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Editorial on the Research Topic
Characterization and application of magneto-sensitive soft materials

Background

Magneto-sensitive soft materials are new synthetic functional materials that is
normally composed of ferromagnetic or ferrimagnetic particles (size in a range from
several nanometers to hundreds of micrometers), carriers (including water, organic
solvent, liquids, gels, polymer and foams), surfactants and necessary additives. Being
different from “hard” solid materials, “soft” means magneto-sensitive materials exist in
the form of colloidal liquids, gels, and elastomers, such as magnetic fluids (MF), also
called ferrofluids or magnetic liquids, magnetorheological fluids (MRF),
magnetorheological gels (MRG), magnetorheological elastomers (MRE) and
magnetorheological foams (MRFoam), so as to possess fluidity and magnetism
simultaneously and can be easily deformed by applying external magnetic field force.
Differences in the size of the magnetic particles and different carriers bring to magneto-
sensitive soft materials distinct characteristics and behavior and provide many new
perspectives and ideas for engineering application. This Research Topic covers
innovations and applications in the field of different magneto-sensitive soft
materials. We are proud to present 10 peer-reviewed contributions offering the latest
insights on magnetic fluids and magnetorheological fluids.

Major highlights of the contributions

Magnetic fluids are nanocolloids made up of nanometer-sized ferromagnetic
particles dispersing in a carrier liquid (typically comprises three parts: base carrier
liquid, surfactant, and ferromagnetic particles). Since the particles are easier to
agglomerate, ferromagnetic particles are typically coated with surfactants to prevent
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agglomeration. Magnetic nanoparticles are uniformly
disseminated in the carrier liquid with the assistance of
surfactants, which play a crucial role in the magnetic fluid
composition. Li et al. systematically studied the coating state
and colloidal stability of oleic acid (OA) and 3-(N,N-
Dimethylmyristylammonio) propanesulfonate (DP) coated
magnetite nanoparticles in the polar and apolar carrier liquid.
The total Gibbs interfacial energy was analyzed based on Van
Oss-Chaudhry-Good and DLVO theory to describe the
behaviors of coated particles in solvents. Zang et al. studied
the effect of different fatty acids as surfactants on the rheological
properties of magnetic fluids. The results showed that the mixed
fatty acids showed greater viscosity growth and a greater slope of
the viscosity growth curve than the magnetic fluids dispersed
with a single acid. This indicates that the mixed fatty acids have
more stable rheological properties. The viscousity-temperature
performance of kerosene-base magnetic fluids at low
temperatures can be improved by adjusting the ratio of mixed
fatty acids. The most typical application of magnetic liquids is
sealing, which has the outstanding advantages of zero leakage,
long life and low resistance. Magnetic fluid seals as a class of
non-contact sealing technology have been a research focus. In
order to solve the problem of the pole shoes in the ferrofluid seal
being easily damaged under the situation of the large radial
beating of the main shaft, Liu et al. proposed a new structure of
the ferrofluid seal that use a radial-charged ring magnet as the
magnetic source. Considering that the ring magnets have
problems of uneven magnetization and installation
difficulties, use split magnets to take the place of ring
magnets. Experiments and simulations were conducted on the
above new structures, and all structures have a certain sealing
pressure, which presents a reference example for the innovative
design of magnetic fluid sealing structures. For the requirement
of high vacuum and leakage rate of some small diameter low
speed devices, Liu et al. designed a dual magnetic multi-stage
magnetic fluid seal device by analyzing the advantages and
disadvantages of four different vacuum magnetic fluid seal
devices. The magnetic field strength and distribution of this
seal device were analyzed using Ansys simulation software, and
the proposed device was optimized by the calculation results.
Compared with the traditional seal form, the multi-magnetic
multi-stage magnetic fluid seal device has low processing
difficulty, high reliability, and good pressure resistance
performance. Although magnetic liquid sealing is widely used,
but once magnetic liquid is injected into the structure of seal, it is
difficult to estimate the working status of the magnetic fluid in
the gap and then predict the failure. This hinders the further
application of magnetic fluid seals in some important
application, such as nuclear reaction. Therefore, it is
imperative to find a non-destructive testing method to
estimate the sealing status of the magnetic fluid seal. Chen
et al. found that the state of the seal could be estimated by
analyzing the acoustic emission (AE) signals generated during
different magnetic fluid seals. By conducting the pressure test,
analyzing the characteristic value of the acoustic emission signal,

