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A B S T R A C T

Dye-tracing and concentration-measuring experiments are carried out to investigate the magnetophoresis of
magnetic nanoparticles (MNP) in the presence of an external cylindrical permanent magnet. The magneto-
phoresis of MNP, inducing an obvious forced-convective flowing of the carrier fluid, which can be observed by
visualizing flowing of carrier fluid, results in a temporal and spatial variation of particle concentration.
Moreover, in order to get insight into the physical mechanisms of magnetophoresis of MNP, a coupled particle-
fluid analysis, in which the non-linear drift-diffusion differential equation is incorporated into the Navier-Stokes
equation, is adopted to discuss the influence of particle-fluid interaction on the variation of particle con-
centration and the kinetics of carrier fluid. It is worth noting that the equivalent current source (ECS) method is
adopted to obtain a closed-form field analysis, which provides exactly prediction of the Kelvin force and enables
magnetophoretic analysis more efficient. In dye-tracing experiments, an obvious vortex can be observed as the
methylene blue moves with the convection of carrier fluid. Furthermore, this phenomenon is also predicted by
using the coupled particle-fluid model. A comparison between the experimental and numerical results shows
that the hydrodynamic interactions between MNP and carrier fluid plays an important role in inducing forced-
convective flowing of carrier fluid and enhancing the magnetophoresis of MNP. Furthermore, these results also
denote that the coupled particle-fluid model provides a more efficient and accurate method in investigating the
magnetophoresis of MNP.

1. Introduction

Due to the unique magnetic property, magnetic nanoparticles have a
corresponding proliferation of applications in various fields including
magnetofection, drug delivery, micro-mixing, bioseparation, bio-che-
mical sensing, and thermal systems [1–8]. More generally, there are
ongoing emphasis on the fabrication of functional magnetic nano-
particles, which can be encapsulated with biomolecule, such as gene,
medicine, proteins, and whole cell etc. [1,3,5,9]. Bounded with a target
biomaterial, the magnetic nanoparticles can be separated from carrier
fluid or immobilized at special tissues when they are subjected to an
external gradient magnetic field. For implementing such functionalities,
it is necessary to carry out experimental and numerical investigation on
the magnetophoresis of MNP, which is defined as manipulation of MNP
in a viscous medium by using gradient magnetic field.

The behavior of MNP, suspended in a carrier fluid, is related to
many factors, involving Kelvin force, viscous force, magnetic dipole-
dipole interaction, electric double-layer interactions, surfactant force,
and van der Waals force [10]. Taking all of the forces into consideration

is complicated and increases the difficulty of computation. Thus, dif-
ferent models are adopted to simplify the analysis. For a dilute MNP
suspension liquid (particle concentration c< <1), the interactions
between the particles are negligible, and the Lagrangian or the Eulerian
methods are used to predict the MNP transport [1]. In the Lagrangian
approach, the nanoparticles are regarded as discrete phase, and the
trajectory of each particle is obtained by integrating the Newtonian
law. Besides, this approach is appropriate when the Brownian motion is
negligible [11]. In the Eulerian approach, the drift-diffusion equation is
adopted to model the behavior of the particles by using the time-de-
pendent particle concentration, in which the magnetic force-induced
drift and the Brownian diffusion are taken into consideration [12].
Gerber et al. used a criterion (|F|Dp≤ kT) to estimate the significance
of Brownian motion [13]. The |F| is the magnitude of total force acting
on a particle, Dp is the diameter of particle, k is the Boltzmann constant,
and T is the absolute temperature. For particles with size smaller than
the critical particle diameter Dc,p (=kT/|F|), the Brownian motion of
the particles should not be ignored. It should be noted that the motion
of nanoparticles in the presence of magnetic field has a significant
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impact on the behavior of the carrier fluid as well. To emphasize this
point, the Navier-Strokes equations are also adopted to take the par-
ticle-induced flow into account.

