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Abstract

Elucidating the microscale interaction between magnetism and fluid flow is of great importance for designing micro-mag-
netofluidic gradient generators, micromixers, and particle sorters. Co-flowing magnetic and non-magnetic fluids can lead to
instability at their interface and subsequent rapid mixing. The mismatch in the magnetisation of the fluids leads to instabili-
ties. The present study systematically investigates the magnetofluidic spreading phenomena of both magnetic nanoparticles
and non-magnetic fluorescent dye in consecutive circular chambers. Numerical simulations and experimental investigations
were conducted to thoroughly evaluate the physics of magnetofluidic spreading. We show that the presence of the consecutive
chambers can enhance magnetofluidic spreading by slowing down the flow and increasing the mass transfer rate transversal
to the flow direction. The numerical results reveal that the magnetic force, induced by the magnetic susceptibility gradient,
generates cross-sectional secondary flows that steer particles toward both the top and bottom walls. The induced second-
ary flow also enhances the transport of fluorescent dye, thereby leading to a higher mass transfer rate as compared to pure
molecular diffusion. The findings provide further insights into the microscale spreading phenomenon of magnetic and non-
magnetic particles in a magnetic field.

Keywords Microfluidics - Magnetofluidic spreading - Numerical modelling - Circular chambers - Ferrofluid - Micro-
magnetofluidic gradient generators

1 Introduction

Continuous-flow microfluidics enables manipulation of
particles in a fluid. Passive manipulation methods depend
merely on hydrodynamic forces (Moghadas et al. 2018),
while active methods employ external sources such as acous-
Mohammad Amin Maleki, Jun Zhang and Navid Kashaninejad tic (Marzo et al. 2015), electrical (Tajik et al. 2019), opti-
contributed equally to this work. cal (Diekmann et al. 2016), thermal (D’Eramo et al. 2018)
and magnetic (Munaz et al. 2018) actuators. Among active
methods, magnetic manipulation has attracted considerable
attention because of its high efficiency, cost-effectiveness
and straightforward implementation (Gao et al. 2019).
Micro-magnetofluidics refers to the science and technology
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Depending on the size of magnetic particles, magnetic
fluids can be categorized as magnetorheological fluid and
ferrofluid (Nguyen 2012). If magnetic particles dispersed
in the carrier fluid are larger than 10 nm, the fluid is called
magnetorheological fluid as the viscosity of the fluid can
be tuned by the magnetic field. In a ferrofluid, which is the
main scope of the current manuscript, the fluid is a stable
suspension of magnetic nanoparticles with diameters on the
order of 10 nm or smaller. The stability of the magnetic col-
loid relies on the thermal energy and the balance between
attractive (dipole—dipole and Van der Waals) and repulsive
(electrostatic and steric) interactions. The stability of ferro-
fluid colloidal with magnetic particles of ~ 10 nm is mainly
supported by Brownian motion, electrostatic repulsion, and
steric repulsion (Rosensweig 1979). Thus, the magnetic
nanoparticles disperse well in the carrier fluid, and ferro-
fluid as the whole behaves like a paramagnetic liquid (Zhao
et al. 2016).

Ferrofluid has been employed in micromagnetofluidic
systems for applications such as label-free separation of
particles (Kose and Koser 2012; Zhang et al. 2016; Zhao
et al. 2016; Zhu et al. 2014, 2012) and micro-mixing (Heja-
zian et al. 2016; Zhu and Nguyen 2012b). Unravelling the
microscale interaction between magnetism and fluid flow
is of great importance for designing microfluidic devices.
Co-flowing of magnetic and non-magnetic fluids is the most
popular configuration that can lead to instability at the inter-
face and subsequent rapid mixing. Several studies have been
conducted to investigate magnetofluidic spreading of fer-
rofluid under a uniform magnetic field. Wang et al. (Wang
et al. 2015a, b) numerically and experimentally studied the
spreading phenomenon of ferrofluid in a straight channel,
following the earlier work in this field (Zhu and Nguyen
2012a). The authors systematically investigated the effects
of magnetic field, concentration of the magnetic particles,
flow rate, viscosity and diameter of the particle as well as
flow rate ratio on magnetic spreading. The results indicated
that magnetofluidic spreading is mainly caused by secondary
convective flow. Our earlier work reported the magnetoflu-
idic spreading phenomenon for the two cases of ferrofluid
core and ferrofluid cladding (Zhu and Nguyen 2012a). We
found that the spreading effect increases with magnetic field
strength. Spreading of ferrofluid-core configuration is more
sensitive to the magnetic field than the ferrofluid-cladding
configuration. Subsequently, we investigated ferrofluid mix-
ing under a uniform magnetic field in a circular microcham-
ber (Zhu and Nguyen 2012b). In this study, ferrofluid served
as the core stream surrounded by two diamagnetic cladding
streams. The proposed device led to a mixing efficiency of
up to 90%.

