 

magnet. The effects of the magnetic field strength, base diameter of the droplet, and the 

moving speed of the magnet were investigated. The formation process of ferrofluid droplets 

at a microfluidic T-junction can be controlled by the position of an external permanent 

magnet (Tan et al. 2010). 

 

Other than magnetic field, additional energy sources such as heat, electric field, and laser 

were also widely employed to actuate droplets. Under an applied electric field, droplet 

manipulation is based on the electrostatic force (Link et al. 2006). The droplet behavior can 

be changed by localized heating from a single or line patterns laser. A single laser spot can 

increase the formed droplet volume in a cross flowing channel, and switch the droplet 

transport path at a bifurcation due to laser heating (Baroud et al. 2007a, b). The interfacial 

film dynamics during droplets adhesion because of laser heating was studied by Dixit et al. 

(2010). However, varying droplets size by employing magnetic field was not reported by 

other research groups. In addition, magnetic manipulation can be carried out with a 

permanent magnet without electric power. 

 

The numerical models provide a tool to further explain the behaviors of ferrofluid droplet, 

the interaction between capillarity and ferrohydrodynamics, and how the magnetic force affects 

the droplet formation. The numerical treatment of the present problem can be extended to other 

multi-phase multi-physics problems in microfluidics. The mathematical formulation for 

hydrodynamics of ferrofluid was discussed by Rosensweig (1985). The deformation of a freely 

suspended droplet and a sessile droplet in a uniform magnetic field was previously numerically 

studied by coupling the magnetic field, the free surface, and the fluid flow (Lavrova et al. 2006; 

Sero-Guillaume et al. 1992). The stable shape is determined by the interaction between 



 

 

magnetic force and the interfacial tension force. The shape will jump to an elongated one 

within a certain threshold of magnetic field (Bacri and Salin 1982). To study the dynamics of a 

freely suspended droplet, an analytical model was built to explain the oscillation caused by the 

perturbing magnetic field (Potts et al. 2001). A ferrofluid droplet falling down in a non-

magnetic fluid was modeled by Korlie et al. (2008). A linearly magnetizable fluid was 

considered in this model. Afkhami et al. (2008) studied the equilibrium state of a hydrophobic 

ferrofluid droplet under a uniform magnetic field numerically and experimentally (Afkhami et 

al. 2008). A non-linear magnetic fluid and the volume of fluid (VOF) method were used to 

model the multiphase flow. The magnetic potential was governed by a linear equation in an 

axial symmetric cylindrical coordinates. 

 

The main challenge in modeling multiphase systems is describing the interface movement 

(Liu and Nguyen 2010). There are different techniques to predict the interface location such as 

level set method (LSM) and VOF. The algorithm of LSM for tracking the moving interface on 

the fixed-grid system was demonstrated by Osher and Sethian (1988). The level set function, 

ɸ (𝑥 , t), was introduced over the whole domain or near the interface and was defined as a 

signed shortest normal distance from the interface. A review of VOF method was given by 

Scardovelli and Zaleski (1999). The volume fraction function was introduced and defined in a 

volume fraction field throughout the whole computational domain. 

 

This paper reports both experimental and numerical investigation of the formation process 

of ferrofluid droplets under a uniform magnetic field. Water-based ferrofluid and silicone oil, 

respectively, worked as the dispersed and the continuous fluids in a flow focusing 

microchannel. A uniform magnetic field generated by an electromagnet was used to control 

the formation process. The numerical model assumes the ferrofluid to be a linear magnetic 

material. Particle LSM was used to calculate the movement of the interface between ferrofluid 

and silicone oil. Both experiment and simulation show the same effect of the magnetic field on 

the size of the droplets formed. Detailed hydrodynamic analysis during the formation process 

was carried out for both cases with and without the magnetic field. 