By coupling Navier-Strokes equation with drift-diffusion equation,
Cao used a finite element method to investigate the variation of the
particle concentration in 2D microchannel under different permanent
magnets [14], whose magnetic field is numerically calculated by finite
element method. Besides, for the particles with dimension above Dc,p,
the effect of the particles-induced flow on the trajectory of each na-
noparticle in 2D microchannel has also been investigated by using the
Lagrangian method coupled with Navier-Strokes equation[15], in
which the magnetic field of the rectangle permanent magnet is calcu-
lated by using equivalent charge method.

Compared with the simulation, experiment is a more direct method.
In the investigation of Teste et al., the number of captured particles was
calculated by some parameters and fluorescence signal [16]. In their
experiments, the particles were labeled with fluorescence and the
fluorescence signal was detected by optical equipment. Schaller et al.
observed the magnetophoresis of particles via optical microscope and
found that the particles could form magnetic chains in this process [17].
Besides, the concentration of particles was measured by optical method
for quantifying the particle separation process. In the research of My-
khaylyk O et al., the magnetophoretic velocity of magnetic nano-
particles was characterized by measuring space- and time-resolved ex-
tinction profiles using a gravity sedimentation analyser LUMiReader
equipped with a set of permanent magnets [18].

Leong et al. used the Eulerian model to investigate the distribution
of the particle concentration in the presence of a cylindrical permanent
magnet, whose magnetic field is described only by z component [19].
Besides, they also used the coupled model to verify the influence of the
interaction between the particles and carrier fluid by comparing with
the experimental results, in which the motion of fluid could be observed
by using dye-tracing and concentration-measuring experiments [19].
Moreover, in their latest research [20], the influence of different phy-
sical factors, such as particles size, gradient of magnetic field, geometry
of cuvette and etc., on the kinetics of magnetic separation was also
investigated.

In this study, the magnetophoresis of the magnetic nanoparticles in
a standard cuvette is analyzed by using coupled particle-fluid model,
dye-tracing and concentration-measuring experiments. By in-
corporating drift-diffusion equation into Navier-Strokes equation, the
influence of interaction between magnetic nanoparticles and carrier
fluids on the behavior of magnetic nanoparticles and the kinetics of
carrier fluid is discussed. Furthermore, the results of the coupled model
are also compared with that of only drift-diffusion equation in order to
verify the significance of particle-fluid hydrodynamic interaction. In the
dye-tracing experiment, the flowing of carrier fluid is visualized by
recording the motion of methylene blue from two views during the
magnetophoresis of MNPs. Besides, UV–vis spectrophotometer is
adopted to measure the variation of MNP concentration at different
locations of MNPs solution. Finally, the radial distribution of magnetic
force is also taken into account to illustrate the distribution of captured
particles.

2. Experimental configuration

The schematic diagram of the experimental setup is shown in Fig. 1.
A standard 1×1×4 cm cuvette is placed on the top surface of a cy-
lindrical permanent magnet, whose material is neodymium-iron-boron
(NdFeB) with radius R=6mm, height H=8mm and magnetization
M=9.55× 105 Am−1. A suspension of non-coated magnetite (Fe3O4,
ρp= 5000 kg·m−3) spherical nanoparticles in water solution is used in
our study, which was provided by Xi’an Ruixi Biological Technology
Co., Ltd. The radius of MNP is 25 nm and its saturation magnetization is
Msp= 4.78× 105 Am−1. The origin of the Cartesian coordinate locates
at the center of top surface of magnet. S is the thickness of cuvette

(S=1.3mm).

2.1. Dye-tracing experiment

At first, 3 mL magnetic nanoparticle suspension is injected into a
cuvette. Then, in order to observe the kinetics of carrier fluid, 40 μL
methylene blue (MB) solution with a concentration of 3000mg/L is
injected carefully to the bottom of the cuvette. Even though the nega-
tive zeta potential magnetic nanoparticles will be covered by positively
charged dye molecules, excess injection of MB ensures abundant of
freely suspended MB that can be used to trace the flowing of carrier
fluid [19]. After injecting of MB, the cuvette is moved onto the top
surface of cylindrical permanent magnet. At the same time, a camera is
used to record the motion of carrier fluid from front view as shown in
Fig. 2(a). Homogenous magnetic nanoparticles solutions, with different
concentration 0, 5, 10, 20 and 50mg/L, are adopted.

