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Abstract: We numerically investigate the dynamics of a pair of circular Janus microparticles immersed
in a Newtonian fluid under a simple shear flow and a uniform magnetic field by direct numerical
simulation. Using the COMSOL software, we applied the finite element method, based on an
arbitrary Lagrangian-Eulerian approach, and analyzed the dynamics of two anisotropic particles
(i.e., one-half is paramagnetic, and the other is non-magnetic) due to the center-to-center distance,
magnetic field strength, initial particle orientation, and configuration. This article considers two
configurations: the LR-configuration (magnetic material is on the left side of the first particle and
on the right side of the second particle) and the RL-configuration (magnetic material is on the right
side of the first particle and on the left side of the second particle). For both configurations, a critical
orientation determines if the particles either attract (below the critical) or repel (above the critical)
under a uniform magnetic field. How well the particles form a chain depends on the comparison
between the viscous and magnetic forces. For long particle distances, the viscous force separates
the particles, and the magnetic force causes them to repel as the particle orientation increases above
the configuration’s critical value. As the initial distance decreases, a chain formation is possible at a
steady orientation, but is more feasible for the RL-configuration than the LR-configuration under the
same circumstances.

Keywords: Janus particles; LR-/RL-configuration; uniform magnetic field; simple shear; chain
formation; direct numerical simulation

1. Introduction

Janus particles, named after the Roman god Janus, are fabricated with two different
materials on opposite sides and come in all shapes and forms [1–3]. A magnetic Janus
particle is an anisotropic particle with a magnetic and a non-magnetic hemisphere, two mag-
netic hemispheres with different magnetic susceptibilities, or is made up of magnetic or
non-magnetic particles with magnetic or non-magnetic caps [4]. The fabrication of Janus
particles includes coating and sonicating a whole particle to combine nanoparticles in
microfluidic compartments, as well as ultraviolet technology to solidify the Janus particle
after forming droplets made out of magnetic and non-magnetic fluids [5–9]. The various
important applications of magnetic particles include, but are not necessarily limited to,
the creation of complex architectural structures, colloidal superstructures, magnetorheo-
logical smart fluids for dampers, valves, and brakes, and biomedical applications such as
biosensors, protein detection, and drug delivery systems [9–14]. Other advantages of Janus
particles in applications include loading florescent nanoparticles, dyes, and drugs [3,15–17].

Unlike a dielectric Janus particle chain, which separates due to Brownian motion in
the absence of an electric field, magnetic Janus particles separate under demagnetization,
giving them an advantage in forming permanent chains and flails [18]. For isotropic
particles, chains or flails can form with spherical and elliptical microparticles [19,20].
For anisotropic particles under a magnetic field, staggered chains, double chains, or clusters
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can be constructed [4,21–24]. Colloidal superstructures can also be formed under a rotating
magnetic field when programmed magnetic Janus particles rotate on their long axis and
are used as building blocks with other particles [14]. By applying a simple shear flow, there
exists new challenges to study Janus and magnetic/dielectric particles under a uniform
magnetic/electric field. In the absence of a magnetic field and under a simple shear flow,
particles will collide to form a doublet, are contactless, but orbit periodically around
each other (known as a closed orbit), or separate from each other. Previous authors have
mentioned additional attributes, including the possibility of the particles forming a chain
when under the effects of an electric field or simple shear flow [25–32]. Whether particles
orbit around each other or not depends on the initial center-to-center distances and the
initial particle orientation. In the presence of a magnetic field, chained isotropic particles
can either perform rotational dynamics or rupture under a shear flow [33]. Whether a chain
ruptures or rotates depends on the ratio between the viscous force and the magnetic force,
also known as the Mason number [33].

Besides using experimentation to study the behavior of Janus particles, numerical sim-
ulations apply powerful computer tools to observe the particle-particle interactions and the
hydrodynamic and magnetic force effects on the transportation, rotation, and migration
behaviors of two or more particles. By applying numerical analyses, we study the effects
of hydrodynamic and magnetic forces on the particle dynamics based on many parameters
of the numerical model, including the size and shape of the particle, the height, width, and
shape of the channel, the shear rate of the fluid, magnetic susceptibilities, the magnetic
force between particles, and the strength and direction of the magnetic field.

Even though, to our knowledge, there are no published articles on Janus particles in
simple shear flows and under uniform magnetic fields, this research is an important subject
for practical applications in science and engineering including experimental and numerical
analyses. For experiments, in valves, for example, the viscosity of the fluid increases under
a magnetic field, causing a resistance against the velocity of a fluid and based on the fluid’s
driving force and its active volume [11,34]. In dampers, the magnetic field strength affects
the damping force as shock absorbers by rearranging chains and increasing the yield stress
inside the fluid [11,35]. In both cases, however, the ability to retain particle chains and/or
clusters (which could consequentially mean the difference between the success and failure
of applications) is dependent on the fluid flow (caused by external forces) and the strength
of the magnetic field.

As discussed by Anupama et al., under a uniform magnetic field, depending on the
particle concentration, single strands (low concentration) or columns (high concentration)
are formed in a quiescent fluid [36]. When a low to high shear rate is applied, the effect
of the applied magnetic field was analyzed. On the one hand, with a low applied mag-
netic field, for a low shear rate, the particles are able to react to the flow and rearrange
themselves to the initial/equilibrium positions (linear viscoelastic). For a high shear rate,
the particles can break and create random structures due to their inability to respond in
time (viscoplastic). On the other hand, for a high applied magnetic field, at a low shear
rate, the magnetic strength between particles is so high that the flow effect on structured
columns is almost negligible. As the shear rate increases, the hydrodynamic force tries to
break the bonds between particles, but the columns can either remain intact or reassemble
themselves with minimal wall contact. In either of these cases, the particle columns have
reportedly deconstructed and reconstructed and will maintain minimal contact with the
moving wall.