2 Experimental methods 

2.1 Design and fabrication of the test device 

A flow focusing configuration was employed to form the ferrofuid droplets. The test device has 

a size of 10 mm × 10 mm. Figure 1a shows the layout of the device. Port one guides the 

continuous fluid to flow into two equal branches with the same flow rate. The two branches act 

as two side channels of the flow focusing configuration. Port two is used to introduce the 

dispersed fluid into the main channel. Figure 1b shows the geometry of the flow focusing 

junction where the droplets are formed. The microchannels have a square cross section of 100 

μm × 100 μm. Without the applied magnetic field, ferrofluid droplets were formed in the 

squeezing regime. The test device was fabricated using standard soft lithography (Liu et al. 

2009). The polydimethylsiloxane (PDMS) substrate was peeled off from the master mold and 

bonded to a glass slice with a spin coated PDMS layer of 200-μm thickness using oxygen 

plasma treatment (790 Series, Plasma-Therm, Inc., FL, USA). The device was then aligned to 

the electromagnet so that the magnetic field is parallel to the main channel, Fig. 1b. 



 

 

2.2 Materials 

In the experiment, water-based ferrofluid (Ferrotech, EMG 807) works as the dispersed 

phase. At 27°C, the dynamic viscosity and density are μd = 2 mPa s and ρd = 1100 kg m
−3

, 

respectively. The subscript ―d‖ refers to the dispersed phase. The particles volume 

concentration is 1.8% and the beginning susceptibility is 𝜒 = 0.39. The magnetization of 

this ferrofluid was described in the previous work of Tan et al. (2010). Silicone oil (Sigma-

Aldrich, 378364) works as the continuous phase. The dynamic viscosity and density are μc 

= 96 mPa s and ρc = 960 kg/m
3
, respectively. The subscript ‗c‘ refers to the continuous 

phase. The interfacial tension between the ferrofluid and the oil is 12 mN m
-1

. 

2.3 Experimental setup 

To generate a uniform magnetic field, a coil with 350 turns was spiraled round a ‗U‘ shape 

steel core with a small air gap of 26 mm as shown in the inset of Fig. 2. A DC power source 

(Instek, GPS-3030DD) was used to vary the magnitude of the magnetic field strength. The 

magnetic flux densities at different current intervals were measured using a commercial 

gaussmeter with an accuracy of 1% (Hirst, GM05, UK). The current of the electromagnet was 

varied from 0 to 3 A at an interval of 0.5 A. The corresponding magnetic flux density varies 

from 0 to 40 mT (Fig. 2). The ferrofluid behaves as a non-linear magnetizable material 

because of the strong magnetic field (Tan et al. 2010). The fluids were delivered to the device 

by two separate precision syringe pumps (KD Scientific Inc., USA). 

In the experiment, the flow rate of silicone oil varied from Qc = 20 μl/h to 24 μl/h. The flow 

rates ratio of the continuous and dispersed phases were fixed at four. Ferrofluid droplets were 

imaged with a high speed camera (Photron, APX RS) using a ×10 objective lens on a Nikon 

(TE2000) inverted fluorescence microscope. Images were acquired at a rate of 1000 frames per 

second. 

3 Numerical simulation  

3.1 Problem description 

The numerical simulation was carried out with a three-dimensional (3D) model. The 

dimensions of flow focusing structure are the same as those of the experimental device 

depicted in Fig. 1b. The velocities of silicone oil and ferrofluid at the inlet were assumed to 

be fully developed with the mean velocities ūc and ῡ d for the continuous and disperse fluids, 

respectively 

 

(1)  

 

where W and H are the is width and height of the microchannel. No-slip boundary condition 

is applied to the walls. Outflow boundary condition is used at the outlet. Only one quarter of 

the domain was calculated due to the symmetry of the channel geometry and the flow field. 