Besides, as the operating steps described above, 1mL magnetic
nanoparticle suspension (5mg/L) with 10 µLMB is injected into the
cuvette. A camera from the top view is used to record the radial dis-
tribution of MB at the bottom of cuvette as shown in Fig. 2(b).

2.2. Concentration-measuring experiment

UV–vis spectrophotometer (Agilent Cary-60) is used to measure the
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Fig. 1. The schematic diagram of experiment setup.
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Fig. 2. The schematic diagram of dye-tracing experiment (a) front view, (b) top
view.
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absorbance of the MNPs solution. As shown in Fig. 3, the monochro-
matic light beam with wavelength of 530 nm is employed to measure
the light absorbance of the MNPs solution at different location
(z=6mm and z=15mm).

With the measured light absorbance, the particle concentration can
be derived from the theory of Beer-Lambert law as given in Eq. (1) [21],

=A εlϕ (1)

where A is light absorbance, ε is the light absorptivity of MNPs, l is the
optical path length, and ϕ is the concentration of particles. A normal-
ized MNP concentration with respect to its initial concentration is
adopted to analyze the spatial and temporal variation of ϕ after in-
troducing external magnetic field, which is calculated as follows:

= −
−

ϕ A A
A AN MNP

i
,

0

0 (2)

where A0 is the light absorption of the distilled water and Ai is the
initial light absorption of the MNPs solution.

3. Analytical method

3.1. Magnetic field

The equivalent current source (ECS) method, which is introduced by
Furlani [22], is adopted to analyze the magnetic field of cylindrical
permanent magnet. With respect to the principle of ECS method, a
cylindrical permanent magnet can be reduced to an equivalent source
term which is deduced from the magnetostatic field theory with the
hypothesis that the magnetization of the magnet is constant [23].The
schematic diagram of analytical model is shown in Fig. 4(a). Due to the
axisymmetric characteristic of magnet, the r and z are used to describe
the distribution of the magnetic field.

It should be noted that there is a concave surface at the interior
bottom of a standard cuvette [20]. Therefore, this special geometric
construction of the bottom of cuvette, which is labeled by yellow line in
Fig. 4(a), is also considered in our numerical analysis. This concave
surface is regarded as a part of sphere surface with Rc= 3.5 mm and
hmax= 0.8 mm. An enlarged schematic of the vertical section of interior
bottom of a cuvette is shown in Fig. 4(b). The db is the distance from a
point in computational domain to the bottom of the cuvette.

According to the ECS method, the magnetic field (H) can be given as
Eq. (3), where er and ez is the unit vector in radial and axial direction,
respectively.

= +H e eH Hr r z z (3)

Hr and Hz are the radial and axial component of the magnetic field
strength, which are given as [24]
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where K(k) and E(k) are the complete elliptic integrals of the first and
second kind, respectively [12],
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where

=
+ + − ′

k Rr
R r z z

4
( ) ( )2 2 (7)

3.2. Kelvin force

The Kelvin force can be derived by regarding the MNP as equivalent
magnetic point dipoles, as shown in Eq. (8) [25].

= ∇F m Hμ ( · )m f p eff, (8)

The μf is the permeability of carrier fluid, which is assumed to be
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Fig. 3. The schematic diagram of concentration-measuring experiment.
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nonmagnetic (μf= μ0). The effective moment can be given by taking the
self-demagnetization field of particle into account [26].

