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Abstract The boundary element method was applied to
study the motion of magnetic particles in fluid flow under
the action of external nonuniform magnetic field. The
derived formulation combines the velocity-vorticity resolved
Navier–Stokes equations with the Lagrange based particle
tracking model, where the one-way coupling with fluid phase
was considered. The derived algorithm was used to test a
possible design of high gradient magnetic separation in a
narrow channel by computing particles trajectories in chan-
nel flow under the influence of hydrodynamic and magnetic
forces. Magnetic field gradient was obtained by magneti-
zation wires placed outside of the channel. Simulations with
varying external magnetic field and flow rate were preformed
in order to asses the collection efficiency of the proposed
device. We found that the collection efficiency decreases lin-
early with increasing flow rate. Also, the collection efficiency
was found to increase with magnetic field strength only up
a saturation point. Furthermore, we found that high collec-
tion efficiently is not feasible at high flow velocity and/or at
weak magnetic field. Recommendation for optimal choice of
external magnetic field and flow rate is discussed.
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1 Introduction

Nano and micro particles with magnetic properties are
increasingly gaining interest in several fields of science, like
life sciences, natural sciences, medicine or engineering sci-
ences. In biomedicine, for example, they are used for mag-
netic separation of labelled cells and other biological entities
[8,29], for therapeutic drug, gene, radionuclide delivery [2],
in radio frequency methods for the catabolism of tumours via
hyperthermia or for contrast enhancement agents for mag-
netic resonance imaging applications.

The dimensions of magnetic nanoparticles are smaller
than or comparable to the size of cells, viruses or proteins,
enabling them to interact with biological agents directly
and thereby providing a controllable means of tagging and
addressing specific cells. Due to magnetic properties, the
movement of the particles may be manipulated with an exter-
nal magnetic field gradient [13]. Several studies dealing with
synthesis of such particles have been performed [25]. Iron
oxides, i.e. magnetite Fe3O4 and maghemite γ -Fe3O4, are
the most frequently used because of their generally suitable
magnetic properties and biological compatibility.

Furthermore, there exists a growing clinical need to
remove nanoparticles from the human body. Kaminski and
Rosengart [9] proposed a high gradient magnetic separator
device (HGMS) suitable for biomedical applications. Com-
bination of functionalized magnetic particles and a magnetic
separation device makes it possible to remove blood-borne
biological agents from the human body. This paper focuses
on the performance of a HGMS device used to remove mag-
netic particles from the flow. For a medical application, such
a device would receive blood from the body by an extra-
corporeal circulation. After removal of the magnetic parti-
cles from the blood in the device, the blood would return to
the body.
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Magnetic separators for biological separations have been
extensively studied in recent years. The effect of magnetic
forces on particles in flow was considered by Yang et al.
[30], who studied motions of magnetic nanospheres under
the magnetic field in the rectangular microchannel. Nakam-
ura et al. [12] developed a quadrupole magnetic flow sorter
to facilitate high-throughput binary cell separation. Pekas
et al. [15] developed a fully integrated micromagnetic par-
ticle diverter and microfluidic system. Particles are diverted
via an external uniform magnetic field perturbed at the micro-
scale by underlying current straps. The resulting magnetic
force deflects particles across a flow stream into one of
the two channels at a Y-shaped junction. Furlani [6] per-
formed an analytical analysis of the transport and capture of
magnetic micro/nanoparticles in a magnetophoretic micro-
system that consists of an array of integrated soft-magnetic
elements embedded beneath a microfluidic channel. Ritter
et al. [22] studied a magnetic drug targeting system, utiliz-
ing HGMS principles, using FEMLAB simulations. They
proposed using a ferromagnetic wire placed at a bifurcation
point inside a blood vessel and an externally applied mag-
netic field, to magnetically guide magnetic drug carrier parti-
cles through the circulatory system and then to magnetically
retain them at a target site.

Conventional HGMS systems [31,11,4,27,17] make use
of designs where the magnetisable wires are submerged in
the fluid. In this paper, we study a separator, with magneti-
sable wires placed outside of the separation channel. Such a
design can be used for biomedical applications since direct
interactions between the blood components and wires, which
would lead to flow obstructions, is avoided.

