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Numerical study of magnetic particles mixing in waste
water under an external magnetic ﬁeld
Christos Liosis, Evangelos G. Karvelas, Theodoros Karakasidis and
Ioannis E. Sarris

ABSTRACT
The combination of nanotechnology and microﬂuidics may offer an effective water and wastewater
treatment. A novel approach combines the use of magnetic particles which can capture heavy metal
impurities in microﬂuidic ducts. The purpose of this study is to investigate the mixing mechanism of
two water streams, one with magnetic particles and the other with wastewater. The optimum mixing
is obtained when particles are uniformly distributed along the volume of water in the duct for the
combined action of a permanent, spatially and temporally aligned magnetic ﬁeld. Results showed
that mixing is enhanced as the frequency of the magnetic ﬁeld decreases or its amplitude increases,
while magnetic gradient is found to play an insigniﬁcant role in the present conﬁguration. Moreover,
for simulations with low frequency, the mean concentration of particles is found to be twice as high
as compared to the cases with higher frequency. Optimum distribution of particles inside the
micromixer is observed for the combination of 0.6 T, 8 T/m and 5 Hz for the magnetic magnitude,
gradient and frequency, respectively, where concentration reaches the optimal value of 0.77 mg/mL
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INTRODUCTION
Water quality issues are of particular importance worldwide

metal, loss of memory, allergic reactions, high pressure,

due to population growth, urbanization and industrializ-

depression, irritability, aggressive behavior, insomnia, dys-

ation, which have continuously stressed hydrological

lexia, increased cholesterol, triglycerides, neuropathy and

resources to the limits (Foley et al. ). Climate change

autoimmune diseases may affect human health (Falconer

is expected to impact negatively on water resources avail-

& Humpage ). Water is the most usual conductor to

ability while at the same time water demand is expected to

transfer heavy metals from almost all contamination sources

increase (Kanakoudis et al. ). As water demand is

to both the environment and humans. The toxicological

increasing rapidly, water systems are stressed by many fac-

effects depend on the chemical form and oxidation state of

tors (Kanakoudis & Karatzas ), the most hazardous of

the metals (Mosivand et al. ). Therefore, reliable

which is heavy metals release from industries, mining and

methods are needed to remove heavy metals from water

alloy manufacturing. Heavy metals threaten the environ-

(Daniel-da-Silva et al. ; Shen et al. ).

ment and public health, since they can accumulate, are
not

biodegradable,

and

cannot

be

metabolized

or

decomposed.

Research and applications in the ﬁelds of microﬂuidics
and nanoparticles have attracted signiﬁcant interest in
recent years due to their unique advantages of micro-scale

Moreover, exposure to heavy metals is a strong toxicity

ﬂuidic processes, combined with rapid advances in

parameter in human health. Depending on the heavy

materials development. Microﬂuidics provides a great

doi: 10.2166/aqua.2020.090
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opportunity to create devices capable of outperforming clas-

magnetic ﬁeld can be applied to manage and control the

sical techniques in biomedical and chemical research

ﬂow behavior of ﬂuids (Jamalabadi et al. ; Bagherzadeh

(Convery & Gadegaard ).

et al. ). In addition, the presence of a magnetic ﬁeld

Magnetic nanoparticles offer some attractive possibili-

leads to an increase in the heat transfer coefﬁcient at any

ties in water treatment. First, they have controllable sizes

mass concentration of the nanoﬂuids (Malvandi et al. ;

ranging from a few up to several tenths of nanometers,

Arya et al. ) as well as it having effect on the magnetic

which places them at dimensions that are smaller than

convection of an electrically conducted ﬂuid (Afrand et al.

or comparable to those of a cell (10–100 μm), a virus

). Several studies have been conducted with the use of

(20–450 nm), a protein (5–50 nm) or a gene (2 nm wide

guided magnetic particles in a microchannel (Karvelas

and 10–100 nm long). This means that they can ‘get close’

et al. b), with the results encouraging their effectiveness

to harmful substances. Indeed, they can be coated with

(Cai et al. ). Among them, Rida & Gijs () describe

molecules to make them interact with heavy metals (Inbaraj

the intense interaction between the ﬂuid and the magnetic

& Chen ). Second, the nanoparticles can be magnetic,

ﬁeld by means of magnetic microchannel manipulation.