=m HV f H( )p eff p, (9)

where

=
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and Vp is the volume of the particle and H is the strength of external
magnetic field. In this equation, χp and χf are the magnetic suscept-
ibilities of particle and fluid, respectively. The Msp is the saturation
magnetization of the particle. Considering the material of carrier fluid
(water, χf=0), the Eq. (10) can be simplified as follows,
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4. Computational model

4.1. Uncoupled model

In the uncoupled model, the interaction between the particles and
the carrier fluid is negligible. Besides, since the magnetic nanoparticles
suspension with initial particle volume fraction c0= 1×10−6 is
adopted, the interactions between the particles are ignored according to
the theory of Furlani [1]. The drift-diffusion equation is adopted to
investigate the influence of the Brownian motion on the distribution of
particle volume fraction c as given in Eq. (12) [27].

5s 15s 30s 1min 2min 3min 4min 5min 10min 20min 25min

5mg/L

10mg/L

20mg/L

50mg/L

0mg/L

Fig. 5. The visualization forced convection of carrier fluid with different particle concentration (from 0 to 50mg/L) for the first 25min after being subjected to a
cylindrical permanent magnet.
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∂
∂

+ ∇ = ∇ ∇vc
t

c D c·( ) ·( )p (12)

where D= kT/(6πηRp) is the diffusion coefficient, and the velocity of
particle vp is given by a balance between the fluidic viscous force and
the magnetic force as shown in Eq. (13). The T (=298 K) and η
(=0.001N·sm−2) are the temperature and the viscous of the carrier
fluid, respectively. The Rp is radius of the particles.

=v F πηR/(6 )p m p (13)

4.2. Coupled model

In the uncoupled model, the carrier fluid is assumed to be stagnant
and remains unaltered by the motion of the particles [14]. However,
the particle migration would certainly induce the flowing of the carrier
fluid, and the particle-induced fluid would alter the trajectory of the
particle in turn. Therefore, a coupled model is adopted to describe the
influence of the interaction between the particles and carrier fluid on
the distribution of c. It is worth noting that the drift-diffusion Eq. (12) is
still used to predict the behavior of particles, except that the particle
velocity is given as

= +v u F πηR/(6 )p m p (14)

where u is the velocity of carrier fluid. The Navier-Strokes equation is
adopted to describe the flow field of incompressible liquid.

∇ =
+ ∇ = −∇ + ∇ +∂

∂( )
u

u u u Fρ P η
· 0

( · )u
t vol

2
(15)

where η is the dynamic viscosity of the fluid. The volume force Fvol,
which is induced by the external magnetic field, can be given as [14]

= = ∇
= ∇

F F H H
H H

n nμ V f H
cμ f H

( )( · )
( )( · )

vol m f p

f (16)

where n is the number of particles in unit volume. By introducing the
effect of the volume force, the drift-diffusion equation can be coupled
with the flow field equation, in which the interaction between the
particles and carrier fluid can be taken into account.

5. Results and discussions

5.1. Forced convection of carrier fluid

The dye-tracing method is adopted to observe the convective ki-
netics of fluid induced by magnetophoresis of MNP. As shown in Fig. 5,
the flowing of fluid after the introduction of a cylindrical permanent
magnet is recorded within 25min for different particle concentration.

For the case with no MNP (0mg/L), MB diffuses slowly in a limited
time due to the thermal motion. As the particle concentration increases
to 5mg/L, the dye molecules move upward quickly, and the dye mo-
lecules at the top of solution go down inversely at 10 min, forming an
obvious vortex. Furthermore, with the increase of particles concentra-
tion, this phenomenon occurs in a much shorter period of time, and
more vortexes can be observed, for instance, two vortexes in 10mg/L at
30 s. More specially, the duration that the dye molecules need to dis-
perse in carrier fluid homogeneously decreases with the increase of
particle concentration. This phenomenon implies that the magneto-
phoresis of MNP provides a means of accelerating mix of two different
solutions.