In order to accurately describe hydrodynamics of flows
with particles in the context of the Euler–Lagrangian formu-
lation, the computationally most affordable approach is the
description of a particle as a rigid sphere, that interacts with
the fluid phase. At the same time, however, the particle occu-
pies the same volume as the fluid. The interaction of both
phases is in general modelled by a point source approach.
The flow of the continuous phase is computed by means of
a standard CFD approach. Lagrangian particle tracking has
a superior spatial accuracy, and allows different phenom-
ena to be modelled and computed accurately, e.g. heat and
mass transfer from the particles or accurate incorporation of
drag and lift forces. In general, the computational cost of the
method is proportional to the particle concentration.

A boundary element method (BEM) based numerical
algorithm is proposed for simulation of laminar flow of dilute
suspension of small magnetic particles in a HGMS device.
Several BEM based algorithm have been proposed for vis-
cous and non-viscous flows [1,7,5,24,23]. Our method is
based on the velocity–vorticity formulation of Navier–Stokes
equations in Eulerian framework coupled with a Lagrangian
particle tracking algorithm. A combined single domain and

domain decomposition approach is employed to reduce the
computational and memory requirements of the algorithm,
[21,28].

Efficient algorithms for Lagrangian particle tracking in
fluid flow are an ongoing research topic. Recently, Cohen
Stuart et al. [26] developed a method tackling unstructured
grids. In our work, as a starting point, the earlier work by Rav-
nik et al. [19] was chosen, where a 2D flow simulation was
coupled with an explicit Lagrangian particle tracking algo-
rithm. The flow algorithm was extended to a 3D geometry
in Ravnik et al. [21] and in this work coupling with par-
ticle tracking is presented. In order to realistically capture
the particle response to fluid flow structures, a full one-way
coupling approach is implemented. The particles are moving
due to the action of gravity, buoyancy, drag, pressure gradient
and added mass forces. When the fluid flows through the area
of a non-uniform external magnetostatic field, the resulting
magnetophoretic force working on the particles is also con-
sidered. Since numerical simulation of dilute suspensions is
the main target of this work, the coupling between the two
phases is a one-way action of the fluid on the particles.

2 Problem description

We consider separation of polystyrene magnetic spheres
flowing in water in a HGMS unit. The magnetic spheres
produced by Micromod Inc. (Germany) are considered. The
spheres have a hydrodynamic diameter of dp = 1.7 µm. The
spheres contain 12.45 % of magnetite (ρm = 5,000 kg/m3)
and 88.55 % polystyrene (ρps = 1047 kg/m3). These values
were obtained by means of dynamic laser scattering in a zeta
potential analyser and thermogravimetry analysis by Chen
et al. [3]. Spheres are considered to be uniformly dispersed
in water at temperature 20 ◦C (viscosity ν = 1.01 mm2/s
and density ρf = 998 kg/m3).

The separator unit consists of 10 cm long square cross
section (0.75 × 0.75 mm2) channel. On the top and on the
bottom of the channel two stainless steel 430 wires of diam-
eter 0.5 mm are placed. Figure 1 presents the problem setup.

The unit is placed into a homogenous external magnetic
field produced by parallel rectangular NdFeB magnets.

Average mean flow velocities in the channel up to 8 cm/s
are considered. This corresponds to flow rate of 162 ml/h
and to a Reynolds number of Re = 59.4. Due to the small
Reynolds number value, the flow is laminar and steady. At
the inlet the flow is assumed to be fully developed and the
magnetic spheres are homogenously distributed. Dilute sus-
pensions of magnetic spheres in water are considered, thus
the interaction between particles is neglected. Furthermore,
one-way coupling between particles and flow is considered.
In this model, the movement of particles is affected by the
flow, while the flow itself is not affected by the particles.
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Fig. 1 Separation channel cross section with magnetic force vectors displayed (left) and side view (right). Two magnetized stainless steel 430
wires are shown. Channel height and width h = 0.75 mm, s = 0.125 mm, wire diameter dw = 0.5 mm. Length of the unit is l = 10 cm

Due to a very high aspect ratio of the channel (0.75 mm
width versus 10 cm length) only a shorter 4.5 mm section of
the channel is simulated using periodic boundary conditions.
Values of velocity and vorticity at the outlet are copied back
to the inlet plane. In the same manner, particle positions at
the outlet are used as inlet positions for simulation of the next
segment of the channel.

