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Abstract

In this work, a numerical analysis of the behavior of
magnetorheological fluids under the influence of different
magnitudes of magnetic field is carried out. The properties
of these fluids are affected and modified through the
application of these magnetic fields, which has many
applications in the engineering area. To carry out the
analysis, a circular geometry is taken on which the
magnetic field acts perpendicular to the direction of
movement of the fluid. The magnetorheological fluid used
is Basonetic 5030. The inlet velocity of the fluid is
considered to be 1.31 m/s for the geometry of 20 and 30
mm, respectively. The Bingham viscosity model is used to
obtain the viscosity. For the numerical solution is used a
commercial software, in which has been used a UDF for
the application of the Bingham viscosity model. Among
the reported results is the velocity profile and the pressure
drop along the duct for magnetic fields of 0.01 to 0.5
Teslas, here is observed the influence of the magnetic
effects on the magnetorheological fluid with different
diameters.

Magnetorheological fluid, Magnetic field,
Computational Fluid Mechanics (CFM)

Resumen

En el presente trabajo se lleva a cabo un analisis numérico
del comportamiento de fluidos magnetoreolédgicos bajo la
influencia de diferentes magnitudes de campo magnético.
Las propiedades de estos fluidos se ven afectadas y
modificadas mediante la aplicacion de dichos campos
magnéticos, lo cual tiene diversas aplicaciones en el area
de ingenieria. Para realizar el andlisis, se toma una
geometria de forma circular sobre la cual actda el campo
magnético perpendicular a la direccién del movimiento del
fluido. El fluido magnetoreoldgico que se utiliza es
Basonetic 5030. La velocidad de entrada del fluido se
considera de 1.31 m/s para la geometria de 20 y 30 mm,
respectivamente. Se utiliza el modelo de viscosidad de
Bingham para la obtencién de la viscosidad. Para la
solucion numérica se utiliza un software comercial, en el
cual se ha usado un UDF para la aplicacion del modelo de
viscosidad Bingham. Dentro de los resultados que se
reportan esta el perfil de velocidad y la caida de presién a
lo largo del ducto para el rango de campos magnéticos de
0.01 a 0.5 Teslas, aqui se observa la influencia de los
efectos magnéticos sobre el fluido magnetoreolégico con
diferente diametro.

Fluido  magnetoreolégico, Campo  magnético,
Mecanica de Fluidos Computacional (CFD)
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Introduction

Magnetorheological ~ fluids (MRFs) are
dispersions of granular particles in a carrier
liquid such as water, mineral oil and
hydrocarbon-based oils(Cesmeci, S., & Engin,
2010; Susan-Resiga, D., Bica, D., & Vékas,
2010). The particle diameter of these
suspensions varies between 1 and 5 um.

These fluids when in the absence of a
magnetic field behave as a Newtonian fluid since
their viscosity remains constant. However, when
the fluid is exposed to a magnetic field, its
properties change causing an alignment of the
particles in the direction of the applied field
forming chains where it acquires an increase in
its viscosity, acquiring a non-Newtonian
behavior and becomes a semi-solid state as can
be seen in Figure 1.
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Figure 1 Formation of chains of particles suspended from
an MR fluid by the presence of an external magnetic field
Source: Own elaboration

The main applications of FMRs are
developed in different industrial products, i.e.,
from clutches, shock absorbers, valves and seals,
to biomedical applications, mainly in prosthetics
and cancer treatment. However, one of the
disadvantages is particle sedimentation, Sso
studies have focused on the chemical stability of
these fluids.

As the viscosity of the fluid increases, the
yield stress 10 also changes. This behavior of the
MR fluid corresponds to the Bingham model, as
can be seen in Figure 1, which is characterized
by yield stresses in relation to the intensity of the
applied magnetic field. This effect is achieved
because when a magnetic field is induced, the
chains formed restrict the movement of the fluid,
changing its rheological properties; when the
field is removed, this effect disappears, returning
to its initial state (Phule, 2001).
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Graphic 1 Behavior of an idealized Bingham model, MR
fluid in the presence of an applied magnetic field (H) as a
function of shear rate

Source: Own elaboration

Background

Due to the viscous behavior of MR fluids when
exposed to a magnetic field, it is possible to
make devices with smaller size, but with a wide
range of service (Yang, 2002), this is due to the
fact that MR fluids have a facility to generate a
magnetic saturation of particles.

