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ABSTRACT

Dynamics of the blood flow play an important role in the development and treatment of
cardiovascular diseases. In recent decades, blood flow simulation has been widely used to better
understand the symptomatic spectrum of different diseases, in order to improve existing or develop
new therapeutic techniques. Numerical simulation for biomagnetic fluid (such as blood) flow through
a tube with rectangular cross section under the influence of magnetic field is studied in this work.
Blood considered as a magnetic and incompressible fluid. The magnetic field effects on the blood
stream in a tube are created by a permanent magnet outside the tube. The equations of motion
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which describe the flow is governed by the combination of magnetic equations for permanent
magnet and Navier-Stokes equation for fluid (blood) were solved numerically by using COMSOL

Multiphysics® Modeling Software.

Keywords: Magnetism;, Newtonian fluid; non-Newtonian fluid; permanent magnet; computational

modeling.
1. INTRODUCTION

Biological fluid dynamics (such as blood or lymph)
in the presence of a magnetic field can play an
important role in many bioengineering and
biomedical applications [1-11]. In this regard,
numerous studies have been carried out over the
past decades that in most cases, the movement
of Newtonian, non-Newtonian biofluids and
numerical simulation for magnetic fluid in
rectangular and circular tubes are described [12-
17]. Blood behaves as a magnetic fluid due to
the dynamic interaction with magnetic field
between the intercellular proteins, cell membrane,
and hemoglobin. The magnetic property of blood
is determined by the hemoglobin oxygenation
state (a form of iron oxide in red blood cells
(RBCs)) [18-21]. When blood is pumped through
the tube, at the high magnetic effect of the
external magnetic field, the magnetic particles
(RBCs or special magnetic drug delivery
containers) are directed towards the tube wall
and accumulated by the wall. Blood
magnetization can be considered as a
paramagnetic material in this region where
deoxygenated blood is flowing. When the magnet
is removed, the magnetic field effect vanishes
and blood acts as a homogeneous fluid and its
velocity profile is parabolic.

Tzirtzilakis et al. [12] suggested a mathematical
model of biological fluid dynamics (BFD) and was
studying an application where numerically
studied the three-dimensional, fully developed,
viscous flow of a biomagnetic fluid under the
influence of a magnetic field. Numerical results
are obtained by using an efficient technique
based on a pseudotransient, pressure-linked
system implemented on a standard orthogonal
grid. In general, the results showed that the
magnetic field reduces the rate of flow.

Tzirtzilakis et al. [13], in another work studied
numerically the movement of BFD in a channel
with symmetric stenosis. The numerical solution
of the problem is based on the numerical finite
difference developed. Results concerning the
velocity field show that the symmetry of the flow
downstream of the stenosis breaks and the
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vortex near the source of the magnetic field is
enlarged.

Tzirakis et al. [14]. Presented a mathematical
model for the explanation of the exposed
biomagnetic fluid flow to a magnetic field that
accounts for both the biofluid's electrical and
magnetic properties. It is achieved by applying
the forces of Lorentz and magnetization to the
Navier-Stokes equations, and considered the
case of laminar, incompressible, viscous, a
steady flow of Newtonian biomagnetic fluid (i)
between two parallel plates; and (ii) through a
straight rigid tube 60 percent in diameter, 84
percent in area, axisymmetric stenosis. Two
external magnetic fields were examined: one
produced by an infinite wire carrying constant
current, and a field similar to a dipole. They
demonstrated, numerically and analytically, that
the wire creates an irrotational force that,
regardless of its strength, alters only the
pressure leaving the field of velocity unimpacted.
By contrast, if the fluid is exposed to the dipole-
like field, which causes rotational force, then
pressure and velocity can be strongly affected
even at moderate field strengths.

Misra and Shit [15], examined various aspects of
blood flow in various segments of the circulatory
system, in a situation where the system was
subjected to an external magnetic field. Their
analysis showed that the instantaneous flow
characteristics are significantly influenced by the
magnetic parameter and the instability parameter
as well as the phase angle of the radius.