Except for the axial movement of carrier fluid, its radial kinetics are
also recorded as shown in Fig. 2(b), in which 1mL MNP solution is
used. In this case, only 5mg/L MNP solution is adopted as shown in
Fig. 6. This is because the rapid convection of dye molecules in high
particle concentration gives rise to more dye molecules suspended at
the top of solution in a short time, which results in difficulty in

capturing the radial motion of carrier fluid with the limit of camera.
As the particle concentration is 0mg/L, slight diffusion of MB can be

observed, which results from the Brownian motion of dye molecules.
However, with the addition of magnetic nanoparticles (5 mg/L), most of
MB molecules are pushed away from the center of the bottom of cuvette
and tend to accumulate at the periphery of cuvette, forming a ring. The
outward-radial motion and upward-axial convection of the carrier fluid
should be induced by the magnetophoresis of MNP.

5.2. Magnetophoresis of MNP

The variation of particle concentration after the introduction of
external cylindrical permanent magnet is recorded by using UV–vis
spectrophotometer. As shown in Fig. 7, for the MNP solution with initial
concentration of 5mg/L, the variation of normalized particle con-
centration at z=6mm and z=15mm is presented. At z=6mm, the
ϕN,MNP decreases rapidly over the time and reaches a stable value at
about 400 s. It should be noted that, there is a difference in the con-
centration of MNPs at different positions in the cuvette. The MNP
concentration decreases faster at z=6mm than at z=15mm.

At z=15mm, the variation of ϕN, MNP for different initial con-
centrations of MNP is shown in Fig. 8, from which we can derive that
the falling velocity of particle concentration increases with the increase
of initial concentration of MNP, implying an enhancing movement of
MNP.

The axial distribution (r=0) of axial magnetic force (Fmz) is shown
in Fig. 9 for better understanding the movement of particles at different
locations. The amplitude of Fmz decreases with the increase of the dis-
tance to permanent magnet. Furthermore, it shows that Fmz is close to
zero with z ≥ 10mm. It means that the MNPs can be driven downward
directly by the magnetic force in less than 10mm from the magnet. The

5 mg/L

0 mg/L

0s 5s 15s 30s 1min

Fig. 6. The radial distribution of MB with different concentrations (0 and 5mg/
L) for the first 1min after being subjected to a cylindrical permanent magnet.

Fig. 7. The variation of normalized particle concentration ϕN, MNP at z=6mm
and z=15mm with c0= 5mg/L.
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movement of the MNPs out of this region should be governed by other
factors. The flow of fluid (close to the magnet) induced by the mag-
netophoresis of MNPs as shown in the dye-tracing experiment should
contribute to the motion of MNPs far from the magnet (z≥ 10mm),
which feel weak magnetic force.

In order to get insight into the intrinsic mechanism of magneto-
phoresis of MNP, theoretical analysis is proposed to investigate the
influence of external magnetic field and particle-fluid interaction on the
flowing of carrier fluid and the distribution of particle volume fraction.
From the experimental results, we derive that the motion of particle and
fluid close to the bottom of the cuvette is more intense than that away
from the magnet, which is related to the powerful Kelvin force near the
magnet. Then, the distribution of the axial and radial component of
Kelvin force acting on magnetic nanoparticles with χp= 1.4 and χf = 0
at z=1.3mm, 1.7 mm, 2.1 mm and 2.5 mm is analyzed by using
closed-form magnetic field analysis as shown in Fig. 10. Considering the
length of diagonal line of cross section of cuvette (∼1.414 cm), the
range of r is varying from 0 to 6mm (=R).

One of the most interesting features of |Fmz| at z=1.3mm is that it
firstly increases with the increase of r, reaching the peak at r=5.5mm,
and then decreases with the further increasing of r. Furthermore, the r
corresponding to the maximum of |Fmz| decreases with the increase of z.
The negative Fmz drive MNP downward towards the bottom of the
cuvette, which is the intrinsic mechanism of subsidence phenomenon of
Figs. 7 and 8. From Fig. 10(b), we can derive that the |Fmr| increases
with the increase of r and obtains maximum at the margin of the
magnet. Furthermore, the peak value of |Fmr| decreases with the in-
crease of z. Besides, a comparison of |Fmz| and |Fmr| denotes that |Fmz| is
always larger than |Fmr| at the computational region, implying a faster
sedimentation than a tendency of centering. With the combination of
Fmr and Fmz, most of MNPs tend to accumulate at the region where their
final location rf is slightly smaller than their initial location r0.