Due to the rheological properties of MR
fluids, these fluids have been implemented in
several applications, mainly in the engineering
area. The best known devices with MR fluids are
shock absorbers that can currently be found in
luxury(Bai, X-X, Chen, P, Qian, 2015; Bai, X-
X, Hu, W, Wereley, 2013; Boada, MJ, Calvo,
JA, Boada, BL, et, 2011; Chae, HD, Choi, 2015;
Gurubasavaraju, M, Kumar, H, Mahalingam,
2018), in which there is a rapid response in
controlling vibrations and oscillations resulting
from walking improving vehicle stability.
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Research is also being conducted
regarding the use of MR fluids in dampers used
for building and bridge foundations (Ding, Y,
Zhang, L, Zhu, H-T, et, 2013; Wu, 2010),
railway suspension (Kim, H-C, Shin, Y-J, You,
W, et, 2016) for the protection of these against
earthquakes as it absorbs vibrations produced
during these natural phenomena, they can also be
found in tracked vehicles such as military and
agricultural trucks (Ata, WG, Oyadiji, 2014), in
the medical area have been investigated
prostheses in which motors will be eliminated
and therefore decreases its weight since the size
of the prosthesis is reduced obtaining the same
or even better performance and response time
compared to other prostheses, strength is
provided to the fingers or arm, in the case of leg
prosthesis, it improves the walking gait, which
benefits the individuals who use it, since they
have a more uniform gait and therefore will not
have a hip deformity as a consequence of using
a prosthesis (Case, D, Taheri, B, Richer, 2014;
Qiang, F, Wang, D-H, Lei, X, et, 2017), and in
recent years, MR dampers were investigated to
incorporate features to make it more functional,
also it has attracted more interest recently in
studying the damping force in MR dampers
(Deng, L, Sun, S, Christie, MD, et, 2019; Huang,
H, Sun, S, Chen, S, et, 2019).

Various authors have proposed several
theoretical models to predict the behavior of MR
fluids and each of these may be more precious
than the other, however, to select one of these
models should consider the mode of operation
and the type of device in which it will be used.

Wang and (Liao, 2011), studied different
parametric models of MR dampers, dynamic
models based on Bingham, bi-viscous model and
the Bouc-Wen model, upon comparison in the
results obtained the Bingham dynamic model is
preferred compared to the two quasi-static
models due to the fact that with the dynamic
model the hysteretic behavior of MR dampers
can also be predicted.

Although a wide variety of rheological
models have been studied to describe the
behavior of MR fluids, it should be considered
that the Bingham and Herschel-Bulkley models
are the most widely used due to their simplicity
compared to other models; however, if these two
models are compared it is more appropriate to
use the Herschel-Bulkley model in the case of
high values in shear stress.
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(Omidbeygi F, 2012) used the Herschel-
Bulkley model to study the hydrodynamic
characteristics of an MR fluid inside a rotational
eccentric cylinder in a shear mode, results of
good fluid consistency at high shear rates over a
wide range of magnetic field strengths were
obtained, to validate these results were
compared analytically and numerically.

(Goldasz J, 2012) used the Bingham, bi-
viscous and Herschel-Bulkley models to analyze
the flow behavior of an MR fluid in a damper,
the results obtained analytically were compared
with experimental results and a good consistency
and lower margin of error was obtained between
the results obtained with the Herschel-Bulkley
model and the experimental data.

The study of MR solutions in Poiseuille
or capillary flow, there are very few works. One
of them is the work of (Wang, X., &
Gordaninejad, 2006) in which they performed a
study of magnetorheological fluids at high shear
values for three magnetorheological fluids
(MRF-132LD, PAO MRPG, Ferro-MRF), with
iron particles. These authors designed a
viscometer where the flow was generated by the
movement of a piston and in this way they
controlled the speed of deformation, to store the
fluid they used an accumulator and applied an
external magnetic field only in a part of the
channel. They found that the fluids show a non-
Newtonian thinning behavior and an increase in
viscosity with increasing magnetic field.

