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1 Background and preliminary work
In our research group enzyme-substrate reactions have been investigated in
microreactors using magnetic nanoparticles [J1]. An MNP is a magnetizable
object, which has a diameter in the range from a few nanometres up to several
hundred nanometres. In the measurements the enzyme was immobilized to
the surface of the magnetic nanoparticles (MNPs), see in Figure 1/a.

The MNPs were anchored in serially connected flow-through microreactors
by a help of neodymium magnets, which were positioned over each microre-
actor, see in Figure 1/b and c. This way the continuous fluid flow can not
swipe away the MNPs with the enzyme from the reactors. The reaction was
performed by flowing substrate solution through the structure and through
the fixed MNPs. A given enzyme can be investigated with this method under
various conditions, resulting in enzyme kinetics data, see Figure 1/d.

The thesis topic of the MNPs is originated from these measurements. In
the first part of the research, the shape of the MNP filled reactor was op-
timized to reach a homogeneous velocity space inside the MNP aggregate.
The optimization was performed to study the flow velocity dependence of the
measured reaction kinetics. In the following parts of the research, the focus
was on to model and understand the aggregation procedure of the MNPs in
the in the microreactor, i.e. in a magnetic field.
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Figure 1: Schematic of an enzymatic measurement in a microfluidic chip with MNPs.
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2 Methods and results

2.1 Objectives

The thesis work focuses on the following issues regarding the described setup.

• Create a fluid dynamics model to simulate the MNP filled microcham-
bers. Using the model achieve a homogeneous velocity field inside the
MNP aggregate, as this is needed in a specific application.

• Understand and model the phenomenon of the MNP aggregation in
external magnetic field at the particle scale.

• Modelling the macroscopic aggregation based on the results of the par-
ticle scale model.

2.2 Microreactor modelling

In the first part of the research microreactor geometries were optimized in
order to achieve a homogeneous velocity field inside the MNP aggregate. The
goal of the velocity homogenisation was to investigate the flow velocity de-
pendence of the enzyme kinetics. The homogeneity was measured as the ratio
on the volume-weighted velocity deviation on the volume-weighted average
velocity.

The optimization was started based on our previous microfluidic chip de-
sign, in which enzymatic-reactions had been successfully performed in cylin-
drical shaped microreactors [J1]. The optimizations were performed with
CFD simulations using the open source CFD software OpenFOAM [1]. Based
on the simulations, new microfluidic geometries were designed and fabricated
[J2]. In the new chips, the MNP aggregation in a magnetic field was ex-
perimentally studied. Finally, the simulation model was compared to the
measurements.

Simulation results

The velocity field in the original geometry in the vertical middle plane of the
structure is shown in Figure 2. The ratio of the calculated volume-weighted
velocity deviation to the volume-weighted average velocity was 51.81%. This
value was aimed to be decreased in the optimized geometries. In the opti-
mizations, first the flow field of reactor with 3 inlet and 3 outlet channels was
investigated. The angle α between the adjacent channels was modified in each
simulation.
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Figure 2: Velocity magnitude in the middle of the original cylindrical reactor at the
symmetry plane. The fluid flows from the left to the right. The MNP aggregate
entirely fills the reactor; its shape is highlighted with the dashed black line. The
maximum of the colorbar is decreased to 3.5 · 10−3 ms−1 to highlight the velocity
field in the reactor.

Simulations were made with α = 30°, 45°, 60° and 75°. The ratio is lowest
in the α = 30° case, where it is only 23.55% (2.2 times lower than in the
original reactor). The velocity field in the α = 30° case is shown in Figure 3.

A configuration with 3 inlet and 1 outlet channel was also investigated.
The angle α between the adjacent inlet channels was changed in a similar
way as in the 3 − 3 channel case. The ratio of the velocity deviation to
the average velocity was calculated and found to be slightly less than in the
original geometry (lowest value is 43.56% at the α = 30° case), therefore this
geometry does not offer significant benefit compared to the original case. The
result for the α = 30° case can be seen in Figure 3.