which means that they can be manipulated by an external

Their approach is based on the dynamic movement of the

magnetic ﬁeld (Karvelas et al. b, a). Third, the mag-

structure of the beads held in a microﬂuidic stream, using

netic nanoparticles can be made to resonantly respond to a

a local alternating magnetic ﬁeld, which causes rotational

time-varying magnetic ﬁeld, with advantageous results

motion to the magnetic particles. Thus, a gradient of a

related to the transfer of energy from the existing ﬁeld to

time varied external magnetic ﬁeld can be applied in a

the nanoparticle (Pankhurst et al. ).

stream of water and magnetic nanoparticles ﬂow in order

Due to their small size, magnetic nanoparticles present

to swirl particles and spread them all over the water

properties that contribute to their extraordinary adsorption

almost uniformly to enhance and improve metal ion cap-

capacity and reactivity, both of which are favorable for the

ture. Additional factors that inﬂuence the mixing efﬁciency

removal of heavy metal ions (Yang et al. ). In a ferro-

are the geometry of the microchannel, and the inlet con-

ﬂuid, the magnetic particles can be inﬂuenced by an

ditions such as velocity of the incoming ﬂuids and

external magnetic ﬁeld thus higher mixing efﬁciency

entrance angle, as indicated in the literature. More speciﬁ-

between the ferroﬂuid and another sample solution can be

cally, the effect of the magnetic activation force by

obtained (Nouri et al. ). Furthermore research on ferro-

alternating the frequency and the lateral dimension of the

ﬂuids indicates that Fe2O3 nanoparticles could improve the

channel was studied by Wang et al. ().

thermal resistance, and subsequently thermal performance,

So far, our research has shown that for small velocity

as well as the pipe’s heat transfer coefﬁcient, especially

ratios between the two streams, one with the contaminated

under the magnetic ﬁeld (Goshayeshi et al. ). In this

water and the other with the particulate water, no signiﬁcant

context, particles coated with special chemicals may be

mixing is observed (Karvelas et al. ). Moreover, low

used to capture metal ions dissolved in water. Micromixers

mixing is found in the case of different entrance angles

are used in order to obtain optimum chemical reactions

between the two streams, without the action of an external

for capturing heavy metals. Active micromixers can offer

magnetic ﬁeld (Karvelas et al. b). In the present work,

superior mixing compared to passive methods (Green

a numerical model is used for the investigation of mixing

et al. ) by using external disturbance to enhance the

SPHERO magnetic particles (polystyrene) with the contami-

mixing process. Mixing of particles with water is very impor-

nated water under different magnetic ﬁeld intensity, gradient

tant and the most advanced idea in this ﬁeld is the use of

and frequency. Simulations are employed in order to deter-

iron-core particles in conjunction with a magnetic micro-

mine the optimal parameters for the magnetic ﬁeld that

mixer. Apart from ion capture, another attractive property

will spread particles homogeneously in the water micro-

of magnetic particles is the possibility of separation of

channel ﬂow to achieve the maximum mixing efﬁciency,

heavy metals captured by nanoparticles from water with

which will be necessary for particles to capture the impuri-

the use of an external magnetic ﬁeld. Also, an appropriate

ties. In this study, the magnetic frequency effect on the
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mixing efﬁciency is analyzed as compared with the magni-

(Karvelas et al. a), the nanoparticles are driven by the mag-

tude and gradient of the magnetic ﬁeld. The governing

netic ﬁeld, while the magnetic gradient may navigate the

equations and important numerical details are presented

particles, and ﬁnally the contact forces among the aggregated

in the Materials and Methods section, followed by the

nanoparticles and the wall. Also, for each particle the Stokes

results of the present parametric study and, ﬁnally, the con-

drag force and the gravitational forces due to gravity and buoy-

clusions are presented.

ancy force are taken into account (Karvelas et al. a).
The discrete motion of magnetic particles is governed by
Newton’s second law as:

MATERIAL AND METHODS
The slow water ﬂow in a microﬂuidic duct is considered to

mi

du i
¼ Fmag,i þ Fhydro,i þ Fcon,i þ Fgrav,i
dt

(3)

Ii

@ωi
¼ Mdrag,i þ Mcon,i
@t

(4)

be laminar and steady-state. The two water streams enter
the domain from the upper and lower half of the inlet side
for the contaminated and the nanoparticles ﬁlled streams,
respectively. The conﬁguration of the microchannel is
shown in Figure 1. The continuity and the incompressible
Navier–Stokes equation are solved for the water motion:
∇u¼0


