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The present study investigates the impact of magnetic field on the interaction of station-
ary, rigid filament-like structures in biomagnetic fluid flow, which has broad applications in
mixing, transport, targeted drug delivery, and the development of magnetic devices. This
work focuses on modeling a stationary, rigid, inclined filament fixed at the bottom of
a channel within biomagnetic flow using the immersed boundary method. The inclined
filament is positioned at various angles (6§ = 45°, 90°, and 135°) in biomagnetic flow.
Numerical simulations reveal that the fluid-filament interaction exhibits increased recir-
culation zones downstream when influenced by a magnetic field. Interestingly, when the
filament is placed at § = 45°, there is a reduction in vortex formation upstream. The study
also examines the effect of parameters such as the Reynolds number (Re) and the mag-
netic number (Mn) on the size of vortex formation. It is evident that as the Re and Mn
increase the size of recirculation zones and secondary vortex formation also increases.
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1. Introduction

Numerous studies have examined the effects of induced electric and mag-
netic fields on biological activities in the human body. It is well-established that
biological fluids, when exposed to a magnetic field, produce considerable effects
depending on their magnetic behavior and the field’s strength. Human blood
is a mixture of red blood cells (RBCs), white blood cells (WBCs), and platelets
suspended in a saline solution known as plasma [1]. RBCs contain hemoglobin,
an iron-rich protein responsible for transporting oxygen and carbon dioxide be-
tween the lungs and capillaries. According to Pauling and Coryell [2], blood
acts as a diamagnetic fluid when oxygenated and as a paramagnetic fluid when
deoxygenated. Due to this magnetic characteristic, blood is classified as a bio-
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magnetic fluid. Haik et al. [1] were the first to introduce the possibility of using
biomagnetic fluid dynamics for the study of blood flow in a static magnetic
field. Additionally, they explained its application in the biomedical field. Po-
tential applications of biomagnetic fluid flow include site-specific drug delivery,
blood stasis prevention, magnetic seals, retinal tear repair and magnetic thrombi
treatment.

Many numerical and experimental studies have explored biomagnetic fluid
flow due to its potential applications. Loukopoulos and Tzirtzilakis [3] explored
the numerical simulation of steady fluid flow in a channel placed in a spatially
varying magnetic field. Tzirtzilakis [4] extended this work to study the flow of
biomagnetic fluid in a stenosed channel using the finite difference method, where
the mathematical formulation is based on the principles of magnetohydrodynam-
ics (MHD) and ferrohydrodynamics (FHD). The work explained the effects of
temperature, the skin friction coefficient, and the rate of heat transfer along the
fluid flow in the presence of a magnetic field. Further, Habibi et al. [5] investi-
gated the effects of a non-uniform magnetic field on blood flow. It was discovered
that at low Reynolds numbers (Re), blood pressure decreases as it moves away
from the magnetic source and increases in proximity to it. Additionally, they
considered the electrical and magnetic properties of blood and the effects of wall
shear stress on biomagnetic fluid. Subsequently, Kenjeres [6] developed a math-
ematical model to describe blood flow in arteries exposed to a strong magnetic
field. Their study provided information about the variations in local pressure
and the development of secondary flow patterns near regions influenced by the
of magnetic field.

Mousavi et al. [7] proposed a 3D numerical model to investigate the influence
of Lorentz force and magnetic force generated due to magnetization of a mag-
netic field. They found that secondary flow formation increases non-axial shear
stress near the walls. In our previous work, we used the finite volume method
to simulate the flow of biomagnetic fluid in a non-uniform magnetic field under
shear flow conditions [8]. The present work extends our previous work [8] by
examining the influence of a stationary rigid filament placed in the biomagnetic
fluid flow. The numerical model for this fluid-structure interaction problem is
developed using the immersed boundary method (IBM). IBM is the most popu-
lar method used for modeling the interaction between immersed structures and
the surrounding fluid without generating complex mesh.