3 Fluid flow computation

The flow in the magnetic separation unit is considered to
be Newtonian, incompressible, fully developed and steady.
Considering medical applications, removal of magnetic
spheres from blood stream is foreseen to take place with
flow rates between 10 and 162 ml/h [3]. These flow rates
correspond to average flow velocities from u0 = 0.5 cm/s
to u0 = 8 cm/s and Reynolds number values from Re =
u0h
ν

= 3.7 to Re = 59.4. The low Reynolds number reveals
that the flow in the separator unit is laminar.

Flow is simulated by solving the Navier–Stokes equa-
tions in velocity-vorticity form. These are the kinematics
equation

∇2u + ∇ × ω = 0, (1)

and the steady vorticity transport equation

(u · ∇)ω = (ω · ∇)u + ν∇2ω, (2)

where u is the velocity field and ω = ∇ × u is the vorticity
field.

Boundary conditions for channel flow are: known velocity
at inlet, zero velocity flux at outlet, no-slip velocity boundary
condition on channel walls. Dirichlet type vorticity bound-
ary conditions are applied on all walls, with vorticity values
calculated within the flow kinematics part of the BEM com-
putational algorithm.

A BEM based computational code [21,20] was used to
simulate the flow. The system of Eqs. 1 and 2 is solved in
a nonlinear loop consisting of three steps. Firstly, calculate
boundary vorticity values by solving the kinematics equa-
tion by single domain BEM. Secondly, calculate domain
velocity values by solving the kinematics equation by sub-
domain BEM and finally solve vorticity transport equation
for domain vorticity values using the boundary values from
the solution of the kinematics equation by subdomain BEM.
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3.1 Subdomain BEM algorithm

In the subdomain BEM approach the whole domain � is
divided into subdomains �i , where

∑
�i = �. The bound-

ary of each subdomain is denoted by ∂�i . The integral form
of the kinematics equation without derivatives of the velocity
and vorticity fields takes the following form [for derivation,
see Ravnik et al. [18] Eqs. 19–24]:

c(ϑ)u(ϑ) +
∫

∂�i

u∇u� · nd� =
∫

∂�i

u × (n × ∇)u�d�

+
∫

�i

(ω × ∇u�)d�, (3)

where r is the location point, ϑ is the collocation point, n
is the unit normal to the boundary and u� = 1/4π |ϑ − r| is
the fundamental solution of the Laplace operator. Solution
of this equation is used in the second step of the algorithm to
obtain domain velocity values.

The integral form of the steady vorticity transport Eq. 2
may be written for the j th component of the vorticity vector
as [28]:

c(ϑ)ω j (ϑ) +
∫

∂�i

ω j∇u∗ · nd� =
∫

∂�i

u∗q j d�

+1

ν

∫

∂�i

n · {
u∗(vω j − ωu j )

}
d�

−1

ν

∫

�i

(uω j − ωu j ) · ∇u∗d�, (4)

where ω j is the j th component of the velocity vector and
q is the vorticity flux vector q j = n · ∇ω j . Solution of the
vorticity transport equations yields domain vorticity values
in the final step of the algorithm.

The field functions as well as the products of velocity
and vorticity field components are interpolated within ele-
ments using shape functions. The mesh elements used in this
work are hexahedrons. Quadratic interpolation of function
within hexahedron is employed using standard shape func-
tions for a 27 node Lagrangian domain element. On each
face of the hexahedron we use discontinuous linear interpo-
lation for flux. All flux nodes are located within boundary
elements, none are located at corners and edges—thus the
unit normal and the flux value are unambiguously defined in
each flux node. In order to calculate the integrals, a Gaussian
quadrature algorithm is used.