 

 

Symmetry boundary conditions are applied at the symmetry surfaces. The actual densities 

and viscosities of the liquids were used. Following dimensionless numbers were used for the 

characterization of the formation process: 

 

 

  

 

(2) 

 

 

 

 

where 𝜎 is the interfacial tension, L is characteristic length as well as the width of the channel 

inlet as shown in Fig. 1, and t is the time. The values of the capillary number (Ca) and the 

Reynolds number (Re) are less than unity. The magnetic bond number (Bm) describes the 

ratio between the magnetic force and the interfacial tension force. At a fixed interfacial 

tension, the magnetic bond number (Bm) represents the strength of the field. The 

susceptibility (𝜒m) is the property representing the response of the ferrofluid to an applied 

magnetic field. 

 

3.2 Governing equations  

 

The magnetic field is described by the Maxwell equations for nonconducting fluids 

(Rosensweig 1985) 

 

  (3) 

     

    (4) 

 

where  𝐻   and 𝐵   are the magnetic field strength and the magnetic flux density. Considering a 

ferrofluid domain, Ωd, surrounded by a nonmagnetizable medium, Ωc, both 𝐵   and 𝐻    satisfy  

 

 

(5) 

 

 

µ0 = 4π × 10
-7

 N/A
2
 is the permeability of the free space, 𝑀    is the magnetization of the 

ferrofluid. In our model, the magnetization of the ferrrofluid is assumed to be a linear 

function of the magnetic field strength 

   

(6) 

 

where 𝜒m is the susceptibility of the ferrofluid. The magnetic permeability of the ferrofluid is 

defined as µ1 = µ0 (1+ 𝜒 m). Thus, the flux density inside the ferrofluid is 𝐵   = µ1 𝐻   . 



 

 

Introducing the magnetic scalar potential 𝜓 in the form of 𝐻    = −∇𝜓 to satisfy Eq. 3 and Eq. 4 

yields 

 

(7) 

 

The permeability abruptly changes across the interface between two immiscible phases. 

Thus, the scalar potential, 𝜓, changes as the interface moves. The magnetic susceptibility can 

be solved within the whole computational domain based on the harmonic mean 

 

(8) 

 

 

 

The magnetic force is given by Rosensweig (1985) 

 

(9) 

 

 

 

(10) 

 

 

 

where ∅ is level set function (Yap et al. 2006). The value is the shortest normal distance to 

the interface. D(∅) is the delta function that is zero everywhere except near the interface, and 

its definition is  

 

 

(11) 

 

 

The magnetic force only acts on the interface where the discontinuity in magnetic 

permeability takes place and will vanish if the permeability is constant. The boundary 

condition of the magnetic field satisfies 

 

 

(12) 

 

 

The incompressible Navier–Stokes equations are used to solve the flow field of 

both continuous and dispersed phases 

 

  

(13) 

 

 



 

 

 

where 𝐹  is the interfacial tension force (Yap et al. 2006) 

 

(14) 

 

where 𝜅 is the curvature, and 𝑛 f  is the normal vector to the interface. The gravity is neglected 

in this model. An incompressible and unsteady media is assumed 

 

(15) 

 

The jumps of the properties 𝜌 and µ near the interface were smoothed with Heaviside 

function in the whole computational domain (Yap et al. 2006). 

 

The N–S Eq. 13, continuum Eq. 15, and magnetic potential Eq. 7 are solved on a Cartesian 

staggered grid using finite volume method. The velocity field and the pressure field are 

coupled by the SIMPLER algorithm (Patankar 1980). The combined convection–diffusion 

effect is predicted by the second-order accurate total variation diminishing (TVD) 

discretization schemes. The time integration used a fully implicit scheme. A particle LSM is 

employed to capture the motion of interface between two immiscible phases (Ho et al. 2009). 

The calculation of interfacial tension uses the continuous surface force model (Brackbill 

1992). 