In numerical studies, Kang et al. successfully analyzed two solid paramagnetic cir-
cular particles in a quiescent flow and under a uniform magnetic field, a method that
was later applied by Zhang et al. to study two elliptical paramagnetic particles [19,20].
Later, Seong et al. and Kim et al. numerically studied anisotropic circular and elliptical par-
ticles under a uniform magnetic field using statistical analysis for their validation [37–39].
With many academic literature works leaning towards computer simulations, anisotropic
particles in shear flows, and under a uniform magnetic field, we apply the arbitrary



Magnetochemistry 2021, 7, 16 3 of 20

Lagrangian-Eulerian (ALE) algorithm for the finite element methods (FEM) and use
direct numerical simulation (DNS). The application of this numerical analysis allowed
Zhang et al., Cao et al., and Sobecki et al. to compute the dynamics of particles in quiescent,
Poiseuille, and simple shear flows for fluid-particle and particle-particle physics [20,40–43].
Even though our numerical method is different, we nonetheless used Seong et al.’s numer-
ical results to validate our model.

While there have been experimental [4–7,9,14,18,21–23] and numerical [5,9,18,37–39]
investigations of microscale Janus particle dynamics, our work is the first to study the
dynamics of microscale Janus particles in shear flows and under a uniform magnetic field.
This can be used for applications in drug delivery, disease diagnosis, and magnetorhe-
ological fluids in dampers and pumps. In this article, we focus on a two-dimensional
analysis of two anisotropic paramagnetic Janus particles in a simple shear flow and under
a uniform magnetic field. For two Janus particles, two configurations are considered:
the LR-configuration and the RL-configuration, as well as three parameters: the center-to-
center particle distance, the magnetic field strength, and the particle orientation. For two
neighboring particles, there exists a particle-particle interaction that affects the surrounding
fluid, a viscous force to separate or orbit both particles due to the shear rate, and a magnetic
force that allows the particles to either repel and/or attract one another in an attempt to
form a chain.

In the validation section, we analyze the dynamics of two circular particles in a simple
shear flow in the absence of a magnetic field, the rotational dynamics of a single Janus
particle under a uniform magnetic field in a quiescent flow, and the dynamics of two Janus
particles under a uniform magnetic field in a quiescent flow. In the first case, depending
on the initial particle distance and orientations, under a simple shear flow, the particles
will either separate or orbit each other and complete a 2π orientation. For the second case,
because a circular Janus particle’s magnetic property is anisotropic, the magnetic torque
rotates the particle until its hemisphere is parallel to the direction of the magnetic field.
Finally, for the third case, the critical orientation of the configurations allows the particles to
either attract each other (below the critical orientation) or repel and then attract (above the
critical orientation), depending on the initial particle orientation. As the particles are in
motion, they affect the surrounding fluid due to the particle-fluid-particle interactions
induced by the magnetic force.

Finally, the shear flow and the uniform magnetic field are combined in order to observe
how the particles repel or attract due to their orientation and how their relative positions
in the fluid domain can affect their dynamics. The particles are shown to repel under
the combination between the magnetic and hydrodynamic forces as the orientation of the
particles increases by the shear rate above the critical orientation and are further repelled by
the magnetic force. In these cases, it is possible to analyze the rate of the particle separation
based on the initial orientation and the magnetic field strength. Furthermore, as the initial
particle distance decreases, the chain formation is feasible at a stable steady orientation, but
occurs more often for one configuration than the other. Although not immensely studied,
the particles’ stable steady direction under separation or chain formation and their stable
steady orientation are analyzed. A DNS is applied by using an FEM, based on an ALE
approach, to analyze the combination among the magnetic field, the simple shear flow, and
the particle-particle interaction and to solve the dynamics of the particles and the flow field
in a square domain. The hydrodynamic and magnetic forces and torques are computed
by a COMSOL FEM solver (5.3a, COMSOL Inc., Burlington, MA, USA) to analyze the
orientation and the position displacement motions.

2. Numerical Modeling
2.1. Numerical Setup

In this article, two equally sized and neutrally buoyant circular Janus particles were
placed in a simple shear flow of an incompressible Newtonian fluid, with a density ρ f
and a dynamic viscosity η f , under a uniform magnetic field H0, as seen in Figure 1a.



Magnetochemistry 2021, 7, 16 4 of 20

The computational domain consisted of two particle surfaces ∂Γ1 and ∂Γ2 and particle
domains Γ1 and Γ2, where subscripts 1 and 2 represent Particles 1 and 2, respectively.
The domains of both Janus particles were equally sectionalized into a paramagnetic side,
with a constant susceptibility, and a non-magnetic side, which corresponds to an anisotropic
magnetic particle, as seen in similar studies [37]. The anisotropic property of a paramagnetic
Janus particle gives it a unique behavior as opposed to its isotropic counterpart. Under a
uniform magnetic field, an isotropic paramagnetic particle will not experience a magnetic
angular velocity, but a Janus particle rotates until the particle direction (the normal direction
to the internal interface) is parallel to the magnetic field direction [37]. Furthermore, a pair
of Janus particles’ initial directions can be classified by a configuration, as shown in
Figure 1b, the LR-configuration, and Figure 1c, the RL-configuration. The configurations
were seen as the initial directions of the particles. For example, the LR-configuration
was when Particle 1 had its magnetic half on the left-hand side and φ1,0 = 270◦ (L),
whereas Particle 2 had its magnetic half on the right-hand side and φ2,0 = 90◦ (R), and
vice-versa for the RL-configuration. The particles were positioned at an orientation, θ,
and separated by a center-to-center distance, d. Particle 1’s position was below the origin,
whereas Particle 2 was above at (xpi, ypi) = d

2 (∓ sin (θ), ∓ cos (θ)), where i = 1 (“−”)
and i = 2 (“+”) represent Particles 1 and 2, respectively. The Janus particles have an initial
orientation, θ0, that is either at or in between θ0 = 0◦ (where the particles are vertical to
each other) and θ0 = 90◦ (where the particles are horizontal to each other), as shown in
Figure 1d,e, respectively.
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Figure 1. (a) Schematic of two Janus particles in a simple shear flow and under a uniform magnetic field. The particles are
in a fluid domain Ω1, and the magnetic field is produced inside the air domain Ω2. The particle angles are shown in the
LR-configuration box (b), and the orientation and the center-to-center distances are seen in the RL-configuration box (c).
The initial orientation used in this study are either equal to or in between (d) θ0 = 0◦ and (e) θ0 = 90◦.