(Gedik, 2017), conducted a study
comparing the results obtained experimentally
and numerically of magnetorheological fluids
located in a circular pipe under the influence of
different magnetic field strengths, where it was
shown that as the magnetic field increases the
velocity decreases as the viscosity increases
which results in an increase in pressure. When
making the comparisons between the
experimental and numerical study, the results
have a variation of 6.10% when the fluid is
without field and 1.71% when the field is
applied, this for a 10 mm diameter pipe;
however, for the 15 mm pipe a variation of the
results of 2.31% without field and 0.89% when
applying magnetic field was obtained. By having
a very low margin of error, it shows that the
results obtained from the numerical and
experimental parts agree.
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(Pappas, Y., & Klingenberg, 2006),
performed a simulation with Poiseuille
geometry, i.e., of the flow of an MR fluid
generated by a pressure gradient moving
between two parallel magnetizable plates, the
fluid is composed of dispersed particles floating
in a continuous phase of Newtonian behavior,
the magneto-static force was treated in the limit
of the dipole point. Applying two different
boundary conditions; in the first case, a no-slip
and frictionless condition is considered. For this
case, they found that the inclusion of friction
reproduces the behavior of a Bingham fluid,
which was expected to be obtained according to
what was observed experimentally for MR
fluids. In addition, the formation of laminar
structures after the yield region was found. For
the second case, the slip boundary condition
produces higher flow velocities compared to the
first case and thicker laminar structures, but does
not reproduce the Bingham behavior, since no
yield stress is present. However, for both cases
the presence of velocity fluctuations is obtained.
These are associated with changes in the
microstructure of the fluid, where the chains are
continuously broken and reformed.

One of the main advantages of using
computational software for the solution of the
governing equations is that the analysis can be
carried out in 3D and the continuity, momentum
and energy equations can be solved together.

CFD is used to simulate both laminar and
turbulent fluid flows. However, there is no
software that can accurately simulate a
magnetorheological fluid. Therefore, existing
software must be complemented, either by
incorporating user-defined functions to achieve
an accurate simulation of magnetorheological
fluids.

In this work a numerical study of an
incompressible MR fluid under a laminar regime
is carried out, this fluid is conducted through a
cylindrical pipe, for which a diameter of 10 and
15 mm is considered, this pipe is exposed in a
section to an external and uniform magnetic
field, which is applied perpendicular to the
direction of flow. Computational Fluid
Dynamics (CFD) analysis was used to carry out
the numerical study.
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Development
Geometry

Figure 2 shows the schematic representation of
the pipe geometry used for the numerical
analysis. Two circular geometries were made, in
which, diameters of 20 and 30 mm with a length
of 300 mm are considered for both cases. The
flow model geometry and mesh were designed
in ICEM CFD and then exported to ANSYS-
Fluent for the 3D laminar flow solution.

Velocity, V y »
— / ¥

X ‘ 2

Ouler (. ___| <

Flow 0 |

direction

|1

Length

Figure 2 Schematic view of the pipe geometry used in
CFD simulations
Source: Own elaboration

Materials

In this study, an MR fluid, which is Basonetic
5030, is analyzed. The MR fluid analyzed is a
sample with 20% volumetric concentration of
carbonyl iron powder diluted in an alpha-type
polyolefin base fluid. This fluid is used for all
numerical studies and its physical properties are
given in Table 1. A rheometer was used to
determine the viscosity of the MR fluid. As a
result of the viscosity measurement, a value of
0.909 Pas was obtained at a temperature of 40°C
and a shear rate of 99.55 1/s without applying a
magnetic field strength.