Figure 3: Left: Velocity magnitude in the middle of the microreactor with 3 inlet
and 3 outlet channels. The MNP aggregate entirely fills the reactor; its shape is
highlighted with the dashed black line. Right: Velocity magnitude in the middle of
the microreactor with 3 inlet and 1 outlet channels.

A complex geometry was also investigated with 5 inlet and 5 outlet chan-
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nels with α = 30° between the adjacent channels. The calculated velocity field
inside the MNP aggregate is shown in Figure 4. The calculated homogene-
ity is 34.00%, which value is smaller than in the original reactor, but higher
compared to the 3 inlet – 3 outlet configuration.

Finally a microreactor shape was also investigated, which was similar to
a widened channel. The assumed border of the MNP aggregate is shown in
Figure 4, where the calculated velocity field inside the aggregate is presented.
The homogeneity was 15.99% (3.2 times smaller than in the original case).

Figure 4: Left: The velocity field inside the MNP aggregate in the reactor with 5
inlet and 5 outlet channels. The maximum of the velocity is scaled down similarly to
the previous simulations. The border of the MNP aggregate is noted with a dashed
black line. Right: Velocity field in the reactor, which has a widened channel shape.
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2.3 Discrete particle modelling of the MNPs

In the second part of the PhD work the magnetic nanoparticle dynamics in
fluid flow and in magnetic field was investigated. The discrete particle mod-
elling technique was used, in which the particles were modelled individually.

The model includes the particle magnetization, the particle-particle mag-
netic interactions, the particle collisions and other forces necessary in the
equation of motion of the particle. According to the analysis of the forces,
the driving phenomenon of the aggregation is the magnetic particle-particle
interaction, which causes that the particles aggregate into chains. To study
the chain’s behaviour in fluid flow, a unique model of the particle chain was
also established.

Based on the proposed particle model, a numerical solver was developed.
The model was also implemented in OpenFOAM.

Discrete particle model and solver

In the model the particles are modelled as small individual spheres with the
diameter of dp = 250 nm.

The magnetic field of the magnet H0 was calculated with the Open-
FOAM’s solver magneticFoam, shown in Figure 5.
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Figure 5: a) The schematic of the neodymium magnet over the microfluidic chamber.
b) The distribution of the vertical component of the magnetic field at the bottom
plane of the chamber.

The forces on the particles are calculated from the different phenomenons,
including the drag force of the fluid FS , the magnetic force of the magnet
Fm_field and the magnetic interactions between the particles Fm_ij . These
forces were compared to each other in a simplified case. The calculations
show, that the dominant forces are the drag force FS and the particle-particle
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force Fm_ij because of the magnetization. The particle collisions are handled
with a soft sphere model.

A numerical model of the investigated problem was developed, which was
implemented in C++ language. The model was also embedded in Open-
FOAM. The OpenFOAM solver offered additional benefits, such as the de-
tailed modelling of the fluid field, or in case of the high number of particles a
faster computation due to the parallelisation possibilities.

Chain formulation

The close particles are arranging into chains, whose direction is parallel to the
external magnetic field in the absence of other forces. The behaviour of these
chains was investigated in a non-homogeneous fluid flow.

The arrangement of the particle chain is shown in Figure 6. As the chain
starts to rotate due to the inhomogeneous drag force its direction becomes
non-vertical. In this theoretical model the bent chain is considered to be
linear. In the rotated chain a magnetic counter-torque appears between the
neighbouring particle pairs, which is calculated from the model.

en
et

Mm

H0

Ufluid

Θ

Figure 6: A linear chain of particles in a vertical magnetic field. The attractive
magnetic particle-particle force holds the chain together. The chain is bent due to
the non-homogeneous velocity field of the fluid with the strain rate γ̇f .

The magnetic torque density can be determined with the linear chain
model and the chain length distribution. It can be embedded into a macro-
scopic CFD model, as an increased viscosity, which method is presented in
the next section.

Results

First, the aggregation was investigated without flow in a fluid at rest. In our
solver, the particles were put randomly in a 2D 10 × 10 µm closed domain.

7



The magnetic field was vertical, and its value was H = 180 kAm−1. The
results can be seen in Figure 7/a.