The computational domain included a fluid domain, Ω1, enclosed by the boundary
A1B1C1D1, with the width and height set as w = h = 200 µm, and an air domain, Ω2,
enclosed by the boundary A2B2C2D2 with twice the width and height of the fluid domain.
The top and bottom boundaries, A1B1 and D1C1, were solid walls with horizontal velocities
that were equal, but opposite, thus creating a shear flow. The air domain was used to
apply a uniform magnetic field parallel to the y-axis by setting boundaries B2C2 and
D2 A2 as magnetic insulators. Meanwhile, the A2B2 boundary had a zero magnetic scalar
potential, whereas the C2D2 boundary had a magnetic scalar potential of Vm0 = H0 × 2h.
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Thus, a uniform magnetic field was developed and was parallel to boundaries B2C2 and
D2 A2 without a current.

The numerical simulation was initially set up with the wall velocity increasing over
time until the shear flow was fully developed. Afterwards, a magnetic field was auto-
matically applied. This ensured that the particles were affected by the shear flow and the
magnetic field at approximately the same time.

2.2. Governing Equations: The Magnetostatic Problem

For two Janus particles in a uniform magnetic field, the calculation of a magnetic field
was applied in the entire domain without a current. For the entire domain, the magnetic
potential is given by the magnetostatic equation:

∇ · (µ∇ϕ) = 0, (1)

where ϕ is the magnetic scalar potential and µ is the magnetic permeability related to the
magnetic susceptibility χ by solving µ = µ0(1 + χ), where µ0 is the permeability of free
space. The magnetic field intensity, H, and the magnetic flux density, B, are defined by the
magnetic scalar potential and permeability H = −∇ϕ and B = µH, respectively.

It should be mentioned that for an anisotropic particle in a non-magnetic fluid,
there are two discontinuities regarding the magnetic permeability. The first discontinuity is
across the interface between the fluid and the outer boundary of the magnetic domain of
the particle. The second discontinuity is across the boundary between the magnetic and
non-magnetic domains inside the particle. This gives a non-uniform magnetic field and
permeability inside a Janus particle. Thus, µ = µ0 inside the fluid, air, and non-magnetic
particle domains, and µ = µ0(1 + χ) in the magnetic particle domain. After finding the
magnetic field intensity and flux density, without a current, the magnetic scalar potential
satisfies the governing Maxwell equations, independent of any boundary conditions:

∇×H = 0, (2)

∇ · B = 0. (3)

The pair of Janus particles are assumed to be in a Stokes flow regime, and the inertia
of the particles is considered neglected because the Reynolds number is low. These assump-
tions are usually applied in microscale flows for a Reynolds number less than one and
for microscale particles (spherical and non-spherical) [33,40,42–45]. Thus, under a Stokes
flow regime and a uniform magnetic field, the flow is governed by the continuity and the
momentum balance equations, and the particles are governed by Newton’s second law:

∇ · u = 0 (4)

∇ ·œ +∇ · Tm = 0, (5)

where u is the fluid velocity, œ = −pI + η f (∇u + (∇u)T) is the Cauchy stress tensor,
and Tm = µ(HH− H2I/2) is the Maxwell stress tensor. The stress tensors are defined by
the pressure, p, the viscosity, η f , the identity tensor I, and H2 = H ·H. The magnetic force
between the Janus particles is calculated by taking the divergence of the Maxwell tensor
and is added to the momentum balance equation.

2.3. Governing Equations: The Flow Problem

In addition to the continuity equation, the fluid flow u is governed by the Navier–
Stokes equation with a no-slip condition on walls A1B1 and D1C1 and with zero normal
pressure at boundaries D1 A1 and B1C1 as shown in Figure 1a:

ρ f [
∂u
∂t

+ (u · ∇)u] = ∇ · η f (∇u + (∇u)T) +∇ · Tm, (6)
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where t is time. In a Stokes flow, if we non-dimensionalize the Navier–Stokes equation,
the Reynolds number would be on the left-hand side of the equation. Therefore, as the
Reynolds number approaches zero, the acceleration term, ∂u

∂t , and the inertial term, (u · ∇)u,
would disappear. The velocity of the fluid, u, is also governed by the constraint for the
rigid body motion on the surface of the ith particle. The fluid velocity is based on the
position on the ith particle’s surface, x, along with the ith particle’s angular velocity ωi,
the ith particle’s center of mass position xi = (xi, yi), and the ith particle’s translational
velocity ui:

u = ui + ωi × (x− xi), on ∂Γi(t) (i = 1, 2, ..., N), (7)

u = γ̇h/2 on A1B1, (8)

u = −γ̇h/2 on C1D1, (9)

where the latter two equations are the fluid velocity on the channel walls A1B1 and C1D1
where γ̇ is the shear rate of the fluid.