However, the effects of consecutive circular chambers on
ferrofluid spreading as well as the influence of ferrofluid
on the transport of nonmagnetic fluid in circular chambers
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remain unknown. In the present work, we systematically
investigate magnetofluidic spreading of ferrofluid and dis-
solved fluorescent dye over a series of circular microcham-
bers. Numerical modelling and experimental investigations
are carried out to characterise the magnetofluidic spreading
phenomenon. The numerical data agree well with the experi-
mental results. In addition, we explore the effects of the flow
rate ratio and the magnetic field strength on the spreading
phenomenon. This study provides further insights regarding
the spreading behaviours of magnetic and non-magnetic nan-
oparticles in the microscale under a uniform magnetic field.

2 Materials and experimental method

2.1 Design and fabrication
of the micro-magnetofluidic spreading system

Figure 1a shows the micro-magnetofluidic spreading system
investigated in the present study. The system consists of an
electromagnet that induces a uniform magnetic field across
the microfluidic device positioned in the air gap. The flux
density in the air gap of the electromagnet can be adjusted
by the applied current, Fig. 1b. The microfluidic device was
designed as a straight channel with six circular chambers,
Fig. Ic, d. The gap S between two adjacent chambers is
520 pm. The width W of the straight channel is 200 pum.
The circular chambers have a diameter of 1 mm. The micro-
channels and chambers have a height # of 50 um. The total
length L of the microfluidic device is 9.37 mm. Figure 1c
schematically illustrates the above geometrical parameters
of the microfluidic device. The microfluidic device was fab-
ricated using the standard photolithography and soft lithog-
raphy with polydimethylsiloxane (PDMS) (Kashaninejad
et al. 2012). The PDMS device with the microchannels was
bonded to another PDMS slab after 1.5 min of surface treat-
ment with oxygen plasma. The width of the PDMS microflu-
idic device was carefully cropped to fit the air gap dimension
of the custom-made electromagnet.

2.2 Preparation of ferrofluid and fluorescent dye

In the present work, we used a diluted commercial water-
based ferrofluid that was purchased from Ferrotec (Nashua,
NH, USA; Catalog No. EMG-707). According to the manu-
facturer’s information, the nominal size of the nanoparticles
is 10 nm. The EMG-707 ferrofluid consists of magnetite iron
oxide nanoparticles, suspended in DI water with an anionic
surfactant to prevent aggregation. The volume ratio of iron
oxide nanoparticles in the ferrofluid is 2%. The saturation
magnetisation and the density of the ferrofluid are 11 mT
and 1100 kg/m?, respectively.
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Fig. 1 Magnetofluidic a The

spreading in circular chambers.
U-shaped electromagnet; b the magnetic flux density of the elec-
tromagnet versus the applied electrical current; ¢ the schematic of
magnetofluidic spreading of magnetic nanoparticles under a uniform

To prepare the fluorescent dye, which was representa-
tive of non-magnetic fluid, 0.5% w/v of fluorescein sodium
salt (Sigma-Aldrich, Product No. F6377) was dissolved in
Milli-Q® ultrapure water (Milli-Q® Direct 8 water puri-
fication system with a specific resistance of 18.2 pQ and
0.22 pm membrane filter). Subsequently, 1 ml of EMG-
707 ferrofluid solution was further diluted with 2 ml of
Milli-Q® water to achieve the desired concentration of
magnetic particles.

2.3 Experimental setup and data analysis

A custom-made U-shaped electromagnet was fabricated
to induce a uniform magnetic field across the microflu-
idic device, Fig. 1a. Before the experiments, the magnetic
flux density of the electromagnet was calibrated with the
applied electric current, Fig. 1b. The microfluidic device
was then inserted into the air gap of the electromagnet.
The whole setup was subsequently placed on the stage of
a fluorescence microscope (Nikon, ECLIPSE Ti2), where
a digital camera (Nikon, DS-Qi2) was mounted. Two pre-
cision syringe pumps (Cetoni GmbH, neMESYS 290 N)
were used to control the flow rates of water Q,, and ferro-
fluid Qg. The camera attached to the microscope captured
both bright-field images of the particles (showing the dis-
tribution of magnetic nanoparticles) and the fluorescent
image of the fluorescent dye (showing the distribution of
non-magnetic particles). The experiments were carried out
for different flow rate ratios between ferrofluid and water.