Probst et al. [16]. Considered the initial problem
of ferro- fluid control; the precise manipulation of
a single drop of ferro- fluid by four external
electromagnets; the location of the droplet was
sensed by a camera and imaging software, and
the electromagnets were then correctly actuated
at each time to move it from where it should be
closer to where it should be.

Alexandru et al. [17]. Provided the mathematical
model and the findings of numerical simulations
for complex arterial blood flow-structural coupled
models unique to the targeting of magnetic drugs
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(MDT). The computational domains are
created in their approach using image-based
reconstruction techniques, providing a more
realistic definition.

As blood is pumped into the vessel, the magnetic
particles (RBCs, magnetic nanoparticles, or
special magnetic drug delivery containers) are
guided towards the vessel's wall and collected
close to the wall at the external magnet's high
magnetic field. Blood magnetization can be
regarded as a paramagnetic substance in the
area where deoxygenated blood flows when the
magnet is removed, the effect of magnetic field
vanishes and blood behaves as a homogenous
fluid with a parabolic velocity profile.

In this work, blood is considered as Newtonian
and non-Newtonian fluid. The equations of
motion describing the flow by the combination of
magnetic equations for permanent magnet and
Navier-Stokes equation for fluid (blood) were
solved numerically by using COMSOL
Multiphysics® Modeling Software.

2. FORMULATION OF THE PROBLEM

Biomagnetic fluid (blood) flow in a tube with the
rectangular cross-section.is analyzed. In this
model, blood flow considered as a laminar
steady flow of viscous and incompressible fluid.
The motion of blood is considered in two
dimensions (x, y) with the corresponding velocity
components in Cartesian coordinates (u, v). The
magnetic field which produced by a permanent
magnet is located outside from the tube. The
model domain for solution of the problem
contains two domains: first, the tube domain
containing biomagnetic fluid such as blood, and
the second domain of a permanent magnet and
the surrounding medium is air as it is shown
in( Fig.1A).

The COMSOL Multiphysics® Software was used
to solve equations for flow and magnetic field
numerically under the initial and boundary
conditions based on a finite element method.

3. EQUATIONS OF MOTION AND
RESULTS

3.1Used Modules of the Comsol
Multiphysics® Software

To provide calculations, the equations

describing the problem were solved numerically
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of the
These

by wusing two different modules
COMSOL  Multiphysics®  Software.
modules include:

1. AC/DC module to calculate the magnetic
field of the permanent magnet.
2. CFD module for laminar fluid flow such as

blood. The flow of blood in this problem is
described by Navier-Stokes equation,
which considers blood as a Newtonian and
non- Newtonian fluid.

3.2 Magnetic Field

A stationary magnetic field produced by a
permanent magnet implanted at a specific
location is described by the magnetostatic
equations for the static magnetic field derivered
from the Ampere-Maxwell equation [22]:
VxH=], (1)

Gauss law for magnetic flux density is given by:

ool

V. 0

: (2)
and the magnetic flux density in different
domains can be described by the relation

between B&H ,
formulas:

which is given by theses

for the blood stream

B =, (H+ M, (H))

: @)

for the permanent magnet
B =pou H+ B

for the air

B=pH (5)
where j is the magnetic Permeability of air and it
is constant o = 41 x 10° N/AZ; Mr, is the relative
magnetic permeability of the permanent magnet;
H is the magnetic field strength; B is the
magnetic flux density; B, is the remanent
magnetic flux density; My(H) is the magnetization
vector of the blood stream (A/m), which is a
function of magnetic field, H.
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Fig. 1 A. Geometric domains for the model. The tube domain is rectangular cross section with
dimensions 100 mm x10 mm, the permanent magnet with dimensions 3 mm x5 mm (A)

3.3 Equations of Motion for the Fluid
(Blood)

The motion of blood through the tube can be
expressed by incompressible Navier-Stokes
equations [23-25]:

ou

pat

u-V=-VP 24 +F,
+p(u )u +nMvVeu+ )

where Y is the velocity vector; p is the
density; vp is the pressure gradient; n is the

blood dynamic viscosity; F is the external force
per unit volume, it includes any external forces
such as gravity or electromagnetic force, in
this work, the force term represents the
magnetic volume force, which is acting on blood
stream.