A 3D simulation was performed with the OpenFOAM based solver, where
the particles were placed randomly in a 10 × 10 × 10 µm domain, see in
Figure 7/b. In both simulations the particles were aggregated into chains,

t=1e-5 s t=2e-4 s t=5e-3 s

1 μm

t=0 s t=2e-4 s t=6e-3 s1 μm

a)

b)

Figure 7: a) Aggregation procedure with our solver in a 2D domain in a fluid at rest.
b) MNP aggregation modelling with the OpenFOAM based solver in a 3D domain.
The particles are colourized with their magnetic moment values.

which were parallel to the vertical external magnetic field. This is in good
agreement with the literature [2, 3]. The particle magnetic moments were
increased in the aggregated chains, see in Figure 7/b.

The chain dynamics in a fluid flow with a constant strain rate was inves-
tigated. A test simulation of a chain was performed using our solver, where
the chain consists of 41 particles, see in Figure 8. The rotation angle and the
magnetic torque of the chain was calculated and compared to the results of
linear chain model.

To identify the magnetic torque density, the chain-length distributions
were determined by running simulations in different particle volume fractions
in fluid at rest. Based on these and the linear chain model the magnetic
torque densities at the fluid strain rate γ̇ = 500 s−1 at the different particle
volume fractions were calculated, see in Figure 9.
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Figure 8: Steady-state simulation results with the chain. It contains 41 particles in
a horizontal flow with the profile Uf = γ̇ · z · ex, where γ̇ = 500 s−1. The centre
particle is at the origin.

It can be seen, that the torque density is rapidly increasing with the in-
creasing volume fraction of the MNPs. Increasing the volume fraction from
1 · 10−4 to 1 · 10−3 results in approximately three orders of magnitude change
in the torque density.
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Figure 9: The calculated torque densities τm at the fluid strain rate γ̇ = 500 s−1 in
the different volume fractions of the particles.

The aggregation was also investigated in fluid flow next to the top wall of
the chamber with the OpenFOAM based solver. The sketch of the simulation
domain is shown in Figure 10. The simulated aggregation procedure can be
seen in Figure 11. The particles are sorting into chains over time. As the
chains are growing, they capture additional particles that are coming from
the inlet. The chains are bent by the drag force of the fluid.

The aggregation was also investigated at different flow velocities, see the
details in the thesis.
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Figure 10: The sketch of the fluid flow case simulation domain. The fluid flows into
the domain at the left plane of the domain with a parabolic velocity profile. The
particles are injected into the domain only at the middle third section of the inlet.
Seed particles are fixed at the centre section of the top wall.

Figure 11: Simulation result with the OpenFOAM based solver. The sketch of
the simulation is shown in Figure 10. The fluid flows from the left to the right
and the particles are aggregated under the top wall into chains. The domain is
colourised with the magnitude of the flow velocity. The particles are colourised with
the magnitude of their magnetic moments.
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2.4 Two-phase CFD model for MNP aggregation
Introduction

In this section, a specialized two-phase model and solver for the magnetic
nanoparticle aggregation is presented. It predicts the shape of the macro-
scopic MNP aggregate in a magnetic field and fluid flow without extreme
computational demand.

The aggregation is handled with an Eulerian-Eulerian based two-phase
model, in which one phase is the fluid and the other continuum phase repre-
sents the MNPs. The model’s novelty is that it relies on the chain formulation
of the particles, which is discussed in the previous section.

In addition to the presented model and solver, experiments were also cre-
ated to investigate the aggregation of the MNPs in magnetic field in fluid flow.
The experimental and numerical results were finally compared to verify the
numerical model.

Two-phase model and solver

The Eulerian–Eulerian based model considers two continuum phases: the
fluid (phase b) and the nanoparticle phase (phase a). The model includes the
different physical phenomenons, such as the magnetic force of the magnet on
the MNPs and the drag force between the phases. The field of the neodymium
magnet was pre-calculated and mapped to the simulation domain and then
the magnetic force of the magnet could be calculated on the MNP phase.

The particle–particle magnetic interactions are treated in the continuous
model as an increased viscosity of the MNP phase. The viscosity of the
nanoparticle phase is calculated as the ratio of the magnetic torque density of
the chains (see at the previous section) and the strain rate of the MNP phase.