With the closed-form analysis of Kelvin force, the uncoupled model
is adopted to investigate the three-dimensional distribution of the
particles concentration in the presence of a cylindrical permanent
magnet. The distribution of the particle concentration at y-z plane
(z≤ 6mm) with initial particle volume fraction c0= 1×10−6

(ϕ=5mg/L) at 10 s and 20 s is shown in Fig. 11. The distribution of c
at the region above z=6mm presents a similar profile as compared
with that at the region 3mm < z < 6mm as t≤ 20 s.

At t=10 s, the c decreases with the increase of distance db as
db < 0.5 mm, above where the particles stably suspend in the carrier
fluid and little variation of c is observed. However, at t=20 s, the c
decreases with the increase of db as db < 0.8 mm. This phenomenon

Fig. 8. The variation of normalized particle concentration ϕN, MNP at
z=15mm with c0= 5mg/L, 10mg/L, 20mg/L, 50mg/L.
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results from the rapid subsidence of particles that close to the magnet
and the accumulation of attracted particles. Besides, there is a local
region with high particle concentration at db∼ 0.8 mm, which results
from the sedimentation of particles from upper fluid. Furthermore, as
time goes on, more and more particles are captured at the bottom of
cuvette. More specially, as z > 3mm, an obvious high particle con-
centration around the axis of cuvette is formed, which should be related
to the centripetal Fmr. Besides, the distribution of c at the bottom of
cuvette shows relatively distinct variation as compared with the initial
concentration c0 as shown in Fig. 12.

At t=10 s, most of the particles separated from the carrier fluid
tend to accumulate towards the margin of the magnet. As time goes on,
an apparent annular morphology is formed under the action of Fmr and
Fmz, showing maximum near the locations r=4mm as shown in
Fig. 12(b). Besides, it should be noted that the asymmetric profile of c
near the boundary should be result from the geometry of a cube-shaped

cuvette.
According to the research of Leong [19], the interaction between

the particles and the surrounding fluid plays an essential role in con-
trolling the particle motion and the flow field. Then, by introducing the
momentum transfer between these two species, the coupled model is
adopted to describe the magnetophoresis of magnetic nanoparticles. In
order to present the distribution of c more clearly, an average of par-
ticles volume fraction cave at a given r is proposed as defined in Eq. (17)

=
∑ =c

c x y z
N r

( , , )
( )ave

i
N r

1
( )

(17)

where N(r) is the number of cells whose distance to z axis is r.
As shown in Fig. 13(a), an annular profile with four obvious regions

of high particle volume fraction is formed at the bottom of cuvette
when t=10 s. The distribution of cave in Fig. 13(b), in which the orange
color presents concave surface, denotes that most of the captured
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particles tend to accumulate at the region near r=0.7R. Besides, a
comparison of cave between the uncoupled model and coupled mode
implies that the r corresponding to a maximum of cave moves toward
center under the effect of particle-fluid interaction, which also speeds
up the accumulation of particles. This also implies that the interaction
between the particles and carrier fluid not only plays a significant role
in influencing the behavior of the magnetic nanoparticles, but also
gradually dominates the kinetics of carrier fluid, which can be observed

from the distribution of velocity and streamline as shown in Fig. 14.
From Fig. 14, we can observed that the vy shows dramatic variation

as z < 4mm, whereas vz presents distinct variation in all computa-
tional domain. Furthermore, due to the effect of magnetophoresis of
MNPs, two vortexes are formed near the bottom of the cuvette, pushing
the particles moving towards the margin of concave surface. Besides,
another two vortexes in z > 8mm drive nanoparticles suspending in
upper fluid downward towards the magnet.
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As time goes on, an obvious variation of c and kinetic of carrier fluid
can be observed as shown in Figs. 15 and 16.