magnetic field with co-flow configuration of ferrofluid and DI water
(L=9.37 mm; W=200 um; h=50 pm; S=520 ym; d=1 mm). QO
and Q,, refer to the flow rate of ferrofluid and DI water, respectively.
d The microfluidic device inserted at the air gap of the electromagnet

3 Numerical modelling

A three-dimensional (3D) numerical model was imple-
mented to provide more insight into the physics of mag-
netofluidic spreading in the circular chambers. The para-
bolic velocity distribution along the channel height leads
to a concentration distribution well known as the “butterfly
effect” (Ayodele et al. 2009). Due to the lower velocity and
the dominant diffusion over convection, the magnetic force
spreads the ferrofluid more conveniently near the walls com-
pared to the centre of the channel. Given the notable distri-
bution of magnetic nanoparticles along the depth direction,
a 3D numerical model is required to achieve more accurate
results, as the effects of both flow field and magnetic field
are considered in three dimensions.

Figure 1c depicts the model of the microchannel used
for the numerical simulation. The ferrofluid enters from the
middle inlet with a flow rate of Q. DI water enters through
the side inlets with a total flow rate of Q. Under a uniform
magnetic field, the magnetic force is most significant at the
interface of the two fluids due to the concentration gradi-
ent of the magnetic particles and the susceptibility gradient
across the two fluids.

The fluid dynamics is modelled by solving the incom-
pressible Navier—Stokes equation (Bird et al. 2001):

ou

5, TrVu=-Vp+ vwWu+F,, (1)

)

@ Springer



80 Page 4 of 15

Microfluidics and Nanofluidics (2020) 24:80

where p is the density of the fluid, p is the pressure, v is
the dynamic viscosity and F,, is the magnetic volume force.

Moreover, convective/diffusive equation is used to model
the distribution of the magnetic nanoparticles in the compu-
tational domain (Bird et al. 2001):
de +u, - Vc=V.(DVc) 2
ot ”* ’

where ¢ denotes the dimensionless concentration (the
ratio of the local concentration to the maximum concentra-
tion at the channel entrance), D is the diffusivity coefficient,
and u,, is the local particle velocity. The diffusion coefficient
of fluorescent dye is 1x 10 m? s~! and the diffusion coef-
ficient of magnetic nanoparticles is obtained by Einstein’s

model Dﬁr = KT , where ff means the ferrofluid, &, is the
37rvﬂdﬂ-

Boltzmann constant, T is the absolute temperature and, and
d is the particle diameter (Hejazian et al. 2016; Soltani et al.
2020). The particle velocity u, consists of two components
(u, = u+uy), the flow field velocity (u) and the slip veloc-
ity (u,) that describes the slip motion of the particles due to
the induced magnetic force. According to the previous stud-
ies (Blums 1995; Blums et al. 1998), the slip velocity of the
magnetic nanoparticles is negligible in a weak magnetic
field. Hence, the slip motion of particles is neglected in our
simulations.

The magnetic field is described using Maxwell equations
for non-conducting media (Liu et al. 2011):

V x H= 0, 3

V-B=0, “

where H and B are the magnetic field strength and the
magnetic flux density, respectively. Magnetic flux density
can be calculated using the following equation:

B =M, + H) = uy(,, + DH, §))

where y,, represents the local susceptibility of the fer-
rofluid, y, is the permeability constant of the vacuum space
with the value of 47 x 10~7 N/A?, and M, , is the local mag-
netization. Langevin function describes the magnetization
as a function of the magnetic field (Erb et al. 2008; Zhu
etal. 2011):

_ _ _ L
M(H) = M,L(¢H) = M, [coth(gH) :H] , 6)

where M is the magnitude of the ferrofluid magnetiza-
tion, M, is the saturation magnetisation and & = 3 y, /Ms,
Mg=11 mT, g, is the initial magnetic susceptibility of
the ferrofluid, y, = 1.51. The magnetisation vector M is in
the same direction as the applied magnetic field. Taking
into account both the Langevin’s function (Eq. 6) and the
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Maxwell equations, the magnetic susceptibility is defined
as (Zhu et al. 2011):