Peskin [9] developed an IBM to examine blood flow in heart valves. Later,
Lai and Peskin [10] developed a precise second-order IBM for flow over a cylin-
der to analyze the effects of numerical viscosity. Maniyeri and Kang [11,12] used
IBM to investigate the rotation of an elastic rod and to explore the bundling
and tumbling motion of bacterial flagella in a viscous fluid. The IBM devel-
oped by Peskin was employed by Kanchan and Maniyeri [13] to investigate the
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recovery dynamics of a flexible filament. Additionally, Basil et al. [14] studied
the effect of rigid filament in oscillatory flow. Kanchan and Maniyeri [15] ex-
plored the asymmetrical behavior of a flexible filament in shear flow. From the
literature review, it is evident that the interaction of immersed structures with
biomagnetic fluid flow has not been widely reported. The presence of a rigid fila-
ment with different orientations under an imposed biomagnetic flow could have
potential applications in controling flow dynamics for biomedical applications.
With this perspective, the key objective of this study is to develop a 2D im-
mersed boundary finite volume numerical model to simulate biomagnetic fluid
flow in a 2D channel with rigid stationary filament positioned at three different
angles (6 = 45°,90°, and 135°). The influence of the magnetic field on fluid flow
is examined by varying Re and magnetic number (Mn) for different filament
orientations.

2. Mathematical formulation

We consider a 2D unsteady biomagnetic flow, and the relevant governing
equations in dimensionless form presented below [7].
Continuity equation:

Oou Ov
—t — = 0 1
o Ty =" (1)
where v and v represent the velocity components in the z- and y-directions,
respectively.

Momentum equation in z-direction:
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Momentum equation in y-direction:
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where Mn = p?ﬂ?m , Re = =7, H represents magnetic intensity and s denotes
magnetic susceptibility [1], p is the fluid density, po is the magnetic permeability,
and f, and f, are the components of the Eulerian force f(x,?) in the z- and
y-directions, respectively. These components are calculated using the Lagrangian

force F(s,t), where s denotes the Lagrangian material point,

(x, 1) — / F(s,£)3(x — X(s,1))ds, (@)
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where x = (z,y) represents the Eulerian coordinates, and X(s,t) represents
the Lagrangian coordinates of the immersed body. The non-dimensional form of
magnetic intensity in the z- and y-directions is taken from [4]. Since the filament
is rigid and stationary, the Lagrangian force is calculated as the tether force,
given by:

F(s,t) = K (Xc(s,t) — X(s,t)), (5)

where K is the stiffness constant, and X, (s, t), X (s, t) are the initial and updated
position of the immersed boundary (IB) points. To keep the rigid filament in
equilibrium and close to its initial position, the stiffness constant must be quite
high (K > 1). ¢ represents regularized delta function which is given below as:

S0 — ((w - X(at))) o ((y—Y(s,t»), ©
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where
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In the above expression, the fluid velocity field obtained by solving Eqs. (1)—(3)
is denoted by u"*!(x,t). The Lagrangian velocity variable is represented as
U™t (s,t), and X" (s,t) denotes new coordinates of the Lagrangian variable.

Accordingly, we chose a channel domain of 10 x 1, where no-slip boundary
conditions are applied at the top and bottom walls. For the numerical simulation,
a FORTRAN code is developed to solve the non-dimensional form of the govern-
ing differential equations (Egs. (1)—(8)), which are discretized using the semi-
implicit fractional step method based on the finite volume scheme on a staggered
grid system. The discretized momentum equations coupled with the Eulerian
force density function are solved using ICCG scheme [16].
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3. Results and discussion

3.1. Model validation

Initially, using the model, a simple Poiseuille flow in a channel is simulated
with an inlet velocity (U = 1.0), and Re = 10. The no-slip boundary condition is
maintained at the top and bottom of the walls. The velocity profile at location
x = 5.0, plotted against y-axis, is compared with the analytical results and is
shown in Fig. la. Figure 1b shows the steady-state parabolic velocity vector
plot at different channel sections. Figure 1c presents the steady-state streamline
plot. All of these plots confirm the validity of the developed numerical model.
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F1G. 1. a) Validation plot for centerline velocity, b) vector plot,
¢) streamline plot for Poiseuille flow.