Since there is also a no-slip condition on the surface of the particles, the fluid velocity
on the particles’ surfaces is a function of the particle translation velocity at their positions
and rotation velocity at their directions φi and at time t:

d(xi, yi)

dt
= ui, (10)

(xi(0), yi(0)) = (xi,0, yi,0), (11)

dφi
dt

= ωi, (12)

φi(0) = φi,0, (13)

where (xi,0, yi,0) and φi,0 are the initial positions and the initial direction of the ith particle,
respectively. Finally, we add the balance equations for the forces and torques acting on
both particles in order to calculate the rigid body motions. Assuming that inertia is absent,
we have two balance equations that are integrated over the ith particle’s surface:

Fi =
∫

∂Γi

(œ + Tm) · ndS = 0, (14)

Ti =
∫

∂Γi

ri × [(œ + Tm) · n]dS = 0, (15)

where Fi is the sum of the hydrodynamic and magnetic forces to calculate the particles’
velocity and Ti is the sum of the hydrodynamic and magnetic torques to calculate the
particles’ angular velocity over the surface of the particles at time t.

2.4. Material Properties and Dimensionless Scale

In the following simulation results, the fluid in domain Ω1 is incompressible and New-
tonian, and its property is a water-based material with a density and dynamic viscosity of
1000 kg/m3 and 1.002× 10−3 Pa·s, respectively. The material in domain Ω2 is air. Both do-
mains are square shaped with the side lengths of Ω2 twice that of Ω1 and w = h = 200 µm.
The velocities of the top and bottom walls are U = 2 cm/s and U = −2 cm/s, respec-
tively; thus, the shear rate is γ̇ = 200 1/s. The Janus particles have a density of about
1100 kg/m3 and a radius of r = 3.5 µm. The magnetic susceptibility for one-half of the
Janus particle, the air, and the fluid is χ = 0, whereas the other half of the Janus particles
has a susceptibility of χ = 1 [37].

Throughout this article, all data shown were non-dimensionalized. Any unit of
length will be dimensionless by dividing by the particle radius. Thus, the center-to-
center distance was set as d∗ = d/r, and the initial and time-dependent particle positions
became (x∗i,0, y∗i,0) = (xi,0, yi,0)/r and (x∗i , y∗i ) = (xi, yi)/r, respectively. There were also
two dimensionless times. With moving walls, the dimensionless time was set as t∗ = tγ̇,
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and without moving walls, the dimensionless time was set with the magnetic time scale
tm =

η f

µ0β2 H2
0
, where β =

χp
3+χp

[19,20,33,37–39]. Furthermore, to compare the strength of

the viscous and the magnetic forces, one can calculate the Mason number Mn =
η f γ̇

µ0β2 H2
0
,

where a lower Mason number value indicates that the magnetic force is more dominant
than the viscous force and can allow particles to form a chain or stay magnetized, whereas a
higher Mason number has the opposite effect. Since we will only focus on two magnetic
field strengths and only one magnetic susceptibility for the magnetic domain of the Janus
particle, we will not focus on the Mason number as Kang et al. demonstrated [33]. The
strength between the magnetic and viscous forces, however, was analyzed due to the
distances of the particles, the magnetic field strength, and the particle orientations.

3. Validation of the Numerical Simulation

The rotation and migration dynamics of two anisotropic paramagnetic Janus particles
are affected by the hydrodynamic and magnetic forces and torques. With the existence
of two circular particles near each other, particle-particle and particle-fluid interactions
become important phenomena to consider the effect on fluid flow, forces, and torques in
addition to channel size, particle orientation, distance, and direction. Given the parameters
of the channel and the particles, we used a direct numerical simulation (DNS) from the
finite element method (FEM) and an arbitrary Lagrangian-Eulerian (ALE) method for
the coupling of particle-particle interactions, fluid flow, and the uniform magnetic field.
Our simulations were solved by numerical modeling using a commercial FEM solver, COM-
SOL Multiphysics. Here, we meshed inside and outside of the particles in a time-dependent
solver for a particle-particle and particle-fluid interaction model. The simple shear flow was
gradually increased using the step function, and at the same time, a piecewise function was
used to activate the uniform magnetic field. In our model, we used a quadratic triangular
mesh inside all domains, where the total number of meshes was 27,706 elements where the
Janus particles had 6750 domain elements and 368 surface elements, the fluid domain has
16,234 elements, and the air domain has 4722 elements. Furthermore, we used a time step
of ∆t = 1e− 5s.

In this section, we quantitatively validate our numerical simulations, as shown in
Figure 2. We validate the dynamics for two circular particles in a simple shear flow without
a magnetic field with Darabaner et al. in Figure 2a, the rotational dynamics of a single
Janus particle in Figure 2b, and the dynamics of two Janus particles in Figure 2c,d [25]. The
latter three are Janus particles under a uniform magnetic field without a simple shear flow
and were validated with Seong et al. [37].

Shown in Figure 2a are the results of a pair of particles in a simple shear flow without a
magnetic field, an initial distance of d∗0 = 2.4, and initial particle orientations of θ0 = 0◦ and
θ0 = 90◦. As can be seen, the particles with an initial orientation of θ0 = 0◦ separate, and
their positions are slightly displaced as they are carried by the simple shear flow. On the
other hand, for θ0 = 90◦, the particles complete a periodic 2π orientation around each other
and end at almost the exact position where they began. At the end of the 2π orientation,
the error for each particle’s begin and end positions are 0.5 percent for Particle 1 and 0.25
percent for Particle 2. Therefore, our model is in quantitative agreement with Darabaner et
al. [25].