In order to set up a system of equations the source point is
set in all function and flux nodes of all mesh elements. Each
element is treated as an individual subdomain, thus a sparse
system of equations is obtained. Compatibility boundary con-
ditions are employed between subdomains. The sparse sys-

tem of equations is solved using least squares based iterative
solver.

The flow in a 4.5 × 0.75 × 0.75 mm3 square cross-sec-
tion channel was computed using a computational mesh that
consisted of 36 × 12 × 12 domain elements having in total
45,625 nodes. The elements were concentrated towards the
walls of the channel.

3.2 Solution of the kinematics equation for boundary
vorticity by single domain BEM

In order to use the kinematics equation to obtain boundary
vorticity values, we rewrite the Eq. 3 into a tangential form
by multiplying the system with a normal in the source point:

c(ϑ)n(ϑ) × u(ϑ) + n(ϑ) ×
∫

∂�

u∇u� · nd�

= n(ϑ) ×
∫

∂�

u × (n × ∇)u�d�+n(ϑ)

×
∫

�

(ω×∇u�)d�. (5)

This approach has been proposed by Škerget and used in 2D
by Škerget et al. [28] and in 3D by Žunič et al. [32]. We
employed the same procedure with the difference of using
the second order shape functions, while they used a first order
interpolation scheme.

The source point is set in all nodes on the exterior boundary
of the domain. This leads to a system of linear equations for
boundary vorticity values. The solution of this system is com-
puted in each iteration of the nonlinear solution process until
convergence is achieved. Since the system matrix remains
unchanged through the whole nonlinear solution procedure,
i.e. it does not depend on the flow variables, we perform the
LU decomposition on the system matrix before the start of the
nonlinear loop. Then, in each iteration of the nonlinear loop,
the stored LU decomposition is used to obtain the boundary
vorticity values.

4 Magnetic field computation

By adjusting the distance between magnets the strength of
the magnetic field is varied. Let this magnetic field strength
be denoted by H0. The external magnetic field magnetizes
the wires producing an inhomogeneous magnetic field in the
separation channel. Magnetization of the wires and mag-
netic spheres exhibits nonlinear behaviour, which is shown on
M − H curves in Fig. 2. Saturation magnetization of stain-
less steel wires is 1.38 × 106 A/m and of magnetic spheres
1.6 × 104 A/m.
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Fig. 2 H–M curve for stainless
steel 430 wires (left) and
magnetic spheres containing
12.45 % magnetite (right)

0 0.2 0.4 0.6 0.8 1
0.0E+00

2.0E+05

4.0E+05

6.0E+05

8.0E+05

1.0E+06

1.2E+06

1.4E+06

0 0.2 0.4 0.6 0.8 1
0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

Considering the cylindrical shape of the wires, magnetic
field strength H outside of the wires can be written as [14]:

H =
⎛

⎝
0
0

H0

⎞

⎠ − Mw R2

2

2∑

i=1

1

r4
i

⎛

⎝
0

2(y − yi )(z − zi )

(z − zi )
2 − (y − yi )

2

⎞

⎠ , (6)

where Mw is the magnetization of the wires, R the radius of
the wires, ri the distance from the centres of the wires and
(yi , zi ) the location of the centres of the wires. The analyt-
ical expression (6) for magnetic field strength H is used in
computation of the Kelvin force acting on particles.

5 Lagrangian particle tracking

Let us consider spherical particles of diameter dp, mass mp

and density ρp. The mass of fluid encompassing the same vol-
ume as the particle is denoted by mf . The equation of motion
for small rigid spheres was proposed by Maxey and Riley
[10]. Neglecting the aerodynamic lift, time history effects,
second order terms and due to small particle size, we may
write

mp
dv
dt

= (mp − mf)g + mf
Du
Dt

− 1

2
mf

(
dv
dt

− du
dt

)

−3πdpρfν(v − u) − 0.1245μ0Vp

(

χf − Mp

H

)

(H · ∇)H.

(7)

Here v is the velocity of the particle and u is the fluid
velocity. The terms included in the equation are gravity, buoy-
ancy, pressure gradient term, added mass term, drag (skin
friction and form drag) and the magnetic force term. Here,
d/dt = ∂/∂t+(v·∇) stands for the time derivative following
the particle and D/Dt = ∂/∂t + (u · ∇) the time derivative
following the fluid element. The magnetic force term applies
to the volumetric fraction of ferromagnetic material (0.1245)
and magnetic sphere magnetization Mp. Magnetic suscepti-
bility of water is χf = −9 × 10−6.