this is the first experiment of verifying the acoustic emission
technique of magnetic fluid sealing. Dai et al. further proposed to
perform higher-order cumulative image processing on sound
signals and train convolutional neural network models for
autonomous learning of image features, and experiments
showed that the accuracy of the trained models for image
recognition was much higher than other methods.

In addition to magnetic fluids, magnetorheological fluids (MRF) is
another magneto-sensitive soft materials which been studied
extensively. MRF are promising in controllable damping based on
regulated apparent viscosity undermagnetic field control and have been
employed in various damping devices. He et al. designed a new type of
variable dampingMR torsional damper (MRTD) and proposed a semi-
active control method to effectively control the torsional vibration of the
crankshaft under multiple harmonic resonances, and a joint control
simulation analysis was performed using Amesim andMatlab software.
The simulation results indicated that the skyhook damping control
significantly reduced the torsional vibration amplitude under both
acceleration and uniform speed conditions, verifying the
effectiveness of the skyhook-based control strategy for MRTD. Zou
et al. signed and fabricated a magnetorheological energy absorber
(MREA) with disc springs as recoiling parts, modeled the MR fluid
flow based on the Bingham constitutive model, and then carried out
unsteady extension based on the quasi-steady model. The experimental
tests of theMREA show that the unsteady extension of the quasi-steady
model can designate the behaviors of the MREA in different impact
speeds better than the original; thus, the controllability of the MREA is
verified. MR foam is a newly developed porous intelligent material,
which can change its characteristics continuously, actively and
reversibly under controllable external magnetic action, but its
stiffness and storage modulus of foam are still very low and
insufficient, thus limiting its application potential. Thus, Khaidir
et al. improved the structure and storage modulus of MR foam by
adding silica nanoparticles as an additive. By examining its rheological
properties, it is known that the storage modulus of MR foam was
increased by 260%with the addition of silica nanoparticles, especially at
4 wt%, due to the highest stiffness between 45 and 162 kPa. The results
show that silica nanoparticles have good dispersion in the foammatrix,
improve and strengthen the microstructure of MR foam, thus
increasing the stiffness and storage modulus of MR foam. To reveal
the transient temperature distribution pattern inside the MR grease
torsional vibration damper and explore the relationship between the
current and internal temperature of the device. Xiao et al. performed
transient temperature simulation for MR grease devices, the results of
the analysis reveal the internal temperature distribution and
temperature rise characteristics of the torsional vibration damper,
which provide a theoretical basis for the structural optimization and
control strategy design of the MRG torsional vibration damper
considering temperature as a factor.

Summary

These Research Topic contributions provide information
about the latest developments in magneto-sensitive soft
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materials in relation to various aspects, such as material
development and characterization, modelling, new structural
design of the equipment, numerical calculation, simulation.
The editors hope that you find these articles useful and are
inspired by them.
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Experimental Study and Simulation on
the Seal Pressure of a Ferrofluid Seal
Using Radial-Charged Magnets
Jiawei Liu1*, Decai Li 1,2 and Zhili Zhang1

1School of Mechanical and Electronic Control Engineering, Beijing Jiaotong University, Beijing, China, 2State Key Laboratory of
Tribology Tsinghua University, Beijing, China

As one of the most mature applications of ferrofluid, the pole shoes of a ferrofluid seal are
easily damaged under the situation of the large radial beating of the main shaft. Meanwhile,
due to the small size, the pole teeth commonly used in pole shoes harbor problems such
as poor processability and low seal pressure under a large gap. In order to solve the
aforementioned problems, we proposed a new structure of the ferrofluid seal that uses a
radial-charged ring magnet as the magnetic source. Then, considering that the ring
magnets have problems of uneven magnetization and installation difficulties, we used
split magnets to take the place of ring magnets and proposed the second new structure.
According to the study on the distribution of magnetic field in seal gap axially and
circumferentially, we obtained the simulation results of the two new structures’ seal
pressure. The results revealed that the new structure of the ferrofluid seal with
rectangular magnets can solve the aforementioned problems and exhibited a certain
amount of sealing pressure.