Density (g/cm®) 1.8
Viscosity (Pas, measured at 40 °C, 0.909
y=99.55 1/s)

Concentration (%) 20
Base fluid Poly-a-olefin
Magnetizable particle Carbonyl  Iron

Powder

Temperature range (°C) -40°Cto+120°C

Table 1 Physical properties of MR fluid
Source:(Gedik, 2017)
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Mesh analysis

The generation of the geometry mesh is
performed by means of a structured meshing
which has as primary objective the calculation of
the position of the nodes in the geometry, so that
the resulting elements present certain
characteristics of size and regularity, for the
meshing method, a tetrahedral method is
selected, with BiGeometric mesh law with
variations in the number of nodes in the
geometry. The information of the mesh
convergence study for the 20 and 30 mm
diameter pipe geometry is provided in Table 2.

Diameter Length Number Number of Average
(mm) (mm) of mesh nodes speed

(m/s)

la 24000
2a 25780 1.3483

3a 106600 1.1928
4a 553200 1.4903
5a 127200 1.6629
6a 1279200 1.3077
Ta 223500 1.6706
8a 302700 1.6365
9a 444000 1.5477
10a 739500 1.4038
1la 952800 1.3579
12a 1193100 1.3196
5 1b 127200 2.8359
2b 223500 2.8438
3b 302700 2.8323
4b 444000 2.8032
5b 553200 2.7597
6b 739500 2.6594
7b 952800 2.4705
8b 1110000 2.1954
9b 1279200 1.5038

Table 2 Mesh convergence information
Source: Own elaboration

In addition, the software tool chosen to
mesh the model is an important decision;
accuracy, flexibility and ease of use are
important features to choose the most suitable
one. The mesh developed for this model has been
designed with the commercial software ICEM
CFD, belonging to ANSYS. Figure 3 illustrates
the proposed optimal mesh; it is a tetrahedral
mesh with 302700 nodes, 18704 quads and
293020 hexas.

Figure 3 Optimal mallada of the geometry
Source: Own elaboration
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Boundary conditions

The boundary conditions used in the simulations
are: pressure inlet (at the duct inlet) with an inlet
pressure variation of +100 to =500 mbar
(10000 and +50000 Pa), outlet vent (duct
outlet) and wall (for solid surfaces) which were
implemented as a stationary wall and without
slip conditions. These inlet conditions are taken
for the study of velocities in the different cases.
As can be seen in Figure 4, the geometry is
divided into three walls WALL_1 (located 0-100
mm along the tube), WALL 2 (located 101-200
mm along the tube) and WALL_3 (located 201-
300 mm along the tube). However, the magnetic
field will only be applied in the second section,
referred to as WALL_2.

Velocity. V

— Flow

]
_— direction {

/ A
¥y o\
[ | 2
Outlet )—-—---___'! - |
5

,/‘/

Length

Figure 4 Boundary conditions
Source: Own elaboration

With these sections and once the velocity
profiles are obtained, the boundary conditions
for the implementation of the magnetic field are
adjusted, which are: velocity inlet (at the duct
inlet) where it is customized with the
implementation of a UDF to define the velocity
profile, outlet vent (duct outlet) and wall (for
solid surfaces) which were implemented as
stationary walls and without sliding conditions.

Considerations

The Herschel-Bulkley viscous model for the MR
fluid is selected. Equation 1 representing this
model is presented below:

T =T+ K()" 1)

Where K indicates the consistency index
(kg/ms), n the power law index, t_0 the initial
shear stress (Pa), y the critical shear rate (1/s).
However, to carry out the calculation of the
initial shear stress, it is performed by Equation 2,
this stress is calculated in relation to the applied
magnetic field.

7o(H) = C+2.717 x 105 - W1523%anh (6.33 x 1076H) (2
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where 1, indicates the initial shear stress
(Pa), Cis a constant, ¥ is the volume fraction and
H is the magnetic field strength (Teslas).