The implemented numerical model is based on the twoPhaseEulerFoam
solver in OpenFOAM v5x. In our solver the SIMPLEC algorithm was em-
bedded into the two-phase solver as it is preferred for viscoelastic problems
[4].

Experimental

Experiments were performed to investigate the nanoparticle aggregation in
fluid flow and magnetic field. A dedicated microfluidic chip was created
that consisted of a straight microchannel. A neodymium magnet was po-
sitioned under the centre of the channel. The nanoparticle suspension was
flown through the device at various flow rates and the aggregation of the
nanoparticles was observed in the field of the magnet.
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The sketch of the device is shown in Figure 12, while the realized chip can
be seen in Figure 13. The microfluidic chip with the magnet was positioned
under a microscope, where the centre part of the channel was monitored over
the magnet, as the aggregation was expected here.

Inlet

Outlet

Channel

Top acrylic 
plate

Bottom acrylic 
plate

silicone layer

10 mm

screw locations

Figure 12: The sketch of the microfluidic chip. The microfluidic channel was cut
out from an approximately 0.3mm thin silicone layer, which was encapsulated by
acrylic plates. The thickness of the top and bottom acrylic plate were 4 and 2mm,
respectively. The three layers were held together by densely placed screws around
the channel.

OutletInlet

MNP aggregate

channel

Figure 13: The microfluidic chip under the microscope during a measurement. The
nanoparticle suspension flew from the left to the right. The nanoparticles were
aggregated at the centre part of the channel over the neodymium magnet.

The MNP aggregation in the channel was measured at various flow rates in
the field of the neodymiummagnet. The aggregation procedure was performed
in all flow rates similarly, as the aggregation was started at the bottom wall
of the channel over the centre of the magnet. The aggregate grew both in
horizontal and vertical direction. As the aggregate quantity increased the
height of the gap over the aggregate decreased, which resulted in an increased
flow velocity here. Finally, a steady-state shape of the aggregate was achieved.
Microscopic images of the aggregate are shown in Figure 14.
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To have a comparison between the measurement and numerical results,
the gap size over the thickest point of the aggregate was measured at the
different flow rates.

a) b)

Figure 14: a) Microscopic image from the beginning of the aggregation at the bottom
wall over the magnet. Most of the nanoparticles were aggregated into chain-like
clusters, which were nearly parallel to the magnetic field. The fluid flew from the
left to the right and bent the chains. The contour of the cylindrical magnet is also
visible. b) A dark-field image of the top of the steady-state aggregate close to the
aggregate’s horizontal centre. The fluid flew from the left to the right. The end of
the aggregate chains are bent due to the drag of the flow.

Numerical results

The simulation settings are chosen according to the presented experimental
setup. The sketch of the simulation is shown in Figure 15.

magnet

outletMNP aggregatevf

Figure 15: The sketch of the simulation. The MNP suspension flows from the left
to the right. The nanoparticles are aggregating at the centre of the channel over the
magnet.
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The magnet is positioned under the channel with the same distance from
it as in the measurements. The simulation was performed in 2D, expressing
the cross-section of the wide microchannel.

In the simulation, the formation of the aggregation was taken place sim-
ilarly to the experiments. The nanoparticle aggregate evolution is shown in
Figure 16.

Figure 16: Nanoparticle aggregate evolution over the simulation at the flow rate
Q = 150ml h−1.

As the aggregate was becoming thicker, the bypassing fluid velocity had
to be increased there due to the smaller gap, see in Figure 17. Finally, the
maximum aggregate height was reached, where the aggregate thickness could
not increase any more due to the high drag of the fluid velocity at the gap.

Figure 17: The figure shows the velocity field of the nanoparticle phase at the
flow rate Q = 150ml h−1. The figure shows the same aggregate state as the third
subfigure of Figure 16. The MNP phase has nearly zero velocity in the aggregate,
while the velocity of the non-aggregated part is increased at the narrow gap over
the aggregate.

.
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The aggregation was investigated at different flow rates, similarly to the
measurements. The shapes of the calculated aggregates can be seen in Fig-
ure 18. The higher flow rates resulted in less aggregate quantity in the channel
and wider gaps over the aggregate.