To implement the IBM scheme in the channel flow, we introduced a vir-
tual wall at the center of the channel, where the virtual wall is modelled as
an IB. Figure 2 shows the vector and contour plots of the channel flow sepa-



30 D.K. Ravada, R. Maniyeri

a) N | |

u-08-06-04-02 0 02 04 06 08 1 12 14

8 10

F1G. 2. a) Velocity contour, b) vector plot.

rated by a virtual wall. From the figure, it can be observed that the no-slip
condition at the virtual wall is well enforced through the implementation of
IBM. Also, a parabolic velocity profile is developed (Fig. 2b) above and below
the middle virtual wall modelled using IBM. This shows that IBM can be easily
implemented in the channel flow domain.

We have selected an additional benchmark problem involving flow over a sta-
tionary circular cylinder, which provides an excellent test case for evaluating the
solver’s ability to handle complex flow-structure interaction. In this case, we con-
sidered a rectangular domain of 14 x 7 with a circular cylinder of diameter 1.0
placed at (3.5, 3.5). We imposed Neumann boundary conditions along the lateral
walls of the channel, with a uniform velocity (U = 1.0) at the entrance.

A grid independence study was conducted to ensure the accuracy and re-
liability of the model. The simulation was carried out for Re = 40, revealing
the formation of symmetric vortices downstream of the cylinder, leading to flow
separation along its length, as shown in Fig. 3. We computed the wake length,
as shown in Fig. 3. Table 1 shows the wake lengths for different grid sizes.

A
A 4

Fic. 3. Calculation of wake length.
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TABLE 1. Comparison of recirculation sizes of different grid sizes for Re = 40.

701 x 351
4.44

561 x 281
4.46

281 x 141
4.52

Grid
Recirculation length (2L.,/D)

The values of wake length are very similar for grid sizes 561 x 281 and 701 x 351.
Based on the computational time, we have chosen 561 x 281 as the optimal grid
configuration.

As part of the validation, we performed simulations for Reynolds numbers
(Re = 10, 20, and 40) and calculated the wake length, as reported in Table 2.
It is observed that the current simulation results are in good agreement with
those of previous researchers. This further confirms the validity of the developed
model.

TABLE 2. Validation for wake length.

Comparison of recirculation length
Re Guo et al. [17] Coutanceau and Bouard [18] Present results
Recirculation length Recirculation length Recirculation length
(2Lw/D) (2L /D) (2L /D)
10 0.53 0.68 0.64
20 1.86 1.86 2.12
40 4.40 4.26 4.46

3.2. Grid independence study

A grid independence study was performed with the filament positioned at
135° (clockwise direction), as shown in Fig. 4.

u=0.0,v=0.0

135° ax

u=0.0,v=0.0

L=100

F1G. 4. Schematic of the inclined filament placed at an angle of 135° (clockwise direction).

We performed simulation on Fulerian grids of 601 x 61, 501 x 51, and 301 x 31
for different combinations of Reynolds numbers and magnetic numbers (Re = 10,
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Mn = 1000 and Re = 50, Mn = 500). We plotted the u-velocity at a location
nearest to the magnetic source (2.5, 0.0) against the y-axis, as illustrated in
Fig. 5. The figure indicates negligible variation in the velocity profile for the
grids 601 x 61 and 501 x 51. Considering computational time constraints, we
have selected the optimal grid as 501 x 51.
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F1G. 5. Velocity profile at (2.5, 0.0) for a) Re = 10 and Mn = 1000, b) Re = 50 and Mn = 500.