Governing equations

The equations of continuity of mass and
momentum of steady motion of an
incompressible MR fluid under a magnetic field
in a cylindrical pipe are:

V.V =0 3)

DV (4)
pE:—VP-F,UAV-FFm

where VP denotes the pressure gradient
(Pa/m), p the fluid density (kg/m®) and u the
dynamic viscosity of the fluid (kg/ms) and F,, is
the electromagnetic force which can be
expressed as follows:

Fn=1(xH)=]xB 5)

Where ] indicates the intensity of the
electric current expressed below according to
Ohm's law:

J=a(E+VxB) (6)

Where o indicates the electrical
conductivity of the fluid, E the magnitude of the
electric field, V the average flow velocity vector
and B is the magnetic field induction.

Results

However, these meshes present problems when
converging and have high variations in the
velocity results along the pipe, these variations
are from 0.5 to 3 m/s, which indicates that these
meshes are not optimal to use since the values
are very variable and the results obtained will be
very unreliable, these results are shown in Figure
2.

Having a deficient mesh, which does not
comply with the necessary standards, can
dramatically alter its characteristics and as a
consequence have very unreliable results since
they will not represent the expected phenomena.
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Graphic 2 Mesh convergence study for d=20mm, non-
convergent
Source: Own elaboration

As can be clearly seen in Graph 3 and 4
for diameters of 20 and 30 mm, respectively, the
smaller the size of the separation between the
mesh nodes, i.e., the higher the mesh density, the
higher the velocities, and after a certain mesh
size, no significant change in velocities is
observed. The information from the mesh
convergence study for the pipe geometries is
broken down in Table 2.

Velocity [m/s]

0 0.05 0.1 0.15 0.2 0.25 03

Distance along x [m]
Graphic 3 Mesh convergence study for d=20mm,

convergent
Source: Own elaboration

26
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Velocity [m/s]

OOONDNB LN
COOoCpoOCoo

o_HH

e
[l 8
]
w

0 0.05 0.1 0.15 0.2

Distance along x [m]

Figure 4 Mesh convergence study for d=30mm,
convergent
Source: Own elaboration
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The axial velocity profiles were plotted
in Figure 5 with and without applied magnetic
field. As can be clearly seen in the graph, the
velocity value is 1.27 m/s for the situation when
B =0 Teslas, this for the Basonetic 5030 fluid in
a 20 mm pipe, decreasing the velocity according
to the increase of the magnetic field strength. As
a result of these increases, flow velocity values
of 1.16, 1.12, 1.02 and 0.983 m/s were found for
magnetic field B = 0.06, 0.1, 0.3 and 0.5 Teslas,
respectively.

T
0.01

0.005 [~

-0.005 |-

g:
. B;
B=
B=

0.
0.
0.
0.
0.

-0.01

0 0.2 0.4 0.6 0.8 1 1.2 14

Velocity [m/s]

Graphic 5 Variations of velocity profiles as a function of
increasing magnetic field, for d=20 mm, BASONETIC
5030

Source: Own elaboration

Similarly, these values turned out to be
1.23, 1.20, 1.03 and 0.995 m/s with the same
increasing values of B for the pipe diameter of
30 mm while it was 1.30 m/s for the situation B
=0 Teslas as can be observed in Graphic 6.

T
0.015

T T T T
0.01 |- \~

0.005 |-

y [m]

-0.005 -

-0.01 [~

oo
nnn
SOo00

0015 f 1 ! 1 1 1 - QT

0 0.2 0.4 0.6 0.8 i 1.2 14

Velocity [m/s]

Graphic 6 Variations of velocity profiles as a function of
increasing magnetic field, for d=30 mm, BASONETIC
5030

Source: Own elaboration
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The increase in magnetic field strength
has caused the decrease in flow velocities for all
MR fluids and the decrease in pipe diameter
increases the flow velocity and pressure as
expected.

In graphics7 and 8, the numerical
velocity vectors of the pipe having 20 and 30 mm
diameter for Basonetic 5030 fluid are shown,
respectively. It is clear from the figure that the
externally applied magnetic field in the WALL_2
section has caused the velocity of the MR fluid
flowing inside the pipe to decrease, since, when
a magnetic field is applied, the particles tend to
polarize and align with the field, decreasing the
distance between molecules and, consequently,
the resistance of the molecules to move
increases. Thus, the viscosity of these fluids
increases as a function of the intensity of the
applied field.