Secondly, a single Janus particles was compared to Seong et al. for validation [37].
Shown in Figure 2b are the angular velocity ω∗ = ωtm and direction of the Janus particle,
φ, over a period of dimensionless time t∗ = t/tm. The initial direction of the particle
was set to φ0 = 0.1◦, and the magnetic strength was H0 = 5000 A/m. As can be seen,
the minimum angular velocity occurs at the particle directions φ = 0◦ and φ = 90◦, and the
maximum angular velocity occurs at around φ = 45◦. The results were thus in agreement
with Seong et al.
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Figure 2. Validation and path of (a) two Janus particles in a simple shear flow in the absence of a magnetic field with
an initial distance of d∗0 = 2.4. The direction and dimensionless angular velocity, with respect to dimensionless time,
for (b) a single Janus particle rotating in a magnetic field without a simple shear flow and the motions of two Janus particles
in the (c) LR- and (d) RL-configurations in a magnetic field without a simple shear flow and with an initial distance of
d∗0 = 4.0. The particles in (a) show that Particles 1 (dotted line and star at the initial orientation) and 2 (solid line and
circle at the initial orientation) separate at θ0 = 0◦ (red lines), but orbit each other at θ0 = 90◦ (black lines). A single Janus
particle in (b) has an initial direction at φ0 = 0.1◦. The angular velocity is at its maximum at φ = 45◦ and at its minimum at
φ = 0◦ and φ = 90◦. In (c), the attraction and the repulsion-attraction for both Janus particles at their initial orientations
θ0 = 0◦ (red), θ0 = 20◦ (blue), and θ0 = 45◦ (black) for the LR-configuration. Similar results are shown in (d) with initial
orientations θ0 = 0◦ (red), θ0 = 20◦ (blue), and θ0 = 53◦ (black). The symbols shown are data points from the authors’
results for comparison to the simulation results. The critical orientations for LR- and RL-configurations are θc,LR ≈ 32◦ and
θc,RL ≈ 53.5◦, respectively.

Finally, the LR- and RL-configurations under a magnetic field strength at H0 = 5000 A/m
and at an initial distance d∗ = 4 were also validated with Seong et al., as shown in Figure 2c
for the LR-configuration and Figure 2d for the RL-configuration. The initial particle
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orientations were θ0 = 0◦, θ0 = 20◦, and θ0 = 45◦ for the LR-configuration and θ0 = 0◦,
θ0 = 20◦, and θ0 = 53◦ for the RL-configuration. The critical orientations represent a
boundary between whether the particles will initially attract each other or if they will
repel then attract and were approximately θc,LR ≈ 32.5◦ and θc,RL ≈ 53.5◦ [37]. As can be
seen in Figure 2c, for the LR-configuration, the particles attract at θ0 = 0◦ and θ0 = 20◦,
whereas the particles first repel and then attract at θ0 = 45◦. Similarly, in Figure 2c, for
the RL-configuration, the particles attract at θ0 = 0◦ and θ0 = 20◦, whereas the particles
first repel and then attract at θ0 = 53◦. Once again, the numerical results (shown in lines)
quantitatively agreed with the previous authors’ results (shown in symbols), and we used
a total number of around 27,000 meshes and a time step of 1e− 5s.

4. Results and Discussion

In this section, the magnetic field was applied at the strengths H0 = 0 A/m (absent
magnetic regime), H0 = 5000 A/m (moderate magnetic regime), and H0 = 10,000 A/m
(strong magnetic regime). Both particles were initially separated at d∗0 = 2.4, d∗0 = 3.2,
and d∗0 = 4.0 and at initial particle orientations θ0 = 0◦, θ0 = 25◦, θ0 = 65◦, and θ0 = 90◦.
In this case, we combined the importance of the distances and orientations from our simple
shear flow and the magnetic field strengths by using two particle orientations that were
below and above the critical values for both configurations. For the rest of this investigation,
not only were the magnetic and viscous forces evaluated, but the behaviors of the LR-
and RL-configurations were also compared since they had different critical orientations.
The comparisons included how fast particles would separate, the orientation and the stable
steady direction, and their positions in the fluid domain. If the magnetic force was strong
enough, the particles would form a chain at a stable steady orientation θLR,ss and/or θRL,ss,
as shown in Tables 1 and 2 in Section 4.3.

4.1. The LR-Configuration

The particle dynamics for the LR-configuration at initial distances d∗0 = 4.0, d∗0 = 3.2,
and d∗0 = 2.4 are shown in Figures 3, 4, and 5, respectively. As seen in Figure 3a,b,d, the
viscous forces were stronger than the magnetic forces, and the particle distances would
increase over time, but at different rates. The only exception was the initial particle
orientation at θ0 = 90◦ and H0 = 0 A/m, where the particle distance oscillated, as seen
in Figure 3b,d, and the particles would orbit around each other, as seen in Figure 3a,c,e.
For θ0 = 0◦, the distance of both particles under a magnetic field strength H0 = 5000 A/m
separated faster than at H0 = 0 A/m and H0 = 10,000 A/m. When the magnetic field
strength was H0 = 10,000 A/m, the particles would initially attract each other towards
the origin of the fluid domain before the viscous force overcame the magnetic force and
separated the particles. On the other hand, for other magnetic field strengths, the particles’
positions were initially further from the origin, which explains the initial faster separation
rate before the H0 = 10,000 A/m line surpassed the H0 = 0 A/m line in Figure 3b,d.
The behavior can be explained by the strength of the magnetic field and the shear flow.
At some point in time, the particle orientation became greater than the critical orientation,
θLR,ss ≈ 32◦, and the particles repelled each other, resulting in a greater orientation rate,
as shown in Figure 3c,e. For all other initial particle orientations, the particles under
the magnetic field strength H0 = 10,000 A/m would repel each other faster than the
lesser magnetic strengths. Under a uniform magnetic field strength greater than zero,
the following particle orientations are given from the fastest to slowest separation: θ0 = 25◦,
θ0 = 0◦, θ0 = 65◦, θ0 = 90◦. In Figure 3c,e, we noticed that since the magnetic force was
initially stronger for θ0 = 0◦ and H0 = 10,000 A/m, the particle orientation would rotate
backwards before the viscous force overcame the magnetic force. For particles with an
initial orientation less than θ0 = 90◦, the particle orientation would monotonically increase
over time, with the lesser magnetic strengths initially allowing a faster orientation rate
before the larger magnetic field strengths surpassed it. On the other hand, for the initial
orientation θ0 = 90◦, the orientation of both particles under a uniform magnetic field
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would decrease monotonically and then increase. Obviously, if the fluid domain was an
infinite rectangular domain, the particle distance would increase over time, and the particle
orientation would approach θ = 90◦.