M 1
X = 57l [coth(r:H) - g_H] 7

Previous studies suggested that the magnetic susceptibil-
ity of the dispersive media linearly depends on the particle
concentration for relatively small volume fractions (~ <0.2)
(Sandulyak et al. 2019, 2017). According to these studies,
at this concentration the distance between the nanoparticles
are sufficiently long to prohibit mutual magnetic effect. The
linear dependency of the magnetic susceptibility of the fer-
rofluid to the volume fraction is fairly valid in this range and
volume fraction of 0.02. Therefore, the local susceptibility
is assumed in the present work to be a linear function of
magnetic particle concentration y,, = ¢ yy. The magnetic
scalar potential is introduced as H = —Vy that yields (Zhu
and Nguyen 2012b):

V- ((1+ x,)Vy) =0. ®)

The local magnetic volume force on the fluid is expressed
as (Erb et al. 2008; Pankhurst et al. 2003; Rosensweig 1979;
Wang et al. 2015a):

X
F, = Z2(B - VB).
m MO( ) €))

The magnetic susceptibility of ferrofluid is large (1.51)
compared to that of the water (—9.0 x 107°). Therefore, the
concentration gradient leads to a significant magnetic flux
density gradient and consequently a significant magnetic
force (Wang et al. 2015a). As discussed in our previous
studies (Zhu and Nguyen 2012a, b), the existence of a false
diffusion in the numerical simulation reduces the sharp con-
centration gradient across the fluids’ interfaces. As such, we
employed the second-order discretisation and a smooth and
fine mesh to minimise that issue (Bailey 2017).

The magnetic scalar potential is applied to the outer
boundaries to determine the magnetic potential and subse-
quently, the magnetic field inside the domain, Eq. (6), (Zhu
and Nguyen 2012b):

oy
H-n=-——, Vx € 0Q.
n n X (10)

The variations of density p and viscosity v within the
domain are determined using the concept of volume fraction:

p=cpg+ 1 =0c)p,, an

V= Vﬁe(l—c) In(v,,/ vﬁr), (12)
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where the subscripts “w “and “ff” stand for deionised
water and ferrofluid, respectively. The densities of ferro-
fluid and water are 1100 and 997 kg m~, respectively, and
their viscosities are 3 and 1 mPa s, respectively (Wang et al.
2015a). It should be noted that since anionic surfactants have
been used in the ferrofluid, water is no longer deionised after
the diffusion of these surfactants from ferrofluid to the clad-
ding phases.

The mixing index is used to quantitatively evaluate the
effect of different parameters on mass distribution within
the channel:

[ e —co|dA
A

M=1—-————| 1
[ eo — o] dA (13)
A

where ¢, and ¢, represent normalized concentrations of
fully unmixed and fully mixed conditions, respectively, and
A is the cross section of the channel.

4 Results and discussion
4.1 Mesh convergence study

For mesh study, concentration mass distribution within a
microchannel with one chamber was considered. Free tetra-
hedral grids were employed in all geometries. Also, a highly
smoothed mesh was used in our study to avoid false diffu-
sion. The maximum element growth rate of mesh elements
was chosen to be 1.1. Mesh convergence test was performed
for four different case studies with a maximum grid size of
6, 8, 12, and 16 pm (948,065, 476,664, 155,835 and 48,572
number of grids, respectively). The concentration distribu-
tion profiles of magnetic particles across the chambers and
on the middle depth plane are compared in Fig. 2. If the
maximum mesh size is less than 8 pm, the changes in con-
centration distribution is negligible. Therefore, we used a
maximum grid size of 6 um in the present study.

4.2 Validation of the numerical simulation
with the experimental results

In this section, the numerical simulation is compared with
the experimental data of particle distributions in the first two
chambers, with no magnetic field, as well as with a magnetic
field of 32.1 mT. Figure 3 depicts the top view images of the
spreading of magnetic particles and the fluorescent dye. The
simulated distribution of magnetic particles qualitatively
agrees well with the experimental results. In the fluores-
cent images, the intensity is maximum (white colour) in the
presence of pure fluorescence dye. Also, we observed in
the experiments that the core flow deviates to the right side.