When B = 0 Teslas the value of the
velocity is equal to 1.27 m/s and the fluid flow
results in smaller flow rates in situations B # 0
Teslas compared to the situation where there is
absence of magnetic field strength. At zero and
low magnetic field values, the axial velocity
profile is parabolic and as B increases, the
profiles decrease maintaining the parabolic
profile, as can be seen in Figure 5.
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Graphic 7 Magnitude of velocity under different magnetic
field strengths, d=20mm, BASONETIC 5030
Source: Own elaboration
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This effect is obtained because when a
particle is positioned perpendicularly in a
uniform magnetic field, it begins to experience a
force that will force it to change the direction of
its velocity vector, causing it to move in a
uniform circular motion.

The pressure differences measured in the
numerical study and the velocity variations
within the center of the pipe depend on the
increase of the magnetic field strength.

In Graphic 9 it can be clearly seen, when
the magnetic field increases, the pressure values
increase. The pressure values obtained as 0.779
and 0.335 kPa in the situation of no applied
magnetic field (B = 0 Teslas) for the fluid in the
20 and 30 mm pipes, respectively, have
increased in the presence of the magnetic field
and these values have gone to 2.720 and 1.588
kPa, respectively, for the value of the magnetic
field B = 0.5 Teslas.

3T T T T T

D=20mm —+
D=30mm A
25|

AP [kPa]

0.5 |-

ol ! 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5

B [Teslas]

Graphic 9 Pressure variations as a function of increasing
magnetic field strength
Source: Own elaboration

Conclusions

In this study, the laminar flow of a viscous and
incompressible MR fluid was examined
numerically. A CFD tool was used for the
numerical study. The numerical study was
performed using magnetic fields perpendicular
to the flow of B = 0, 0.02, 0.06, 0.08, 0.1, 0.2,
0.3, 0.4 and 0.5 Teslas.

The fluid flow under the influence of the
pressure gradient 0P/Ox is in the x direction.
Analyses were performed and compared for two
different MR fluid flow models, the first being
Newtonian (no magnetic field) and non-
Newtonian (under magnetic field).
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In the simulations, axial velocity values
of 1.27 and 1.30 m/s have been found for
Basonetic 5030 fluid for 20 and 30 mm pipe,
respectively, when B = 0 Teslas.

It has been observed that the velocities
and flow rates have increased with the decrease
of the pipe diameter, considering that it is an
incompressible fluid with stationary flow, the
velocity in a conduit is inversely proportional to
the surface area, since when the fluid is
introduced in a region with smaller diameter,
being smaller area, the velocity should be higher,
but according to Bernoulli's equation, if the
velocity increases, the pressure should decrease.

Regarding the results when the viscous
model is adjusted, the increase of the magnetic
field results in profiles with lower velocity,
because as the magnetic field increases the fluid
particles align in the direction of the field with
higher velocity and consequently directly affects
the viscosity of the fluid since the distance
between the particles is smaller and therefore the
resistance to flow is greater, due to the increase
of this resistance as a function of the magnetic
field, the pressure is affected; That is to say, the
pressure increases with respect to the increase of
the intensity of the magnetic field, since the
smaller the distance between the particles, the
more force is needed to move them. However, it
is shown that the effect of the magnetic field is
present in the simulation with the expected
behavior.

It should be noted that the CFD
simulation described in this work may represent
a useful starting point to investigate more
complex problems, such as non-stationary flows,
more complex geometries or boundary
conditions where slip is taken into account.
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Nomenclature

p Density (g/cm?®)
u Viscosity (Paes)

T Shear stress (Pa)

Critical shear rate (1/s)

Electrical conductivity (umho/cm)
Pressure difference (Pa)

Magnetic field strength (Tesla)
Diameter (mm)

Magnitude of the electric field (\V/m)
Electromagnetic force (Tesla)
Electrical current intensity (Amperio)
Consistency index (kg/mes)
Magnetorheological

Pressure gradient (Pa/m)

Energy law index

Pressure (Pa)

Velocity (m/s)

Axial coordinate

Radial coordinate

Tangential coordinate

o
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