3.3. Inclined filament under biomagnetic flow

In this section, the simulation of an inclined filament under biomagnetic
fluid flow is investigated using the developed numerical model. Figure 6 shows
the distribution of magnetic field lines when a magnetic source is introduced
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in the channel at (2.0, —0.5) in the channel, with no fluid flow. The magnetic
intensity is calculated using the given equation [3]:

o |
V@ —a? +(y—b)?

where a and b are the locations of the magnetic sources.

Firstly, a stationary rigid filament (dimensionless length of 0.4) is posi-
tioned at (2.0, 0.0), making an angle of 45° (clockwise direction) to the hor-
izontal, as shown in Fig. 7. The location of the magnetic source is (2.0, —0.5).
The fluid is then allowed to flow along the channel, passing through the mag-
netic field and the stationary filament. The influence of the stationary filament
and magnetic field on the fluid flow is studied by varying Mn at values of 0, 300,
500, and 1000, while keeping Re = 10, as demonstrated in Fig. 7.

H<m7y) =

F1G. 7. Streamline plot for filament positioned at § = 45° (clockwise direction) for fixed
Re = 10, and a) Mn = 0, b) Mn = 300, ¢) Mn = 500, and d) Mn = 1000.
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In Fig. 7, the formation and growth of the recirculation zone near the fil-
ament are observed with the increase in Mn values. Initially, when Mn = 0,
the fluid flow interacts with the inclined filament, resulting in the formation of
a recirculation zone upstream near the filament. As we increase Mn to 300,
the recirculation zone forms downstream near the magnetic source, while the
upstream recirculation zone diminishes. It is also noted that the flow vortex for-
mation near the filament intensifies as the magnetic number increases from 300
to 1000. This indicates that a stronger magnetic field increases the size of the
vortex near the immersed filament and the bottom wall.

Maintaining Mn at a constant value of 500, we varied the Reynolds numbers
(10, 50, and 100), as illustrated in Fig. 8. It is observed that the vortex size
increases as Re increases. Specifically, when Re = 100, a secondary vortex forms
near the top wall, leading to the flow diversion on both sides of the wall.

F1a. 8. Streamline plot for filament positioned at 6 = 45° (clockwise direction) for fixed
Mn = 500, and a) Re = 10, b) Re = 50, and ¢) Re = 100.

In Fig. 9, the velocity profile at the location of (2.3, 0.0) of the channel clearly
shows the distortion of the velocity profile due to the interaction between the
filament and the magnetic field. The negative velocities increase near the wall
when both Mn and Re increase. This demonstrates that flow retardation occurs
due to the combined influence of the magnetic field and the stationary filament
near the magnetic source.

In the second set of simulations, we placed the rigid filament at an angle
of 90°. Figure 10 illustrates the variation of streamlines of biomagnetic fluid
flowing under the influence of the rigid vertical filament and magnetic field. The
numerical simulations were carried out for Re = 10, with Mn values of 300, 500,
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Fia. 9. Velocity profile at (2.3, 0.0): a) for fixed Re = 10, b) for fixed Mn = 500.

and 1000. It is observed that when Mn = 0, a flow vortex forms downstream of
the vertical filament. As the magnetic number increases from 300 to 1000, there
is a small increase in the size of the recirculation zone. However, this increase
in size is considerably small due to the filament’s vertical orientation and the
magnetic field strength.