Figure 18: The maximum aggregate shapes at the different flow rates. At the
higher flow rates less MNPs are able to aggregate in the field of the magnet due to
the increased drag of the fluid.

The simulation results were verified to the measurement by comparing the
measured and simulated gap heights over the steady aggregate at the different
flow rates. The results of the comparison can be seen in Table 1.

Flow rate Measured gap Simulated gap Difference
(mlh−1) (µm) (µm) (µm)

50 0-45 53 8-53
100 60 67 7
150 75 69 6
200 90 85 5
300 90-115 101 0-14

Table 1: Comparison of the measured and simulated gap heights over the aggregate.

The presented solver was able to give a prediction of the shape of the
nanoparticle aggregate. This shows that the model can be used in the appli-
cations using magnetic nanoparticles and may be a useful novel tool in the
design procedure of such devices.
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3 New scientific results

Thesis 1
A fluid dynamics model of the magnetic nanoparticle filled flow-through mi-
croreactors was created. Based on this new model, the geometry of the flow-
through microreactor was optimized, where the homogeneity of the velocity
field inside the MNP aggregate was improved by 28.3% points in case of the
geometry with 3 inlets and 3 outlets with 30° angle in between the adjacent
channels; and 35.8% points in case of the geometry with the oval shape com-
pared to the original geometry with 1 inlet and 1 outlet.

The related publications are [J1, J2, J3, C1, C2].

Thesis 2
A discrete particle model was created that can be integrated into the mi-
crofluidic design process to investigate the magnetic nanoparticle dynamics
in an external magnetic field and fluid flow. In the calculation of the particle
dynamics, the effect of the external magnetic field, the magnetic pair interac-
tion between the particles and the drag of the fluid flow were included, while
in the calculation of the magnetic moment both the external and the close
particles’ magnetic field were considered.

Based on the model, a solver was created to study the nanoparticles’ ag-
gregation process. A chain model was created to describe the formed particle
chains. With the help of this model the magnetic torque density represented
by the chains in a non-homogeneous fluid flow can be estimated.

The related publications are [J4, J5, C3, C4, C5].

Thesis 3
A novel two-phase model and solver were created, where the effect of the
MNP aggregate formed in a magnetic field on the flow is treated as an ap-
parent viscosity-increase of the continuum MNP phase; enabling to simulate
the aggregate shape and fluid flow on the scale of real microfluidic devices. A
microfluidic structure was designed to validate the two-phase model. In the
fabricated chip, the phenomenon of the magnetic nanoparticle aggregation
was studied.

The related publications are [J5, C6].
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4 Utilization of the results
In the first section of the research, new optimized microreactor geometries
were created, in which the velocity space was homogenized inside the MNP
aggregate. These geometries were later used in microfluidic chips, in which the
velocity dependence of the enzyme reaction kinetics was further investigated
[J3]. The presented methodology can be used for optimization in further
similar cases.

In the second part of the research the proposed discrete particle solver was
used to simulate the aggregation of the magnetic nanoparticles on a micro-
scopic scale. The solver was essential to establish the macroscopic two-phase
CFD model in the third part of the research by simulating the particle chain
distributions in the different volume fractions of the particles. The new solver
can be used to simulate any microfluidic applications containing magnetic
nanoparticles and it helps to understand the phenomenon of the aggregation
itself. As the solver can model any kind of magnetized particles, several other
applications can be foreseen, e.g. in the topic of magnetic nanoparticles, mag-
netorheological fluids or ferrofluids.

The two-phase solver was used to model the aggregation of the MNPs in a
magnetic field on a macroscopic scale. The solver’s primary usage in our case
is the prediction of the aggregate shape in a given microreactor geometry, fluid
flow and magnetic field. This way the quantity and the distribution of the
aggregate inside the reactor can be optimized, and the problem of the incom-
plete filling of the chambers with the MNP can be minimized or prevented.
Generally the solver can be a useful tool in the design procedure of applica-
tions, in which magnetized particles are controlled by a magnetic field. These
applications, without claiming completeness are the MNP filled flow through
microreactors, MNP-based biochemical sensors, MNP-based drug delivery or
the MNP based mixers.
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