Keywords: ferrofluid seal, experimental study, finite element analysis, without pole shoes, split magnet

INTRODUCTION

Ferrofluid (FF) is a new class of nano-functional materials, which has fluidity and magnetic
performance (Li, 2010). Magnetic performance enables it to respond to the effects of external
magnetic fields, and fluidity allows it to form any shape to meet various needs. FF has been widely
used in aerospace, military industry, and petrochemical fields (Rosensweig, 1985; Raj and Boulton,
1987; Li et al., 2012; Yang et al., 2012; Wang et al., 2019). The most mature application of the
magnetic liquid is a magnetic liquid seal. The FF seal has a very wide range of applications, which can
be applied in the static seal, dynamic seal, rotary seal, and reciprocating seal. The FF seal has the
following advantages: zero leakage, long service life, high reliability, non-pollution, high-speed
resistance, optimal torque transfer, and low viscosity friction. In some ways, due to the
aforementioned advantages of the FF seal, it cannot be replaced by a traditional seal. Therefore,
the FF seal has been widely used in many fields. (Du and Lin, 2006; Li, 2010). Though the FF seal has
many irreplaceable advantages, we still need to make structural innovations to adapt to complex
working conditions. So due to their small size, pole shoes and pole teeth have poor processability and
quality. When the main shaft has unavoidable radial runout, the seal gap changes, and the pole teeth
get hurt easily and have problems of poor sealing performance. To solve the aforementioned
problems, we used a radial-charged ring magnet as the magnetic source of the new FF seal, also called
the FF radial-charged seal. Then, considering the uneven magnetization problem and the installation
difficulty of the ring magnet, referring to the traditional replacement solution, we used split magnets
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to replace the ring magnet. We compared the seal pressure of the
new structure with the classic FF seal, analyzed their
characteristics and applicable conditions, and provided
reference examples for the innovative design of the FF seal
structure.

PRINCIPLE AND STRUCTURE

Principle of the FF Seal
The FF seal uses the magnetic response properties of the FF to the
magnetic field to seal. After injecting into the gap between the
magnetic circuit formed by the magnetic pole pieces and the shaft,
FF will become several “O”-shaped seals. The number of seal
rings is also written as the seal stages. When the FF is affected by
the external pressure, it moves in the heterogeneous magnetic
field, but the uneven magnetic field will create a magnetic
gradient to provide the magnetic force to fight against the
external pressure, and reach a new balance in the end (Li,
2010; Yang and Li, 2016a).

Structure of FF Seal
Earlier, to get the maximum seal pressure of FF seals,
WALOWIT, J A et al. (Szczech and Horak, 2017) had found
the best structure of rectangular pole teeth, which can make the
seal pressure equal at both sides of the pole teeth. Without being
collided or scraped by the shaft, we can guarantee the seal
performance of this structure easily. The sealing gap between
the relatively rotating shaft and the pole shoes is the main
working area of the FF seal. We often use a small seal gap
such as 0.05–0.2 mm to improve the seal pressure of FF seals.
However, the structure will be easily collided or scraped by the
shaft, which could cause a decrease in the seal pressure or leakage.
In particular, for the shaft with the big radial runout, the
aforementioned structure is commonly unreliable. Most of the
solutions to solve this problem are increasing the sealing gap
between the relatively rotating shaft and pole shoes, but the seal
pressure of the FF seal will decrease significantly. In Yang and Li
(2016a), in order to solve this problem, X. Yang had studied a
converging stepped FF seal for a large seal gap, which improves
the seal pressure of the FF seal under the large gap. However, the
complexity of the device and high requirements for installation
reduce the reliability of the seal and add the difficulties of adding
FF. In van der Wal et al. (2020), in order to solve the
aforementioned problems, Karoen van der Wal proposed a FF
seal whose magnetic source is an axial-charged ring magnet
setting on the shaft. As shown in Figure 1A, the seal contains
a nonmagnetic ring, an axial-charged ring magnet, and a
nonmagnetic ring successively set on the shaft. Then, the FF
will be injected into the seal gap to offer seal pressure. Inspired by
this, we proposed a new structure of the FF seal using radial-
charged magnetized magnetic rings as a magnetic source, as
shown in Figure 1B. In terms of optimization of permanent
magnets, many types of optimization are designed to avoid
problems such as installation difficulties and uneven
magnetization of the ring magnet. In He et al. (2014), to solve
the aforementioned problems, D. Li had studied a magnet