(b) (c)

(a)

(d) (e)

−−−−− − − − − −

Figure 3. Numerical results for the LR-configuration at d∗0 = 4.0. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle), and
H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.

Next, the particle dynamics for d∗0 = 3.2 in Figure 4 were observed. As can be seen,
in most cases, the particles separated because either the viscous force was stronger than the
magnetic force or the particles would initially repel each other and be further separated by
the shear flow. The only exception was when the particles formed a chain at a stable steady
orientation, θLR,ss, shown in Figure 4c,e, at θ0 = 0◦ and under the magnetic field strength
H0 = 10,000 A/m. As seen in Figure 4b,d, the initial orientation θ0 = 25◦ had a faster
separation rate because the particles were initially attracting each other. The shear rate,
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however, forced the particle orientation to increase above the critical orientation, as seen
in Figure 4c,e. At this point, the particles repelled each other, and their positions drifted
further from the origin. The latter orientations had a slower separation rate with the initial
orientation θ0 = 65◦ separating faster than θ0 = 90◦. Similar to the initial separation at
d∗0 = 4.0, the particles with an initial distance of d∗0 = 3.2 under a magnetic field strength
of H0 = 5000 A/m would initially attempt to attract each other under a strong magnetic
regime before the viscous force separated them, as seen in Figure 4c,e.

(b)

(a)

(c)

(d) (e)

−−−−− − − − − −

Figure 4. Numerical results for the LR-configuration at d∗0 = 3.2. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle), and
H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.
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(b)

(d) (e)

(a)

(c)

−−−−− − − − − −

Figure 5. Numerical results for the LR-configuration at d∗0 = 2.4. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle),
and H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.

Finally, the particle dynamics were observed at d∗0 = 2.4, as seen in Figure 5.
In Figure 5a,b,d, the magnetic force was stronger than the viscous force for the initial
orientations θ0 = 0◦ and θ0 = 25◦ at the strength H0 = 10,000 A/m, and the particle
distances decreased until a chain was formed. In all other cases, however, the viscous
force was stronger than the magnetic, and thus, the particle distances increased at differ-
ent rates. The only exception was when the particles completed periodic orientations at
θ0 = 65◦ and θ0 = 90◦ in the absence of a magnetic field. At the magnetic field strength
H0 = 10,000 A/m, the particles separated faster at the initial particle orientation of θ0 = 65◦
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than all other cases, including θ0 = 90◦ at the same magnetic field strength. For the mag-
netic field strength H0 = 5000 A/m, the following particle orientations are given from the
fastest separation to the slowest: θ0 = 25◦, θ0 = 65◦, θ0 = 0◦, and θ0 = 90◦. In fact, the
particle separation rate for H0 = 5000 A/m and θ0 = 0◦ was initially slower because the
particle orientation rotated backwards, as seen in Figure 5c,e, before monotonically increas-
ing. Similar to other initial distances and under a uniform magnetic field, the particles with
an initial orientation θ0 = 90◦ monotonically decreased and then increased. The rates of the
orientation decreasing and/or increasing, the rate of the periodic orientation, and whether
or not a chain forms depended on the particles’ positions in the fluid domain and their
initial orientations. When the particles were further away from the origin, the particles
separated faster and approached θ = 90◦.

For an LR-configuration, it was difficult to form a particle chain under a uniform
magnetic field and in a simple shear flow. In many cases, the strength of the viscous force
is greater than the magnetic force, and the particle separation and orientation rates depend
on the particle dynamics at different magnetic field strengths and at initial orientations.
For θ0 = 65◦ and θ0 = 90◦, even at the closest distance simulated, the particles repelled
each other, and their orientation varied at different particle positions in the fluid domain.
In a couple of cases, the magnetic force was initially greater than the viscous force, and the
particle orientation rotated backwards, and they attracted each other; however, over time,
the viscous force broke that attraction. Additionally, their orientation would increase above
the critical orientation, and the particles repelled each other. In a strong magnetic regime,
the particles formed a staggered chain near the origin at θLR,ss. At initial orientations,
θ0 = 0◦ and θ0 = 25◦, the Janus particles with an initial distance of d∗0 = 4.0 had a faster
separation and orientation rate because the particles were initially further away from the
origin of the fluid domain. On the other hand, as the initial distance decreased, the chain
formation became more feasible.