@u
þ u  ∇u ¼ ∇ p þ μ∇2 u
ρ
@t

(1)
(2)

where u is the velocity vector of the ﬂuid, p is its pressure, t
is the time, and ρ and μ are the density and dynamic viscosity of the ﬂuid, respectively.
There are a wide range of forces that act on particles suspended in a ﬂuid, but only a fraction of these forces are

where the index i stands for the ith-particle with diameter
di , where ui and ωi are its transversal and rotational
velocities, respectively, and mi its mass. The mass moment
of inertia matrix is Ii and the terms @u i =@t and @ωi =@t correspond to the linear and angular accelerations, respectively.
Fmag,i and Fhydro are the magnetic and the hydrodynamic
forces, respectively. Fcon,i stands for the normal and tangential contact forces, respectively. In addition, Fgrav,i is the total
force due to buoyancy and gravity. Furthermore, Mdrag,i and
Mcon,i are the drag and contact moments, respectively. Moreover, the magnetic force at the magnetic particles is
calculated (Karvelas et al. a) by:

signiﬁcant for nanoﬂuids due to the small particle size
(Karvelas et al. a). In order to drive the particles into the

Fmag ¼ Vp (mi  ∇)B0

(5)

microchannel, four major forces are taken into account
(Figure 2): the magnetic force from the external time depen-

where Vp is the particle volume, mi is the magnetic

dent magnetic ﬁeld and the magnetic gradient force

moment of particle i and B0 is the magnetic ﬁeld which is

Figure 1

|

Micromixer conﬁguration and inﬂow/outﬂow conditions.
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where Re is the Reynolds number based on the particle
diameter (Karimi et al. ). The contact force between
the particles and the walls is calculated by using the discrete
element method (DEM), which includes spring and damping models (Tijskens et al. ). The DEM is a numerical
model capable of describing the mechanical behavior of
assemblies of spheres and computing the motion and
shear effect of a large number of small particles. In DEM,
particles are approximated as rigid bodies and the interaction between them is explicitly considered. Only gravity
and buoyancy are being included in the calculation of the
body force. The gravitational force is addressed by:
Figure 2

|

Schematic diagram of the forces acting on particles (Lampropoulos et al.
2015).

generated by an external magnet. The magnetic moment mi
is given by:
mi ¼

F grav,i ¼ Wi þ Fboy,i ¼

4 3
πr (ρ  ρ)g
3 i i

(9)

where ρi is the density of particle i, ri is the radius of particle
i and g is the acceleration due to gravity.

4π μr 
μ 0 μr þ 2 8

1 d3i

(6)

where μ0 is the magnetic permeability of free space, and μr is
the relative magnetic permeability of the particle. An external magnetic ﬁeld consists of a time dependent part:

Parameters of simulations are selected based on the
existing literature and are brieﬂy presented in Table 1.
More speciﬁcally, boundary conditions, dimensions of geometry, particles inlet ﬂux and particle’s density are based
on the studies of Rida & Gijs () and Karvelas et al.
(). The length of the micromixer duct is L ¼ 5 × 10–4 m
while its height and width are equal to W ¼ H ¼ 1 × 10–4 m,

By ¼ B0 sin (2πft)

as depicted in Figure 1.

where B0 is magnitude, and f is frequency, and secondly by a

Table 1

|

Simulation parameters

magnetic gradient Gy aligned in the y direction that act
together. Because the magnetic ﬁeld is mainly in the y direc-

Simulation parameters

tion, Bx, Bz can be neglected and the corresponding
magnetic actuation force is mostly along the y-direction.
Each particle is subjected to the ﬂuid drag force. The
drag force is given by:
1
Fhydro,i ¼ ρu2i Cd A
2

Length (L): 5 × 10–4 m, height (H): 1 × 10–4 m,
Dimensions of geometry

(7)

width (W): 1 × 10–4 m

Diameter of particles

1 μm

Particles per second

3000

Particle’s density

1087 kg/cm3

Magnetic ﬁeld (0.4,0.5,0.6) T Frequency (5,10,15) Hz
Magnitude of magnetic ﬁeld
(5,6,7,8) T/m
Boundary conditions

where ui is the velocity of the particle i relative to the ﬂuid
and A is the reference area which equals to πr2 , where r

Boundary

Velocity (U) (m/s) Pressure (p) (pa)

stands for the radius of the spherical particle. Cd is the

Contaminated water (Vc)

0.0005

Zero gradient

drag coefﬁcient given by:

Particle solution (Vp)