structure composed of many small cylindrical magnets and
verified the seal pressure by experiments. It also certificated
the feasibility of replacement with split magnets first. In
publication (Wang) Szczech, M designed and analyzed the seal
pressure of the FF seal by experiments, whose magnetic source is
made up of a cylindrical magnet but did not propose the optimal
design and application conditions of the magnetic source. In He
et al. (2019) J. Liu made an optimized design and the simulation
analysis of the various structures of the permanent magnets
through the simulation analysis and provided a selection
scheme for the magnetic source structure of large-diameter FF
seals. However, the optimization design of the aforementioned
scholars is only limited to the classic structure of the FF seal.
There are still poor seal reliability and high scrap possibility
caused by the shaft runout and installation difficulties. When the
ring magnets have difficulties in processability, installation, and
uneven magnetization, we can replace them with split magnets
named FF split magnet seal, as shown in Figure 1C, which not
only solve the problems but also provide enough magnetic field
for seal.

THEORETICAL RESEARCH

From the Bernoulli equation of FF and the corresponding
assumption, the total seal pressure of the FF seal can be
approximately expressed as (Li et al., 2004; Li, 2010; Yuichi
et al., 2015; Yang and Li, 2016b; Li and Hao, 2018; Zhang
et al., 2018)

p�n
i�1pi � n

i�1 ∫
Himax

Himin

μ0MsdH, (1)

where n is the number of seal stages, and pi is the seal pressure of
stage i in the FF seal. The seal pressure provided by each seal stage
could be approximately considered identical; Himin and Himax are
the minimum and maximum magnetic field strength under stage
i of the seal gap, respectively; μ0 is the permeability of vacuum;Ms

is the saturation magnetization of the magnetic fluid. We can use
coal-based FF here. According to its magnetization curve that is
shown in Figure 2, when the magnetic field strength is greater
than 200 kA/m, its saturation magnetization Ms is taken as
20 kA/m.

FEA OF FF SEALS

Relevant Parameter and Experiment
As shown in Figure 3A, it is a classic rectangular pole teeth
structure of FF seal whose seal gap (distance between pole
teeth and shaft) is 0.1 mm. With this gap confirmed, we set the
pole teeth width Lt, pole teeth distance Ls, and pole teeth
height Lh as 0.2 mm,、0.8 mm,、and 0.7 mm, respectively.
The design theory has been successfully applied to many FF
seals (Chi, 1993; Zhao et al., 2006; Yang et al., 2013), which are
well sealed and highly reliable under many situations. Due to
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their small size, pole teeth have poor processability and
quality. The main shaft has unavoidable radial runout;
therefore, when the seal gap is changing, the pole teeth get
hurt easily and have poor sealing performance. So we let the
newly structured FF radial-charged seal remove the pole teeth,
as shown in Figure 3B. To solve the ring magnets’ problems of
processability, installation, and uneven magnetization, we
replaced ring magnets with split magnets. To install split
magnets stably, we adjusted the structure of the

nonmagnetic ring to a nonmagnetic foundation, as shown
in Figures 3C,D, which can not only raise the magnetic field
but also meet the positioning needs of split magnets.