Unlike the distribution of c in Fig. 13, the region with high c shows a
tendency to concentrate toward the center at t=13 s as shown in
Fig. 15(a). Furthermore, an expansion of the regions with high c can be
observed. Besides, a comparison of cave at t=10 s and t=13 s indicates
that the number of particles that deposit at the concave surface in-
creases over time and most of particles tend to accumulate at the

margin of concave surface when t=13 s, which should be due to the
accumulation of particles from upper fluids. The distributions of fluid
velocity in y-z plane at t=13 s are shown in Fig. 16.

As compared with that of Fig. 14, the maximum of |vy| and |vz|
increases over time. Furthermore, the fluid near the bottom of cuvette
shows opposite flowing direction, flowing from the boundary of cuvette
to the center. This is precisely why more and more particles tend to
accumulate at the concave surface.
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Finally, it should be noted that the evolution of MNPs concentration
shown in Figs. 7 and 8 is different from that reported in [19]. In [19], in
thousands of minutes, the normalized separation kinetic profiles of the
MNPs solution almost collapsed into a single curve, regardless of the
different initial particle concentration or different measurement loca-
tion. In present work, the faster and more variant sedimentation in
Figs. 7 and 8 should be closely related with the particle-to-particle in-
teraction. Therefore, it is not appropriate to only use the initial con-
centration of particles to predict the effect of interactions between
particles. According to the theory of Faraudo, the aggregation para-
meter is proposed to predict the effect of particle-to-particle interaction
as defined in Eq. (18) [28]:

=∗ −N c e0
Γ 1 (18)

where c0 is the initial volume fraction of particles in the solution and Γ
is magnetic coupling parameter. With present experimental configura-
tions, N* is larger than unity even at the lowest MNP concentration of
5mg/L. It implies that the particle-to-particle interaction also plays a
significant role in affecting the magnetophoresis of MNPs, whereas this
is not considered in our present analytical model.

6. Conclusion

The hydrodynamics of carrier fluid and magnetophoresis of MNP,
suspending in water, in the presence of a cylindrical permanent magnet

are analyzed by using experimental and numerical method. With the
introduction of magnetic field, a forced convection of carrier fluid is
recorded by using dye-tracing method, in which the MB molecules can
visualize the flowing of carrier fluid induced by the magnetophoresis of
MNPs. Moreover, higher concentration of MNPs results in more violent
flow of the fluid, even the occurrence of vortex-like flow. Besides, with
the effect of magnetophoresis of MNPs, most of fluid are pushed to-
wards the direction away from the center at the bottom of the cuvette.
These experiments denote that the particle-fluid interaction and mag-
netophoresis of MNP play an important role in affecting the kinetics of
carrier fluid.

Besides, the magnetophoresis of the magnetic nanoparticles is also
analyzed by using concentration-measuring experiments and a coupled
particle-fluid model. The concentration-measuring experiments show
that the MNP concentration close to the permanent magnet decreases
faster than that far away from it. Higher initial concentration of MNPs
leads to more obvious variation of MNP concentration. In order to get
insight into the physic mechanism of magnetophoresis, the coupled
model is also adopted to investigate the variation of particle con-
centration and streamline of carrier fluid. Furthermore, as a compar-
ison, an uncoupled model, in which the carrier fluid is assumed stag-
nant and remains unaltered by the motion of the particles, is also
adopted to analyze the magnetophoresis of MNP. An annulus with four
regions of high particle volume fraction is formed around the margin of
concave surface in coupled model. Furthermore, this annulus tends to
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move toward center as time goes on, which is different to the ring
moving toward margin of the magnet in the uncoupled model. Besides,
the distribution of velocity of fluid illustrates the flowing of carrier fluid
and particle-induced vortexes. This phenomenon is consistent with the
formation of vortexes in dye-tracing experiments.

The comparison between experimental and numerical results

indicates that the interaction between particles also plays an important
role in enhancing the sedimentation of particles.
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