 

3.3 Grid independent study 

 

Validation and grid refinement were first carried out. As a case study, the mean velocities of 

the main channel and the lateral channel are set as ūc = 0.0025m/s and  ῡ d = 0.01 m/s. Both 

fluids have same densities and viscosities of 𝜌c = 𝜌d = 1000 kg m
-3

and µc = µd = 1 mPas. The 

interfacial tension is set as 𝜎= 1 mN m
-1

. The results of our numerical scheme are compared 

with the VOF method of the commercial code Fluent. Table 1 shows a good agreement for the 

normalized droplet volumes V* = Vd/L
3
. Since our numerical scheme uses the staggered grid to 

approach the actual geometry while the VOF method can define the real geometry, the error can 

be reduced with further grid refinement. The grid size of 184 × 62 × 26 will be used in the sub-

sequent simulation. 

4 Results and discussion 

The formation process of the ferroffluid droplets in the absence of the magnetic field was first 

investigated. Both simulated and measured evolutions of the formed droplet are shown in Fig. 

3. The discrepancy occurs after the droplet breakup at t = 187 ms marked with a circle (Fig. 

3a, t = 187 ms, 207 ms). The tip of the ferrofluid is sharper in the experimental results 

possibly because of change in geometry caused by swelling of the device material (PDMS) 

when exposed to silicone oil (Venkatraman et al. 1994; Lee et al. 2003). 

 

The force caused by the viscous stress acting on the interface is proportional to the tip area 



 

 

and the velocity gradient. Together with the pressure, the viscous force provides a squeezing 

action on the tip to move it downstream. Acting in the opposite direction, the interfacial 

tension keeps the ferrofluid tip from moving forward. As shown in Fig. 3, at the beginning of 

the formation process (t = 0, 47 ms), the curvature of the tip is bigger and results in a larger 

capillary force, which is proportional to the curvature and the interfacial tension. The 

pressure increases as the dispersed phase blocks the throat, which together with the viscous 

stress stretches the ferrofluid tip to move forward. Therefore, the ferrofluid thread 

becomes thinner and its circumference reduces until the thinner thread can no longer hold 

back the ferrofluid tip (t = 173 ms). At the moment of breakup, the new tip and the formed 

droplet move oppositely upstream and downstream due to the higher pressure inside the 

ferrofluid (t = 187 ms). 

 

Figure 4 shows the simulated instantaneous streamlines during the droplet formation 

process from the early stage to the breakup without the magnetic effect. The streamlines 

describe the direction of fluid flow over time. As shown in Fig. 4, from t = 47 ms to t = 116 

ms, the flow directions are changed and two counter rotating vortices near the wall appear 

inside the throat. Several pairs of vortices distribute along the interface of the thread at t = 

166 ms. It is interesting to see that two pairs of the vortices grow bigger when the thread is 

ready to breakup at t = 173 ms. 

 

After recording the images with the high-speed camera, we measured the droplet diameter 

using a customized MATLAB program. For each data point, a total of  20 droplets were 

measured. However, as the resultant droplet has an apparent diameter bigger than the depth of 

the channel, it assumes a discoid shape (Nie et al. 2008). Hence, the measured result slightly 

overestimates the actual droplet diameter. The image sequences of the droplet formation were 

processed using another customized MATLAB program. The interface between the ferrofluid 

and the oil was detected. The time-evolving image was constructed by the individual interface 

images and serves as a visualization tool for the droplet formation process. Figure 5 shows the 

evolution of the droplet formation process in the presence of the magnetic field. The ferrofluid 

tips were elongated, and the formed droplet size is big compared to the case without the 

magnetic field shown in Fig. 3. In the experiment, the time to form a droplet is about 1.016 s 

when the magnetic flux density is B = 42.3 mT. This time is almost twice the time needed for the 

case without the magnetic field of 0.592 s. 

 

Figure 6 depicts the simulated magnetic scalar potential 𝜓 over time with Bm = 0.3, 𝜒d = 5 

as in the case of the simulation (Fig. 5b). The corresponding numerical velocity field is 

depicted in Fig. 7. It takes much longer for the ferrofluid droplet to complete the formation 

process. The streamlines of droplet forming become different under a magnetic field as 

described in Fig. 7. In this situation, the magnetic force acts as a drag force on the interface of 

the ferrofluid tip. The growing tip results into the increase of the number of the vortices. 