— 948065 grids| |
--476664 grids
—-155835 grids
48572 grids

1.2f

Dimensionless Concentration

400 -200 0 200 400 600
y (um)

Fig.2 Comparison of concentration distribution profile of magnetic
particles across the chambers and on the middle depth plane, for dif-
ferent numbers of grids

0.9
0.8
0.7
0.6
0.5
04
03

0.2
0.1

)

(d)

Fig. 3 Particle spreading across the consecutive circular chambers: a
ferrofluid without magnetic field; b ferrofluid with a magnetic field; ¢
fluorescent dye without magnetic field; d fluorescent dye with a mag-
netic field. All the subsections (i) and (ii) represent the experimental
data and numerical results, respectively
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The main reason for this deviation is related to the variation
in cladding flow. Figure 3 shows that the cladding flow is
not equally distributed on two sides of the core flow due to
the unavoidable fabrication errors, and the left side clad-
ding flow seems to have a larger flow rate compared to the
right side. Due to the opaqueness of magnetic nanoparticles,
the greyscale intensity is reduced wherever the magnetic
nanoparticles overlap the fluorescent dye. In contrast, in
the simulation, only the variations of the concentration of
fluorescent dye are shown, and the influence of overlapping
the fluorescent dye with magnetic particles is ignored. The
experimental and simulated distributions of the fluorescent
dye generally agree; however, there are some partial mis-
matches particularly for the case of with magnetic field. As
observed in Fig. 3d(i), some regions in the core flow are
darker during the experiment. As confirmed in a previous
study (Hejazian et al. 2016), the magnetic nanoparticles can
have a light-blocking role on the fluorescent intensity. In
the darker region, the magnetic nanoparticles on the outer
plane have likely blocked the light of the fluorescent dye.
Our results confirm that the numerical simulation can predict
the spreading behavior of both magnetic nanoparticles and
non-magnetic dye.

4.3 Magnetofluidic spreading along different
circular chambers without magnetic field

Figure 4 compares the numerical and experimental spread-
ing phenomenon of ferrofluid in different chambers for
the flow ratios (Q,/Qy) of 1 and 2 (Q;=10 pm/min,
0, =10 and 20 pm/min). As reported in previous studies

Fig.4 Spreading of ferrofluid in
consecutive circular chambers .

without magnetic field at flow (1)

rate ratios of a 1 (Qz=10 pl/ ‘ i
min: Q,,=10 pl/min); and b 2
(Qff =10 pl/min: Qw =20 pl/
min). Part (i) is the experi-
mental bright-field results, and (11) )
part (ii) is the corresponding

numerical results

for a simple rectangular channel without a magnetic field,
spreading of the particles relies on the interplay of con-
vection and diffusion (Ayodele et al. 2009). Under the
steady-state condition, the interdiffusion region is broad-
ened along the microchannels. A longer axial distance
from the inlet corresponds to a more available diffusion
time that leads to a wider interdiffusion region. In addition
to providing a better visualisation of spreading due to the
lateral expansion of fluids, the chambers slow down the
flow and enhance spreading. Considering the large ratio
of the chamber diameter d to the width w of the straight
channel, a series of chambers increases the residence time
and enhances spreading.

Due to the relatively small diffusion coefficient of mag-
netic particles, the transport of magnetic particles occurs
at very large Péclet numbers (Pe=WU/D=1.51x 10’ and
2.65x 10, where W is the width of the channel, U is the
average velocity in the channel, and D is the diffusion coef-
ficient of magnetic particles). In the absence of a magnetic
field, spreading is caused by molecular diffusion. In a system
with a large Peclet number, spreading is insignificant (Ayo-
dele et al. 2009). As such, we fixed the core flow and varied
the cladding flow to examine the different flow rate ratios.
Increasing the cladding flow rate narrows the core stream
and increases the advection of the particles. Thus, lateral
(y-direction) spreading of the particles becomes less sig-
nificant. Figure 5 depicts the depth-averaged concentration
profiles of magnetic particles across the different chambers.
Because the diagrams are related to the average concentra-
tion distribution and the spreading is partial, the progressing
spreading is not very clear in Fig. 5. Cross-sectional views

(a) FF: DI =10\u|/min:10ul/min; NO magnet
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Fig.6 Numerical results of cross-sectional views of magnetic parti-
cles concentration distribution at different distances from channel
entrance for flow ratios of a 1, b 2 (Qg= 10 pm/min). (i) x=1500 pm,
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of the concentration distribution provide a better insight into
the dispersion mechanism, Fig. 6.