At first, we found out the better structural parameter of the
FF seal by FEA, as shown in Figure 4 and Table 1. Table 1
shows the structural size of the classic FF seal, the FF radial-
charged seal, and the FF split magnet seal. We set the shaft of
the seal as 30 mm to make the calculation more accurate and
reduce the calculation time. Then, we used FEA to compare the
seal pressure of these structures and analyze the best choice of
split magnets, in order to get the optimal structural design of
the FF split magnet seal. Here, we mainly discussed the
diameter or thickness Lh1 of the split magnet, the space Lh2
between split magnets, and the length Lh3 of the split magnet.
In order to reduce demagnetization, the magnet cross section
of the working site should be designed as a square. We
simulated the FF cuboid magnet seal with Lh1 = Lh3 = 3 mm
and Lh2 = 3 mm under the sealing gap of 0.1 mm that has
0.1 MPa seal capacity. We considered such a structure as an
example and used the control variable method to discuss the
effects of Lh1 and Lh2 on seal capacity. The results are shown in
Figure 4. Considering the restrictive condition of process
accuracy, the strength of the wall between magnets, and
magnet size restriction, we take Lh1 = 4 mm and Lh2 =
2 mm. Twenty small magnets can be installed on one
nonmagnetic foundation.

Then, according to the parameter, we processed the FF split
magnet seal device to test its seal capacity. During the test, the

FIGURE 1 | Structure of the FF seal. (A) FF seal proposed by Karoen van der Wal etc (van der Wal et al., 2020); (B) FF radial-charged seal; (C) FF split magnet seal.

FIGURE 2 | Magnetization curve of the coal-based FF.
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air pressure is delivered from a pressure cylinder and adjusted
by a pressure-reducing valve. The pressure in the sealed
chamber is measured with a pressure gauge to range from 0
to 2 MPa. The rotational speed of the motor is controlled and
displayed by using a controller. (Li et al., 2021). To examine
cuboid magnet and cylindrical magnet seal capacity, the
experimental study on the FF split magnet seal is divided
into two parts: a static pressure test and a dynamic pressure
test. In the experiment table, the two kinds of magnets installed
on a nonmagnetic foundation and their relevant sizes are shown
in Figure 5 and Table 1, respectively. The device consists of a
nonmagnetic shell, a shaft, bearings, nonmagnetic foundations,
split magnets, and ferrofluids. About the choice of materials,
magnetic parts, such as the shaft and the pole shoes, are made of
magnetic materials, 2Cr13 here. Nonmagnetic sections, such as
the nonmagnetic ring and the shell, are made of NdFeB with a

FIGURE 3 | Structural size of the FF seal. (A) Classic FF seal; (B) FF radial-charged seal; (C) FF split magnet seal; (D) nonmagnetic foundation.

FIGURE 4 | Relationship between seal capacity and Lh.

TABLE 1 | Relevant size (mm).

Name Classic FF seal FF Radial-Charged seal FF split magnet seal FF radial-charged seal
with larger gap

Seal gap 0.1 0.1 0.1 0.5
Diameter of the shaft 30 30 30 30
Magnet size Φ36 × 48 × 2 Φ30.6 × 56 × 2 Φ4×5 or 4 × 4×5 Φ31 × 56 × 2
Pole piece type pole teeth nonmagnetic ring nonmagnetic foundation nonmagnetic ring

Length of each seal stage 3 2 6 2
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relative permeability of 1.05 and a coercive force of 8.9 e5. The
magnetization of the radial-charged ring magnet is shown in
Figure 5.

Modeling and Simulation
For the classic FF seal and FF radial-charged seal, we used
SolidWorks to draw the core of the sealing device of the

FIGURE 5 | Experimental device.(A) Cuboid magnets installed on nonmagnetic foundation; (B) cylindrical magnets installed on nonmagnetic foundation; (C) seal
ring injected with FFs; (D) rotary seal experiment table.