4.2. The RL-Configuration

The particle dynamics for the RL-configuration at initial distances d∗0 = 4.0, d∗0 = 3.2,
and d∗0 = 2.4 are shown in Figures 6, 7, and 8, respectively. Similar to the LR-configuration,
at d∗0 = 4.0, in Figure 6a,b,d, the viscous force was stronger than the magnetic force, and the
particles distances would increase at different rates except for θ0 = 90◦ and H0 = 0 A/m.
For θ0 = 0◦, both particles under a magnetic field strength H0 = 5000 A/m separated
faster than at H0 = 0 A/m and H0 = 10,000 A/m. On the other hand, at θ0 = 25◦,
the particles initially separated faster when H0 = 0 A/m and H0 = 5000 A/m than for
H0 = 10,000 A/m, but the H0 = 10,000 A/m line surpassed the H0 = 0 A/m line. Eventu-
ally, the particle orientation was greater than the critical for the RL-configuration, and the
particles repelled each other, as shown in Figure 6c. For all other initial particle orientations,
particles under the strongest magnetic field would repulse each other faster than the lesser
magnetic strengths. Under a uniform magnetic field greater than zero, the following parti-
cle orientations were given from the fastest separation to the slowest: θ0 = 25◦, θ0 = 0◦,
θ0 = 65◦, θ0 = 90◦. In Figure 6c,e, since the magnetic force was initially stronger for
θ0 = 0◦ and H0 = 10,000 A/m, the particle orientation rotated backwards before separating
under the viscous force. For particles with an initial orientation less than θ0 = 90◦, the
particle orientation monotonically increased, with the lesser magnetic strengths initially
having a faster orientation rate before being surpassed by larger magnetic field strengths.
For θ0 = 90◦, both particles under the magnetic field strengths of H0 = 5000 A/m and
H0 = 10,000 A/m would decrease monotonically and then increase.
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(b) (c)

(a)

(d) (e)

−−−−− − − − − −

Figure 6. Numerical results for the RL-configuration at d∗0 = 4.0. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle),
and H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.

Next, the particle dynamics were observed at an initial distance of d∗0 = 3.2, as seen in
Figure 7, where chains were formed at θRL,ss for initial orientations θ0 = 0◦, θ0 = 25◦ at the
magnetic field strength H0 = 10,000 A/m. At the magnetic field strength H0 = 5000 A/m,
the viscous force was stronger than the magnetic force, and particle distances and orienta-
tions increased for θ0 = 0◦ and θ0 = 25◦. On the other hand, for θ0 = 65◦ and θ0 = 90◦ and
in the presence of a magnetic field, even though their distances were increasing, their ori-
entations first decreased and then increased monotonically. For an additional observation
in Figure 7a, both moderate and strong magnetic regimes caused the particles to repel. In-
terestingly enough, for θ0 = 65◦ and H0 = 10,000 A/m, the particles initially repelled each
other, and the magnetic field attempted to attract the particles below the critical orientation.
Eventually, the particles’ positions inside the fluid domain were far away from the origin to
where the viscous force broke the attraction. Due to the shear flow, the particle orientation
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was eventually above the critical orientation, and the particles repelled each other again
under the magnetic field. Once again, for the magnetic field strength H0 = 5000 A/m,
a faster particle separation occurred at θ0 = 25◦, and thus, its particle orientation rate was
greater than for θ0 = 0◦.

(b)

(a)

(c)

(d) (e)

−−−−− − − − − −

Figure 7. Numerical results for the RL-configuration at d∗0 = 3.2. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle),
and H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.

Finally, the particle dynamics were observed at their closest initial distance d∗0 = 2.4,
as seen in Figure 8. In Figure 8a,b, the magnetic force was stronger than the viscous force
for the initial particle orientations θ0 = 0◦ and θ0 = 25◦ at H0 = 5000 A/m, and θ0 = 0◦,
θ0 = 25◦, and θ0 = 65◦ at H0 = 10,000 A/m. In these cases, the particle distances monoton-
ically decreased until a chain was formed at θRL,ss, as seen in Figure 8c,e. At all other initial
orientations, however, the viscous force was stronger than the magnetic force, and thus,
the particle distances increased at different rates, except at θ0 = 65◦ and θ0 = 90◦, in the
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absence of a magnetic field. At a magnetic field strength H0 = 10,000 A/m, the particles
separated faster at θ0 = 65◦ than all other magnetic field strengths and orientations. For the
magnetic field strength H0 = 5000 A/m, the particle orientation θ0 = 65◦ had a faster sepa-
ration rate than at θ0 = 90◦. In fact, initially, the particle separation rate for H0 = 5000 A/m
and θ0 = 65◦ was slower because the particle orientation rotated backwards, as seen in
Figure 8c,e, before monotonically increasing. Similar to other distances, however, the initial
particle orientation of θ0 = 90◦ monotonically decreased and then increased. The rates
of the orientation decreasing and/or increasing, the rate of the periodic orientation, or
if a chain is being formed depended on the particles’ positions in the fluid domain and
the initial orientations. The further away the particles were from the origin, the faster the
separation rate and, consequentially, the faster the particle orientation approached θ = 90◦.

(b)

(a)

(c)

(d) (e)

−−−−− − − − − −

Figure 8. Numerical results for the RL-configuration at d∗0 = 2.4. We see the results for (a) the center of mass position
for Particle 1 (dotted-line) and Particle 2 (solid line), (b) the distance between two particles over time, and (c) the particle
orientation over time. The particles were observed for the initial orientations θ0 = 0◦ (red), θ0 = 25◦ (blue), θ = 65◦

(magenta), and θ0 = 90◦ (black) under the magnetic field strengths H0 = 0 A/m (no symbol), H0 = 5000 A/m (circle),
and H0 = 10,000 A/m (cross). The particle dynamics in (d) and (e) are the enlarged graphs for (b) and (c), respectively.
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As observed for the RL-configuration, it was more feasible for the particles to form
a chain under a uniform magnetic field, including the strengths H0 = 5000 A/m and
10, 000 A/m. Similar to the LR-configuration, the particles repelled at θ0 = 90◦. In a couple
of cases, the magnetic force was initially greater than the viscous force, and the particle
orientation rotated backwards at the same time that they were attracting each other, but the
viscous force eventually broke the attraction.

4.3. Comparison between Configurations

We conclude the analysis by comparing the LR- and RL-configurations. At the initial
distance d∗0 = 4, the particles separated at different rates because the viscous force was
larger, and the particles repelled each other when their orientations were above their
respective critical values. As the initial particle distance decreased, the magnetic force
became more significant than the viscous force. The particles in the LR-configuration were
more susceptible to forming a staggered chain than the RL-configuration, and their stable
steady orientations θLR,ss and θRL,ss are shown in Tables 1 and 2, respectively. Additionally,
whether or not the particles formed a chain under a magnetic field, the particles’ directions
were always pinned at stable steady angles where φss,LR

1 ≈ φss,RL
2 and φss,LR

2 ≈ φss,RL
1

because the magnetic torque was greater than the hydrodynamic torque.