0.0005

Zero gradient

Outlet

Zero gradient

0

Walls

0

Zero gradient

24 [1 þ 0:15Re0:687 ]
Cd ¼
Re

Downloaded from http://iwaponline.com/aqua/article-pdf/69/3/266/823555/jws0690266.pdf
by guest

(8)

270

C. Liosis et al.

|

Magnetic particles mixing in wastewater under an external magnetic ﬁeld

Journal of Water Supply: Research and Technology—AQUA

|

69.3

|

2020

The two water streams, the contaminated and the par-

The OpenFoam platform is used for the calculation of the

ticles one, enter the micromixer from two different inlet

ﬂow ﬁeld and the uncoupled equations of particles motion

ducts and are mixed in the duct (Figure 1) and then leave

(Weller et al. ). The simulation process reads as follows:

the microchannel from a common outlet. Contaminated

initially, the ﬂuid ﬂow is solved using the incompressible

water enters from the upper half inlet of the microchannel

Navier–Stokes

at a constant velocity of U0 ¼ 5  104 m/s, while water with

method. Upon ﬁnding the steady-state ﬂow ﬁeld (pressure

spherical magnetic particles enters from the lower half of

and velocity), the motion of particles is evaluated by a Lagran-

the microchannel at the same velocity. On the wall of the

gian method. The implicit Euler method is used for solving

microchannel, a no-slip boundary condition is applied. In

Equations (3) and (4) and the time step for all numerical inte-

addition, at the outlet of the microchannel, a constant

gration is 5 × 10–4 s in order to ensure the stability of the

pressure condition is applied.

algorithm. The computational grid for the micromixer duct

Figure 3

|

equations

Particles’ concentration for B0 ¼ 0.4 T and different magnetic gradients for (a) f ¼ 5 Hz, (b) f ¼ 10 Hz, (c) f ¼ 15 Hz.
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Particles’ concentration for B0 ¼ 0.5 T and different magnetic gradients for (a) f ¼ 5 Hz, (b) f ¼ 10 Hz, (c) f ¼ 15 Hz.

that is studied here is composed of 13,650 cells which are ade-

force, particles are expected to be shaken and thus be

quate for the low Reynolds number of the current ﬂow.

mixed inside the two water streams.
Our interest is on the particles’ concentration proﬁles
that should be as uniform as possible in the duct’s crosssection for optimum mixing to be attained. Particulate

RESULTS AND DISCUSSION

spatiotemporal statistics are gathered for the mean concentration to be measured. As particles enter only from the

Magnetic nanoparticles are found to form chains aligned to

lower part of the inlet, the temporal statistics are initiated

the magnetic ﬁeld lines and drift under a magnetic gradient

after several eddy turn-over times (i.e. all particles to travel

ﬁeld (Karvelas et al. a, b). In the present work the

along the duct for several times) and only the last half part

external magnetic ﬁeld is time varying, and thus no steady

of the duct in the streamwise direction is used for the spatial

particle chains can be formed. Driven by the magnetic

statistics along with the spanwise direction. Then averaging
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Particles’ concentration for B0 ¼ 0.6 T and different magnetic gradients for (a) f ¼ 5 Hz, (b) f ¼ 10 Hz, (c) f ¼ 15 Hz.

process is repeated for several eddy turn-over times (and

of the particles that may lead to mixing them with water

every ﬁve time steps), thus, statistics can be considered

everywhere in the duct.

stationary in time and space.

Figure 3 summarizes the results from the particle concen-

Results of the present simulations are summarized in

tration when the amplitude of the magnetic ﬁeld is kept

Figures 3–5 for the mean concentration (mg/mL) of par-

constant and equal to 0.4 T, its frequency is varied between

ticles for the dimensionless height of the duct, y/H, as the

5 and 15 Hz and its gradient is varied in the range between

amplitude, gradient and frequency of the external magnetic

5 and 8 T/m, thus, a range which is easy to be found in the

ﬁeld are varied. In present simulations, the magnetic gradi-

micrometer dimensions of the microﬂuidic ducts. Results

ent is kept positive in order to continuously drift particles

for the case of f ¼ 5 Hz are shown in Figure 3(a) where it is

from the lower part of the duct (where they are entering

found that a large percentage of the particles are located

the domain) to the upper part (where contaminated water

between 0.2 < y/H < 0.6 of the microchannel for most of

is found). Thus, the frequency of the time varied magnetic

the applied gradient ﬁelds. In this case, a nearly Gaussian dis-

ﬁeld is responsible for the periodic (up and down) shaking

tribution along y is observed. From Figure 3(b) and 3(c), it is
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Mean concentration for different magnitudes of the magnetic ﬁeld B0 for G equal to: (a) 5 T/m, (b) 6 T/m, (c) 7 T/m, and (d) 8 T/m.