Equation 7 is rewritten in non-dimensional form with
H0, u0 and L being the characteristic magnetic field strength,
the characteristic fluid velocity scale and characteristic prob-
lem length scale, respectively. With H → H/H0 u →
u/u0, v → v/u0 and t → tu0/L this renders eventually
to

a = dv
dt

= A

St
{vs + (u − v)} + 3

2
R

∂u
∂t

+ R{(u + 1

2
v) · ∇}u

− 0.1245A
μ0 H2

0

u2
0ρp

(

χf− Mp

H

)

(H · ∇)H, (8)

where the Stokes number is defined as

St = ρpd2
p u0

ρf 18νL
, (9)

the settling velocity is

vs = d2
p

18νu0

(
ρp

ρf
− 1

)

g, (10)

and the parameters R and A are

R = ρf

ρp + 1
2 ρf

= 0.4897, A = ρp

ρp + 1
2 ρf

= 0.7552

(11)

The nondimensional magnetic force term is calculated
based on magnetic field strength (6) as

(H · ∇)H = − Mw R2

2H0

2∑

i=1

1

r6
i

×

⎛

⎜
⎜
⎝

0

2(y − yi )
(

Mw R2

H0
− 2(y − yi )

2 + 6(z − zi )
2
)

2(z − zi )
(

Mw R2

H0
− 6(y − yi )

2 + 2(z − zi )
2
)

⎞

⎟
⎟
⎠ .

(12)
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With the acceleration of the particle given in Eq. 8 we may
solve the particle equation of motion by employing the 4th
order Runge-Kutta method [16]. We integrate the following
six equations simultaneously:

dx

dt
= vx ,

dvx

dt
= ax ,

dy

dt
= vy,

dvy

dt
= ay,

dz

dt
= vz,

dvz

dt
= az (13)

The unknowns are the particle location (x, y, z) and par-
ticle velocity (vx , vy, vz). The initial particle location and
velocity must be known. In order to calculate the acceler-
ation contributions on the right hand side, the velocity of
the fluid, u, has to be calculated at the location of the par-
ticle. The solution algorithm described in detail in Ravnik
et al. [19] has been used. The developed computer code was
parallelized using MPI. Due to consideration of only dilute
suspensions the speed up of the parallel code is almost linear.
Since particle - particle interactions are not considered, each
processor handles its own share of particles and communi-
cation between processors is necessary only for writing the
results and not during the simulation.

6 Results and discussion

The performance of the separation device is finally deter-
mined by its collection efficiency ζ , which is defined by the
fraction of magnetic particles that enter the separation chan-
nel and become attached to the channel walls. The collection
efficiency is expected to depend on the mean flow velocity
and on the applied external magnetic field. In order to inves-
tigate both effects, two series of numerical experiments have
been preformed. Firstly, for mean flow velocity of 5 cm/s the
external magnetic field was varied and secondly, for exter-
nal magnetic field of μ0 H0 = 0.62 T the flow velocity was
varied.

Table 1 lists mean flow velocities used in simulations along
with Reynolds and Stokes number values and time step val-
ues. The maximal Reynolds number in simulations was Re =
59.4, which means that the flow was steady and laminar. Due
to a very small particle diameter (1.7 µm) the particle Stokes
numbers are very small, ranging between 10−5 and 10−6.
The very low Stokes number value means that hydrodynamic
forces will force particles to follow the flow almost exactly.
The particle settling velocity (10) is vs = 0.8 µm/s, which is
very small compared to the height of the channel (0.75 mm),
thus the gravitational settling is almost negligible under these
circumstances. We can expect that almost an equal number
of particles will settle on the top and bottom walls of the
channel.

The simulations were run with a time step of 
t = 0.75 µs
for flow with Re > 10 and with 
t = 0.55 µs for Re = 10.