As it is discussed in a previous study (Wang et al. 2015b)
and observed from Fig. 5, due to a hydrodynamic focusing
effect, the width of the core flow is narrowed. Narrowing
the core flow width while its flow rate is fixed leads to a
reduction the residence time of nanoparticles in the channel.
Therefore, increasing the flow rate ratio decreases the trans-
versal diffusion of particles in the core flow. The concentra-
tion profile of the magnetic particles indicates the “butterfly-
like” shape, as described by Ayodele et al. (Ayodele et al.
2009). Considering the no-slip boundary condition at the
walls, the parabolic velocity profile results in different resi-
dence time of particles across the channel height. The parti-
cles close to the top and bottom walls are almost stationary,
while those particles at the channel centre are transported
with the maximum velocity. Stronger diffusive transport at
the wall results in the butterfly-shaped concentration profile
(Kamholz et al. 1999). As the flow enters the chambers, the
sudden reduction of the axial velocity increases the resi-
dence time of the particles. Thus, the chambers can facili-
tate the homogenisation of the depth-wise concentration
and smooth out the depth-wise profile of the axial velocity.
Increasing the flow rate ratio has a negative impact on the
homogenisation of depth-wise concentration. Increasing the
cladding flow sharpens the velocity profile and increases the
difference of the residence time of the particles in the depth
direction.

4.4 Magnetofluidic spreading along the circular
chambers in a uniform magnetic
fieldMagnetofluidic spreading
along the circular chambers in a uniform
magnetic field

Figures 7 and 8 show the simulated and experimental results
(x—y plane) of magnetofluidic spreading under a uniform
magnetic field with different flux densities (Qg=10 pm/min,
Q,,= 10 pm/min, the magnetic flux density ranges from 0O to
32.1 mT). As expected, both results indicate that the uniform
magnetic field enhances spreading. Under a uniform mag-
netic field, a magnetic force acts at the fluids interface due
to the concentration gradient of the magnetic particles and
the consequent magnetisation gradient (Maleki et al. 2019).
Magnetic particles migrate from the high concentration to
the low concentration, e.g. from the core flow toward the
cladding flow. Lateral spreading of magnetic particles is
mainly regulated by the interaction between the magnetic
and the hydrodynamic forces. Under the same flow condi-
tion, the stronger magnetic field induces a stronger trans-
versal dispersion. This phenomenon facilitates convective
mass transport and increases the mixing index, Fig. 7b.
Furthermore, the chambers slow down the flow, causing the
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magnetic force to dominate over the hydrodynamic force.
Thus, lateral spreading in a circular chamber is stronger than
that in a narrow channel of the same length. The numeri-
cal results of magnetofluidic spreading (Fig. 7) reveal more
details on this behaviour for the densities of magnetic flux.

First, increasing the density of magnetic flux only
improves the spreading of magnetic particles at the top and
bottom walls, Fig. 7c. At the channel inlet, the concentration
of magnetic particles in the core stream is almost homog-
enous in the depth direction. Therefore, under an applied
uniform magnetic field, the fluid interfaces experience
the same magnitude of magnetic force. However, the non-
uniform distribution of the hydrodynamic force results in
different responses along the depth of the channel. Due to
the small hydrodynamic force near the walls, the ferrofluid
reacts rapidly to the magnetic force in these regions. This
results in ferrofluid spreading close to the walls, while the
ferrofluid is slightly squeezed in the centre plane to fulfil the
mass conservation.

Moreover, due to the smaller convective flow, the mag-
netic force deforms the flow in chambers more conveni-
ently than in the narrow channels. Therefore, secondary
flow occurs in the chambers due to the magnetic force. The
strong magnetic force accelerates particles spreading in low-
velocity zones of the wall vicinity. In a magnetic field, due
to the spreading of ferrofluid at the top and bottom walls,
the concentration gradient of magnetic particles increases
in the depth direction. The concentration gradient creates
a bulk magnetic force that induces secondary flow toward
the centre plane. A stronger magnetic field induces a more
apparent secondary flow.

Figure 7d shows the depth-averaged concentration pro-
files in the chambers for different densities of the magnetic
flux. Increasing the flux density enhances the particles trans-
port toward the cladding flow. Enhanced spreading is more
evident in the downstream chambers, where particles are
exposed to the magnetic field for a longer period of time.

For a better understanding of the spreading mechanism,
the superimposed streamlines of the velocity on the con-
tours of magnetic particle concentration are shown in Fig. 9a
(H=32.10 mT). Additionally, Fig. 9b shows the contours of
the magnetic force over the same cross sections of the cham-
bers. Given the symmetric flow and forces, only the right
half of the cross sections is illustrated. It is noted that two
pairs of counter-rotating flow emerge in the cross sections,
one is near the fluid interface (right pair) and the other is
inside the ferrofluid (left pair). After spreading of the mag-
netic particles in the entrance of the channel, the region of
fluid interface turns to a curved shape at the cross section,
with maximum and minimum concentration gradients at the
centre and edges, respectively (Ismagilov et al. 2000).