 

A flow in opposite direction occurs at t = 86.3 ms (Fig. 7). The interaction of the magnetic 

force and the capillary force leads to an elongated tip. The elongation is more serious at a 

large magnetic force, Fm. As a result, the tip does not exhibit the spherical shape as in the 

case without the magnetic field. The magnitude of the velocities increases gradually until the 

breakup happens. These phenomena are different from the case without the magnetic field. 



 

 

The pressure outside the thread increases slowly. The curvature of the thread is small and 

changes slowly because of the high pressure inside the thread. Finally, a bigger droplet is 

formed when the interfacial tension force cannot withhold the ferrofluid. The formed droplet 

has the shape of an ellipsoid due to the stretching effect of the magnetic force (t = 489.2 ms 

to 546.8 ms in Fig. 7). The relationship between the normalized diameter (D*) and the 

magnetic Bond number (Bm) is shown in Fig. 8. The discrepancy in the curves of the 

numerical and the experimental results are caused by the different responses of the 

magnetization to the applied magnetic field strength. 

 

The ferrofluid is assumed to be a linear magnetic material in the numerical models while it 

behaves as a non-linear magnetic material in the experiment. A non-linear model would be 

more accurate to obtain a quantitative comparison with the experiment results. However, the 

aim of the present numerical study is the qualitative understanding of the behavior of the 

ferrofluid under an applied magnetic field and of the magnetic-hydrodynamic interactions. The 

present results provide the theoretical basis for further development of more comprehensive 

and accurate models describing the actual physics of the problem. Nevertheless, both results 

show the similar trends, and they obviously indicate the two regions affected by the flow rates. 

 

A higher flow rate can form a relatively larger droplet in regime I of Fig. 8, and smaller 

droplet in region II of Fig. 8. Figure 9 shows the states of the ferrofluid tips just before the 

breakup in the two regimes. In regime I, the diameter of tip is smaller than the channel width. 

In regime II, the blockage happens in the case of Qc = 20 µl/h, Qd = 5 µl/h, and 𝜂 ≪ W. The 

pressure difference and the shear stress can increase dramatically. The size of the formed 

droplet is more sensitive to the applied magnetic force at lower flow rates. The same 

phenomenon was also observed for the formation process at a T-junction (Tan et al. 2010).  

5 Conclusions 

In conclusion, this paper reports the behavior of the formation process of ferrofluid droplets 

in a flow focusing configuration. The effect of an applied magnetic field on the droplet size 

and the velocity field was investigated experimentally and numerically. The size of droplet 

increases with increasing magnetic field strength. The sensitivity of the droplet size on the 

magnetic field depends on the flow rates of both continuous and the dispersed fluids. 

Although the ferrofluid behaves as a non-linear magnetizable material in the experiment and 

a linear magnetizable relationship was assumed in the numerical model, similar trends were 

obtained. The relationship of the magnetic bond number and the normalized droplet diameter 

was discussed. The higher the magnetic bond number, the larger is the volume of the formed 

droplet. 

 

In the absence of the magnetic field, a couple of opposite flow appears in the flow focusing 

channel as results of the interaction between the pressure drop, viscous drag force, and 

interfacial tension. The pressure drop and the viscous drag force push the ferrofluid forward 

while the interfacial tension keeps the tip backward. In the presence of a magnetic field, the 

ferrofluid tip is pulled forward due the additional magnetic force. The thread and the tip 

become longer resulting in a longer formation time. The hydrodynamics arising in the 

formation process of a ferrofluid droplet was further investigated with the help of a 



 

 

numerical model. Two cases of with and without magnetic field was analyzed. The results 

presented in this paper show that using an external homogenous magnetic field is an 

alternative to control the droplet size of a ferrofluid emulsion. 
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