Table 1 Mean flow velocities used in simulations along with Reynolds
and Stokes number values and time step

Re u0 (cm/s) St (×10−6) 
t (µs)

59.36 8 26.1 0.75

37.1 5 16.3 0.75

18.55 2.5 8.15 0.75

10.0 1.35 1.64 0.55

X Y

Z

10

9

8

7

6

5

4

3

2

1

Fig. 3 Flow in a 4.5 mm long section of the separation channel. Figure
presents velocity contours and vectors for the case of u0 = 5 cm/s

Simulations ran until all particles either settled on the chan-
nel walls or traveled through the whole length of the channel.
At the lowest flow rate, this took 5.5 s and ten million time
steps. All simulations were ran using 104 particles.

At the inflow the particles are homogenously distributed
across the whole channel cross-section. As they travel along
flow streamlines the magnetic force starts to act on them. The
magnetic force is shown with vectors in Fig. 1. The magnetic
force pushes the particles towards the centre of the channel
and towards the top or bottom wall. The magnetic force is the
strongest close to the channel walls and the weakest in the
centre of the channel. Flow profiles across the channel reveal
the highest flow velocity in the centre of the channel, which
diminishes toward zero at channel walls with a parabolic-like
profile (Fig. 3). Thus the flow velocity is highest in the area
where magnetic forces are weak, while in the vicinity of the
walls, the flow is slower and magnetic forces predominate.

As the particles enter the channel, those that are close to
the top and bottom walls are immediately drawn to the walls
by the strong magnetic force. Particles that enter the chan-
nel closer to the centre of the channel, far from both top and
bottom walls, are directed towards the centre of the channel
and away from the vertical walls. When reaching the centre
of the channel, the vertical component of the Kelvin force
pulls the particles towards the top and bottom walls. At the
entrance of the separation channel, the particles hit the hor-
izontal walls over the whole width of the channel. Further
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Fig. 4 Final particle positions for the case u0 = 5 cm/s and μ0 H0 = 0.62 T

down the channel, due to the horizontal component of the
magnetic force, which forces particles towards the centre,
particles hit the top and bottom walls close to the centre of
the channel. Figure 4 shows the final particle positions for
the case of the mean flow velocity of 5 cm/s and external
magnetic field of μ0 H0 = 0.62 T. Indeed we observe equal
distribution of particles that adhered to the top and bottom
walls—gravitational settling is negligible (49.5 % of parti-
cles settled on the top wall and 50.5 % on the bottom wall).
Furthermore at the beginning of the channel particle adhere
over the whole width, while further downstream particles are
found only in the central area of the channel walls. In the mid-
dle of the channel, for example, particles are found only the
central 0.2 mm of the top and bottom walls. The particles
that exit the channel do so in the central part of the chan-
nel, since the flow velocity is the highest there and since the
magnetic forces have a component that forces the particles
towards the centre.

Figure 5 shows the collection efficiency for the flow veloc-
ity of 5 cm/s and various magnetic field densities. In the
range of weak magnetic fields, μ0 H0 ≤ 0.15 T, the col-
lection efficiency increases rapidly with increasing mag-
netic field density, reaching ζ = 0.68 at μ0 H0 = 0.15 T.
For stronger magnetic fields saturation is observed, since
at μ0 H0 = 0.62 T collection efficiency improves only to
ζ = 0.75. Saturation was also observed by Chen et al. [3],
who made 2D simulations and experiments. Their simula-
tions revealed saturation of collection efficiency at the same
magnetic field strengths, but having about 20 % higher values
of ζ . Their simulation only considered the central x −z plane

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.2

0.4

0.6

0.8

1

Fig. 5 Collection efficiency ζ versus magnetic field density for u0 =
5 cm/s

of the channel, neglecting the travel of particles towards the
centre. It is true that most of the particles adhere to the walls
in the central region. The 3D simulation additionally takes
into account the travel time of the particles towards the cen-
tral plane. This is not taken into account in the 2D case, thus
it is expected for the 2D simulation to yield higher values of
collection efficiencies.