For non - Newtonian blood flow, the Carreau-
Yasuda model [26,27] for the shear thinning
behaviour of blood is also commonly used in
hemodynamical simulations. The viscosity is
given by Eq.(7):

el i T

(1)
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where A and n constant
dimensionless.

3.4 Boundary Conditions for the Fluid
(Blood)

parameters are

The blood flow was considered to be a steady
flow, which was supposed to flow into the tube
from the inlet and to exit the tube in the outlet.
Thus, velocity was applied for the inlet section
and a fixed pressure for the outlets. At the inlet of
the tube, the velocity profile for blood in x-axis
and the flow with zero velocity in y- direction. No
slip condition for all tube walls was assumed, i.e.
(u=0) asin ( Fig.1,A).

The inlet velocity described by [uy = Umax (1 -
(XM, Umax is the maximum velocity, h is the
tube height, the density of blood=1060 Kg/m®
and the dynamic viscosity is 7 and it is constant
for Newtonian fluid and for non-Newtonian fluid

changes and depend on shear rate ¥ as shown
in Eq.(7).

4. DISCUSSIONS FOR RESULT

In this work, the permanent magnet with
magnetic field was applied to the tube with
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results presented in Fig. 3. From simulations, it
follows that the greatest magnetic field strength
is created in the vicinity to the tube wall surface.

The description of blood motion was done with
the help of Navier-Stokes equation (6). For
Newtonian flow of blood through the tube,
surface of blood velocity distribution along the
tube, the behavior for velocity profile parabolic

flow for laminar flow i.e. velocity magnitude is
minimal near the tube wall and maximal in the
center, is shown in (Fig. 2B1).For non-Newtonian
blood flow with dynamic viscosity dependent on
shear rate as Eq. (7), the behavior of velocity
more blunted, is shown in (Fig. 2C). The
apparent viscosity decreases by increasing shear
rate as (Fig. 2C1).
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Fig. 2. Results of simulation: Surface of velocity magnitude for Newtonian blood flow in
the tube B; line graph velocity profile for Newtonian and non-Newtonian blood flow inside
the tube B1, C respectively; log scale Dynamic viscosity for non-Newtonian blood
according to the formula of viscosity in Eq. (7) C1. Input velocity parametric sweep velocity
values from 0.06m/s to 0.1 m/s
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Parametric sweep from remnant magnetic flux densities as D1
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5. CONCLUSION

In this study, the magnetic field which is created
by a permanent magnet located outside the tube
is calculated. In this model, the fluid (blood)
considered as a Newtonian and non-Newtonian
fluid. The equations of motions, which are
describing the flow through a tube, are governed
by Navier Stokes equation for a fluid and
magnetic equations for permanent magnet. They
were solved numerically by using the COMSOL
Multiphysics®  Modeling  Software.  Using
simulations in biomechanics and applications of
biomedicine are very important study in the
recent decades [1-10]. The results of this study
can be used in many biomedical applications
such as using magnetic nanoparticles in drug
delivery and drug targeting as shown in my
previous work [28].

Other examples of the applications are treatment
of cardiovascular conditions, such as stenosis
and thrombosis. Thus, it is important to model
not only the blood circulation but also the
deformation of the blood vessel, In particular, it is
important to have an accurate model of the
interaction between the three components for
optimizing the shape, size, and magnetic power,
to efficiently deliver the drugs in the desired
place and minimize side effects.

One of the future directions, the computational
models used two-dimensional models for
simplicity in this study, but our models can of
course be expanded to three dimensions. The
need for more computational resources emerges
with increasing the size of the problem. Intensive
research is under way in the area of domain
decomposition, which helps to explain how to
solve coupled multiphysics problems efficiently.
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