obvious that as the frequency of the magnetic ﬁeld increases,

variation of the external forcing, i.e. they move quickly up

particles are mostly conﬁned in the lower part of the duct and

and down without signiﬁcant elevation. Figure 4(a) summar-

mixing is very poor. Moreover, it is found that as the fre-

izes the concentration distribution of particles for amplitude

quency of the magnetic ﬁeld increases, concentration

0.5 T and frequency 5 Hz, where the optimum distributions

proﬁles almost collapse for various gradient ﬁelds.

are found for the lowest gradient ﬁeld.

As the amplitude of the magnetic ﬁeld increases from 0.5

The concentration proﬁles are shown in Figure 4(b) and

and 0.6 T, as shown in the concentration proﬁles of Figures 4

4(c) for the cases of f ¼ 10 Hz and 15 Hz at 0.5 T, respect-

and 5 respectively, the effects of the parameters studied here

ively, and for the same frequencies but for 0.6 T are shown

are following the same trend as in Figure 3. More speciﬁcally,

in Figure 5(b) and 5(c), respectively. The general picture in

under the lowest magnetic frequency value of 5 Hz, particles

all these cases is like that in the case of 0.4 T of Figure 3 as

are spread more uniformly at most of the microchannel

the magnetic amplitude is increased, thus, as particles trans-

height. However, as frequency increases, particle conﬁne-

late due to the water ﬂow and move out of the duct only

ment at the lower part of the duct increases because of

minor elevation is succeeded. It is found that as the frequency

their increased magnetic response in the fast temporal

of the magnetic ﬁeld increases, the particles are localized in a
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narrower region of the height of the microchannel, and this

time which must move in the duct (either up or down) is

distribution does not vary signiﬁcantly with increasing gradi-

decreasing, so the particles are localized and not distributed.

ent, at least for the range of values studied here. Thus, the
large percentage of the particles are located between 0.2 <
y/H < 0.3 of the microchannel height for 0.4 T, between

CONCLUSIONS

0.3 < y/H < 0.4 for the amplitude of 0.5 T and between
0.3 < y/H < 0.4 for the amplitude of 0.6 T.

The use of magnetic particles in the possible capture of heavy

In order to quantify the effects due to magnitude, gradi-

metal ions from contaminated water in microﬂuidics is con-

ent and frequency of the magnetic ﬁeld, the present results

sidered here. The mixing of two water streams, the

are compared against the optimum concentration needed

contaminated and the particulate one, are studied under var-

by particles to distribute homogeneously at the volume of

ious external magnetic conﬁgurations. The magnitude of a

the duct, i.e. 0.85 mg/mL in the speciﬁc conﬁguration. The

magnetic gradient and the amplitude and frequency of a time

difference between the present results and the optimum

varied magnetic ﬁeld are applied together at the microduct.

concentration may be considered as a puriﬁcation indicator,

It is primarily found that the lower the frequency is,

i.e. the potential of the particles to absorb heavy metals. By

the better the distribution of the particles in the ﬂow duct

integration, this difference can be considered as a measure

will be. Thus, for the lower frequency of 5 Hz, the mean

of the quality of mixing due to magnetic ﬁeld. The mean

concentration of particles was found more than two times

concentration of the present cases after integration are sum-

higher as frequency increased to 10 and 15 Hz. Moreover, as

marized in Figure 6, where the horizontal axis represents the

the magnitude of the magnetic gradient increases, more homo-

frequency and the vertical axis represents the mean concen-

geneous particle distributions are found and the same is

tration C (in mg/mL). It is found that as the magnetic

observed for the increase of the amplitude of the magnetic

frequency decreases, more homogeneous particles distri-

ﬁeld. The optimum combination is found to be for 0.6 T, 8 T/

butions are observed, since the mean concentration C

m and 5 Hz which is equal to C ¼ 0.77 mg/mL. The present

increases. Moreover, as the magnetic ﬁeld’s magnitude

results are very promising for the further development of the

increases, the mean concentration C increases and the

method and will relate to the chemical kinetics of the coat-

only secondary effects are due to magnetic gradient

ings-ions reaction.

increase. Among the present results, the better distribution
is achieved for the combination of 0.6 T, 8 T/m, and 5 Hz
of the magnitude, gradient and magnetic frequency, respect-
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