Consequently, the generated magnetic force field at the
interface pulls the ferrofluid towards the top and bottom
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Fig.7 Spreading of ferrofluid across the consecutive circular
chambers a top views, b mixing index, ¢ cross-sectional views, d
depth-averaged concentration distribution profile of magnetic par-
ticles across the chambers, for magnetic fields of (1) 3.91 mT, (2)

walls, where the hydrodynamic forces are minimum. This
behaviour creates secondary flows near the walls. As the
ferrofluid passes through the chambers with a decreas-
ing concentration gradient near the walls, the magnetic
force directs the particles towards the centre. With a more
homogenous distribution of magnetic particles, second-
ary flows become smaller. Furthermore, from the middle
of each chamber, the fluid flow shifts from expansion to
contraction.
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15.5 mT, and (3) 32.10 mT (Qx=10 pm/min, Q=10 pm/min). (i)
x=1500 pm, (ii) x=3020 pm, (iii) x=4540 pm, (iv) x=6060 pm, (v)
x=7580 pm, (vi) x=9100 pm

4.5 Magnetofluidic spreading along microchannels
with different chamber geometries in a uniform
magnetic field

Figure 10 represents the numerical results of magnetoflu-
idic spreading within microchannels with different cham-
bers. According to the results, mixing efficiency is slightly
improved when the chambers are used in the channel,
while there is a negligible difference between the mixing

@ Springer
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Fig.8 Experimental results of
ferrofluid spreading under mag-
netic flux densities of (i) 2.17
mT, (ii) 3.91 mT, (iii) 6.23 mT,
(iv) 9.2 mT, (v) 11.59 mT, (vi)
15.54 mT, (vii) 20.7 mT, (viii)
24.6 mT, (ix) 28.6 mT, and (x)
32.1 mT. The experimental
data are limited to the first two
circular chambers. (Qg=10 pm/
min, Q,,=10 pm/min)

efficiencies for two cases of rectangular and circular cham-
bers. When fluid passes through the chamber, its velocity
decreases as the cross-sectional area decreases. Therefore,
depth-wise variation of flow velocity decreases in chambers,
which ameliorates the homogenisation of the particle spread-
ing in depth direction. Besides, as discussed in the previous
section, with a decline in flow velocity, the effects of the
magnetic force on the mass transport of the particles become
more significant. These behaviours improve overall mass
transport in the channel and enhance the mixing efficiency.

Moreover, the geometry of the chambers and the Reyn-
olds number are two effective factors in appearance and the
size of the recirculation zones in chambers. Previous studies
show that large Reynolds numbers and large ratio between
the widths of the chamber and the channel can lead to the
growth of recirculation zones within the chamber (Bouquain
et al. 2012). Also, in chambers with a sudden change in cross
section, such as rectangular chambers, recirculation zones
are generated with lower Reynolds numbers compared to the
chambers with a smooth transition in cross section, such as
circular chambers.

4.6 Spreading of fluorescent dye in the circular
chambers

Next, we investigated the spreading effect of the fluorescent
dye under different densities of the magnetic flux. Figure 11

@ Springer

a,c shows the top and simulated cross-sectional images of
the fluorescent dye. Figure 12 shows the corresponding
experimental data. The experimental evaluation was only
carried out for the first two chambers. The opacity of the
magnetic nanoparticles inhibits the total emission of fluo-
rescence so that the overlapping regions appear to be darker
than pure fluorescence dye (Hejazian et al. 2016). The dif-
fusion coefficient of fluorescent dye is approximately two
orders of magnitude larger than that of the magnetic nano-
particles. As a result, in the absence of a magnetic field, the
molecules of the fluorescent dye undergo larger transversal
spreading compared to the magnetic nanoparticles. It is clear
from the experimental results that the edges of the core flow
are white, while the inner region is relatively darker, Fig. 12.