Table 1. Values for the stable steady orientations θLR,ss for the LR-configuration. The absence of
a value, N/A, depicts that the viscous force is more dominant than the magnetic force. The initial
distance d∗0 = 4.0 is not included because a chain does not form.

θ0
d∗

0 = 2.4 d∗
0 = 2.4 d∗

0 = 3.2 d∗
0 = 3.2

H0 = 5000 A/m H0 = 10, 000 A/m H0 = 5000 A/m H0 = 10, 000 A/m

0◦ N/A 342◦ N/A 341.60◦

25◦ N/A 342◦ N/A N/A
65◦ N/A N/A N/A N/A
90◦ N/A N/A N/A N/A

Table 2. Values for the stable steady orientations θRL,ss for the RL-configuration. The absence of
a value, N/A, depicts that the viscous force is more dominant than the magnetic force. The initial
distance d∗0 = 4.0 is not included because a chain does not form.

θ0
d∗

0 = 2.4 d∗
0 = 2.4 d∗

0 = 3.2 d∗
0 = 3.2

H0 = 5000 A/m H0 = 10, 000 A/m H0 = 5000 A/m H0 = 10, 000 A/m

0◦ 33◦ 25◦ N/A 24.86◦

25◦ 33◦ 25◦ N/A 24.86◦

65◦ N/A 25◦ N/A N/A
90◦ N/A N/A N/A N/A

5. Conclusions

We conducted a numerical investigation based on the dynamics of two magnetic Janus
particles under a uniform magnetic field and in a simple shear flow by DNS using an
FEM model and applying the ALE method. Depending on the particle configurations,
their dynamics were affected by their initial distances, their initial orientation, and the
magnetic field strength. For the largest initial distance, both particles might initially attract
each other in some cases, but will nonetheless separate due to the increased strength of
the viscous force, and consequentially, the particle orientation would increase. Over time,
as the particle orientation became greater than the configurations’ respective critical values,
the particles would repel each other, thus increasing the separation rate when combined
with the hydrodynamic separation from the shear flow. For initial orientations greater than
the critical orientation, the particles repelled each other, and their separation increased.
Additionally, at θ0 = 90◦, the particles would break the periodic orbiting cycle, as opposed
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to when they were under a simple shear flow in the absence of a magnetic field. For some
configurations experiencing the same magnetic field strength, the Janus particles would
either attract or separate faster than the other configuration due to their different critical
orientations. Since the shear rate was low, however, the Janus particles’ direction would be
pinned at a stable steady angle, and φss,LR

1 ≈ φss,RL
2 and φss,RL

1 ≈ φss,LR
2 .

As the initial particle distance decreased, the magnetic force increased due to the
lower viscous force near the origin. Therefore, a particle chain became more feasible
for both configurations at a stable steady orientation. For the LR-configuration and the
magnetic field strength of H0 = 5000 A/m, the particles would still separate. On the other
hand, for the RL-configuration, a chain formation was possible under moderate and strong
magnetic regimes. When their initial orientations were above their respected critical values,
the particles repelled each other and separated under the shear flow, except for one case
under the RL-configuration.

For future research involving magnetic Janus particles, the following could be considered:

• Arbitrary initial particle directions.
• Adding more than two particles in a simple shear flow and under a uniform mag-

netic field.
• Studying how a chain or flail of particles can break up under a simple shear flow.
• Investigating different magnetic susceptibilities where one side is non-magnetic and

the other side has a different magnetic susceptibility (χ 6= 1), when both sides are
magnetic and have different susceptibilities, and where two or more particles have
different susceptibilities.

• Placing two particles in a Poiseuille and/or in a Couette flow.
• Examining at least two particles with arbitrary sizes.

Overall, in future research studies, the Mason number would be significant to study
chain formation for two-dimensional studies, a three-dimensional structure formation,
or ruptures in fluid flows. Certainly, a very desirable research outcome would include
theoretical or approximate equations for two Janus particles under a uniform magnetic
field without a simple shear flow, and under a uniform magnetic field with a simple
shear flow. Fortunately, there are many research articles that have ventured into two
solid magnetic particles in a simple shear flow and/or under a uniform magnetic field.
Therefore, a possible study to consider is for future authors to compare the behaviors of
two anisotropic particles with two isotropic particles and analyze the angular velocities,
their distance separation and attraction rates, the critical particle orientation, and chain
formations. If there existed more than two Janus particles, newer structures could be
fabricated by anisotropic particles as a new approach for applications in valves, breaks,
dampers, etc. Furthermore, because the configurations are an additional variable (along
with orientation, distance, and, possibly, particle direction), more investigations are needed
to carefully evaluate chains and clusters under fluid flow, along with a careful numerical
design and experiment on the observation and control of magnetic Janus particles. One way
to analyze Janus particles is to evaluate how staggered chains and clusters, with relative
configurations and stable steady orientations, can possibly affect the viscosity of the
magnetorheological fluids, how they rearrange themselves in low and high fluid velocities,
create complex branches under high magnetic fields, or rupture under high fluid velocities.
Although we only focused on a pair of Janus particles, we would like to stress that future
numerical applications should include a moderate amount of particles to analyze cluster or
chain formation in fluid flows similar to how Seong et al. and Kim et al. validated their
model with past experimental applications. This research and other future research articles
can assist with the study and development of smart fluids that contain anisotropic particles,
for many applications in industrial and biomedical sciences.
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