Next, we varied Re from 10 to 100 while keeping Mn fixed at 500. From
Fig. 11, it is observed that there is an increase in the size of the flow vortex with
an increase in Re. Also, a secondary vortex forms at the top of the wall. This
shows that the influence of the magnetic field strength becomes more pronounced
as the flow becomes less viscous (with an increase in Re). Figure 12a shows the
velocity profile of the fluid at location (2.3, 0.0) for varying magnetic numbers
(Mn = 0, 300, 500, and 1000). It can be observed that there is less deviation
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F1G. 10. Streamline plot for filament positioned at § = 90° (clockwise direction) for fixed
Re = 10, and a) Mn = 0, b) Mn = 300, ¢) Mn = 500, and d) Mn = 1000.
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F1a. 11. Streamline plot for filament positioned at 8 = 90° (clockwise direction) for fixed
Mn = 500, and a) Re = 10, b) Re = 50, and c¢) Re = 100.

in the velocity profile with an increase in the magnetic number compared to
when Mn is 0. The deviation is only observed near the wall close to the location
of the magnetic source, where negative velocities appear. This shows that the
effect of the magnetic force is localized near the location of the magnetic source.
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F1G. 12. Velocity profile at (2.3, 0.0): a) for fixed Re = 10, b) for fixed Mn = 500.

Simultaneously, a greater deviation in the velocity profile is observed in Fig. 12b
as Re increases.

Finally, simulations for the case of a filament positioned at an angle of 135°
are carried out using the numerical model. Similar to the previous cases, a para-
metric study is conducted by fixing Re = 10 and varying Mn from 0 to 1000,
as shown in Fig. 13. When Mn = 0, recirculation forms near the inclined fila-
ment downstream, similar to the case of the vertical filament placed at angle of
90°. A similar trend of an increase in the size of the vortex is observed as Mn
increases from 300 to 1000. However, when Mn is 300 or 500, there is negligible
change in the size of the vortex.

Similarly, by keeping Mn constant and varying Re from 10 to 100 (shown in
Fig. 14), we observed that the vortex size increases from Re = 10 to 50, but there
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F1a. 13. Streamline plot for filament positioned at 8 = 135° (clockwise direction) for fixed
Re = 10, and a) Mn = 0, b) Mn = 300, ¢) Mn = 500, and d) Mn = 1000.
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F1G. 14. Streamline plot for filament positioned at 8 = 135° (clockwise direction) for fixed
Mn = 500, and a) Re = 10, b) Re = 50, and ¢) Re = 100.

is less increase in the size of the vortex from Re = 50 to 100. This could be due
to the combined effect of more influence of the magnetic field strength (caused by
the increase in Re) and that of filament orientation. Unlike the previous cases of
filament orientation, no secondary vortex appears near the top wall. The velocity
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profiles shown in Fig. 15 reveal that the deviation of the profile near the magnetic
source is almost identical for Mn = 300 and 500. This shows that the orientation
of the filament causes less influence on the magnetic intensity strength of the
fluid away from the magnetic source.

a) 121
L Mn = 1000
i Mn = 500
1k Mn =300
B Mn=0
08}
06
>\ -
04
02f
ol
] ] | U I | ] ] )
0'?1.5 1 0.5 0 0.5 15 25
u
b) 1.2 C
B Re =100
1L Re=50
N Re=10
08
06
~ |
04
02f
OF
L 1 1 1 1 1 1 1 )
0'2-5 4 2 -1 0 3
u

F1G. 15. Velocity profile at (2.3, 0.0): a) for fixed Re = 10, b) for fixed Mn = 500.

4. Conclusion

The current study investigated the flow of biomagnetic fluid in a channel
employing a 2D IBM-based computational model and uncovered the complex
relationships between magnetic forces, Re, and filament orientation. The intro-
duction of a magnetic field in the channel flow generated a vortex, and the size of
the vortex increased with an increase in Re and Mn. It is observed that the ori-
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entation of the filament at § = 45° and 90° significantly affects the formation
of multiple recirculations, whereas there is no formation of secondary vortices
at 8 = 135°. The velocity profile reveals that the flow is slowed down near the
magnetic source, with higher negative velocities observed when the filament ori-
entation is # = 90° and the Re is 100. These findings illustrate the intricate
relationship between flow dynamics, the magnetic field, and the orientation of
immersed structures.
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