As can be implied from H–M curves (Fig. 2) higher
magnetic fields mean stronger magnetization of the wires
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Fig. 6 Collection efficiency per distance ζ/x versus the distance along
the separation channel for various h0 and u0 = 5 cm/s

and of magnetic particles and thus yields an increase of
the collection efficiently of the magnetic separator. How-
ever, since magnetization exhibits saturation for high mag-
netic fields and since stronger magnets mean higher costs
and increased weight and safety concerns, strong magnetic
field seems unfeasible. The magnetic field strength should
be chosen individually with a specific application in mind,
considering particle and wire properties and an optimal flow
rate.

Next, we investigate collection efficiency per distance ζ/x
versus the distance along the separation channel for various
external magnetic fields strengths and u0 = 5 cm/s, which
is shown in Fig. 6. Collection efficiency per distance is calcu-
lated by measuring the number of particles that adhere to the
wall at a certain part of the channel divided by the width of
that part. It tells us, which parts of the channel are more effi-
cient in terms of collecting the particles and gives an indica-
tion of the useful length of the channel. Collection efficiency
per distance is the highest at the entrance of the channel,
where homogenously distributed particles first undergo the
influence of magnetic forces. Further downstream the effi-
ciency drops, since it takes additional time for the particles
to move towards the central plane and finally towards the
top and bottom walls. Similar behaviour is observed for all
magnetic fields, where, as expected, the strongest magnetic
field yields the highest collection efficiency.

Figure 7 presents collection efficiency ζ versus flow rate
for a constant external magnetic field strength of μ0 H0 =
0.62 T. Approximately linear dependence is observed, col-
lection efficiency decreasing with increasing flow velocity.
Linear behaviour was also observed by Chen et al. [3]. Exam-
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Fig. 7 Collection efficiency ζ versus flow rate for H0 = 5×105 A/m,

μ0 H0 = 0.62 T
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Fig. 8 Collection efficiency per distance ζ/x versus the distance along
the separation channel for various u0 and H0 = 5×105 A/m, μ0 H0 =
0.62 T

ining collection efficiency per distance ζ/x within the sepa-
rator in Fig. 8, we observe that low flow velocity yields high
collection efficiency at the start of the channel and low col-
lection efficiency at the end of the channel. This leads to a
conclusion that the optimal length of the separator channel
should be chosen with regard to the flow rate. Separation
channel operation at low flow velocity can be shorter and
achieve the same collection efficiency as a longer one oper-
ating at a higher flow velocity.
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7 Conclusions

The BEM was applied to study the motion of magnetic
particles in fluid flow under the action of external nonuni-
form magnetic field. The derived formulation combines the
velocity-vorticity resolved Navier–Stokes equations with the
Lagrange based particle tracking model, where the one-way
coupling with fluid phase was considered. The selected test
case of high gradient magnetic separation in a narrow chan-
nel was computed in order to test the derived algorithm in
computing particles trajectories in channel flow under the
influence of hydrodynamic and magnetic forces. The compu-
tational case was focused on a HGMS in form of a separation
channel with a square cross-section and a high aspect ratio,
where magnetic field gradient was caused by two magnetized
wires placed on top of and below the bottom of the channel.

The results showed that high collection efficiency is not
feasible at high flow velocity and/or at weak magnetic
field. Collection efficiency was found to increase with mag-
netic field strength only up to a certain point, after which
saturation occurred. Saturation is caused by the fact that
magnetization of wires and magnetic particles also exhibit
saturation, thus making the use of very strong external mag-
nets infeasible. Furthermore, we found that the collection
efficiency decreases linearly with increasing flow rate. At
low flow rate increasing the channel length is inefficient,
since the number of collected particles decreases with dis-
tance. The final recommendation is to use multiple shorter
parallel separation channels, where flow rates can be low, and
an external magnetic field just under the saturation regime.

The derived numerical algorithm for the solution of a
dilute suspension flow is suitable to combine with a direct
BEM based solution of a magnetostatic field problem and
consequently to study advanced particle separation devices,
such as in magnetic split-flow thin fractionation, under lam-
inar flow conditions. Additionally, the directly resolved vor-
ticity field presents an excellent foundation for including
into the computational algorithm also the angular momentum
transport, i.e. effect of the flow field on rotation of particles.
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