Additionally, the large diffusion coefficient improves
depth-wise mass transport of the fluorescent dye. There-
fore, the molecules of the fluorescent dye are homogenised
along the depth direction. As such, the butterfly effect is
negligible for these particles. Since the fluorescent mole-
cules are much smaller than magnetic nanoparticles, nega-
tive magnetophoresis can be neglected. The molecules of
the fluorescent dye are mainly transported through both
convection and diffusion. However, the experimental data
showed that fluorescent dye behaves similar to the mag-
netic particles. Increasing the density of the magnetic flux
increases the spreading of the fluorescent dye. The reason for
this phenomenon is the advective transport of fluorescence



Microfluidics and Nanofluidics (2020) 24:80

Page110f15 80

x10%
3

x10™
20

02 15
10
0.7
i
0.5 0 0
0.3 =
-10
0.2
-2
i -15
(b)
0.3
0.25 4
0.2
20.15 .
0.1 1
0-05 T T T T
500 2500 4500 6500 8500

Distance from the microchannel entrance (um)
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dye by the induced secondary flow. In a magnetic field, the
molecules of the fluorescent dye initially spread across the
main flow (at the top and bottom walls), Fig. 11c, d. This
behaviour leads to depth-wise concentration gradient at the
beginning of the channel. Due to the large diffusion coef-
ficient, the concentration distribution of fluorescence dye is
rapidly homogenised as the fluid moves downstream. The
large diffusion coefficient of fluorescent dye contributes to
their larger mass transport and mixing index compared to
the magnetic nanoparticles (Fig. 11b), which is reinforced
by increasing the magnetic field. Figure 11d shows the
profile of depth-averaged concentration of fluorescent dye
across different chambers and under various flux densities.
As shown in the figure, the transversal spreading increases
downstream. In addition, the concentration profiles confirm

(0

the rainbow colour bar relates to the streamlines of velocity in y—z
plane). b Contours of the magnetic force over the same cross sections
of the chambers. ¢ Mixing index over chambers (Q;=10 pm/min,
0,,= 10 pm/min)

that the magnetic field enhances the migration of fluorescent
dye toward the cladding flow.

5 Conclusions

Magnetofluidic spreading of core flow in circular chambers
was investigated experimentally and numerically. The core
flow containing ferrofluid and fluorescent dye is sandwiched
between two cladding flows of deionized water. Transport
phenomena of magnetic nanoparticles and fluorescent dye
were investigated for different ratios of flow rate and den-
sities of the magnetic flux. Spreading is controlled by the
interplay between the magnetic force, the hydrodynamic
force, and molecular diffusion. Under an applied magnetic

@ Springer
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Fig. 10 Spreading of ferrofluid
across the microchannels with
different chamber geometries:

a Top view (left side) and a
cross-sectional view (right
side) of concentration distri-
bution within the (i) simple
microchannel, (ii) microchan-
nel with the circular chamber,
and (ii) microchannel with the
rectangular chamber. b Profiles
of depth-averaged concentration
distribution of magnetic parti-
cles across the channel outlet. ¢
Mixing index at different types
of microchannels (H=32.1 mT,
Q=10 pm/min, Q,, =10 pm/
min)
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field, the ferrofluid begins to spread toward the top and bot-
tom walls, where the hydrodynamic force is minimum. The
chambers slow down the flow and enhance spreading so
that significant mass transfer occurs in the chambers. The
numerical simulation revealed that in a magnetic field, cross-
sectional secondary flow transports particles toward the top
and bottom walls. The secondary flow swiftly reduces the
concentration gradient of magnetic nanoparticles near the
walls. If the magnetic field is strong enough, the pattern of
the secondary flow can be observed in downstream cham-
bers. Non-magnetic fluorescent dye was also transported

@ Springer

by the transversal secondary flow. Because of the higher
diffusion coefficient of the fluorescent particles compared
to the larger magnetic nanoparticles, the fluorescent dye is
rapidly mixed in depth-wise direction and experiences more
significant transversal dispersion. In a magnetic field, the
dye molecules generally follow the spreading of magnetic
nanoparticles. The larger magnetic force produces a stronger
transversal secondary flow that increases transversal trans-
port of fluorescent dye. The results reported here are useful
for designing magnetofluidic concentration gradient genera-
tors and micromixers.
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(3) 32.1 mT (Qg=10 pm/min, Q, =10 pm/min). (i) x=150 pm, (ii)
x=226 pm, (iii)) x=302 pm, (iv) x=378 pm, (v) x=454 pm, (vi)
x=530 pm, (vii) x=606 pm, (viii) x=682 pm, (ix) x=758 pm, (x)

x=834 pm, (xi) x=910 pm, and (xii) x=986 pm
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Fig. 12 Experimental results of the spreading of fluorescent dye
under different magnetic fields of (i) 0 mT, (ii) 2.17 mT, (iii) 3.91
mT, (iv) 6.23 mT, (v) 9.2 mT, (vi) 11.59 mT, (vii) 15.5 mT, (viii)
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