FIGURE 6 | Figure of the seal model. (A) Classic FF seal; (B) FF radial-charged seal; (C) FF cuboid magnet seal; (D) FF cylindrical magnet seal.
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aforementioned structure scheme. Then, we imported it to the
Maxwell 2D module and set the geometry module as cylindrical
about Z. The magnetization direction of radial-charged ring
magnets is r in the cylindrical coordinate system. According to
the Maxwell FEA, we can optimize the seal structure. It is not
rigorous to analyze the FF split magnet seal by the Maxwell 2D
module. So we decided to use the Maxwell 3D module to analyze,
which can not only analyze the stability of FF “O"-shaped seals
but also find the difference between the cuboid and cylindrical
magnet, which are the most commonly used split magnets. The
seal model, contour plot, and magnetic lines distribution are
respectively shown in Figures 6–8. The classic FF seal, FF radial-
charged seal, FF cuboid magnet seal, and FF cylindrical magnet
seal are respectively shown in Figures (A), (B), (C), (D). In
Figure 6, the blue part represents the magnet parts, the
orange part represents the magnetic parts, and the gray
represents the non-magnetic parts. Compared to Figures
7C,D, we can find the magnetic line distribution of a cuboid
magnet is more centralized than a cylindrical magnet. So we can
guess the magnetic fluid of the FF cuboid magnet seal is stronger
and more uniform.

Date Processability
According to simulation and calculation, we get the magnetic
field strength curve of all kinds of FF seals, which is shown in
Figure 8. According to the aforementioned formula and the

relevant knowledge of the magnetic fluid seal, in order to meet
the saturation of the magnetic fluid, we observed that the
magnetic field strength in the working gap, where magnetic
fluid exists, should be greater than the 200 kA/m. In this
condition, the difference in the axial magnetic field strength
determines the maximum seal pressure. Then, we treated the
simulation results by formula (2). The results are shown in
Figure 8 and Table 2. From Figure 9, it is obvious to find out
that the magnetic field strength curves in the seal gap of these new
structures of FF seals are both similar to those of the classic FF
seal, which has a significant magnetic field strength gradient.
Therefore, we can preliminarily consider that these seals need to
be analyzed. The seal pressure is calculated and analyzed in the
following. In order to analyze the influence of the magnetic rings
on the magnetic field distribution and choose the better split
magnets between the cylindrical magnet and the cuboid magnet,
we set two arcs at the mid and the edge of magnets in the seal gap
to analyze the degree of magnetic field uniformity, which is
shown in Figure 10. The results are shown in Figures 11,12,
whose abscissa indicates the arc angle rotating around the shaft.

In terms of the experiment, the static pressure resistance
experiment of the FF cuboid magnet seal and the FF
cylindrical magnet seal were first carried out. Then, the
experimental results and the simulation results are shown in
Figure 13. The structure of the conductive ring is very important.
If the conductive ring is removed, the small magnet will attach to

FIGURE 7 | Contour plot. (A) Classic FF seal; (B) FF radial-charged seal; (C) FF cuboid magnet seal; (D) FF cylindrical magnet seal.
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the shaft and cannot form a uniform magnetic fluid o-ring in the
sealing gap. So the pressure capacity of the seal group without a
conductive ring is 0. In order to prevent the leakage from the gap
between the magnets and conductive rings or magnets and
nonmagnetic foundations, we used silicone sealant to fill these
gaps. A rotational pressure resistance experiment for the FF
cuboid magnet seal was performed subsequently. But no
matter how we adjust the sealing device, it seems to have a
little gap between the shaft and the ring, and the starting torque
was much larger than we imagined. We cannot find any rational
result in the rotational experiment.

Result and Discussion
In this study, we analyzed the magnetic field of the classic FF
seal, FF radial-charged seal, FF cuboid magnet seal, and FF
cylindrical magnet seal in the seal gap. 1) From the magnetic
field strength curve of the seal gap in Figure 9, we can find that
the new structures of FF radial-charged seal and the FF split
magnet seal can form a magnetic field with an axial gradient in
the seal gap. From formula (2), the magnetic field strength
gradient can fix FF in the seal gap, which offers the seal
pressure. According to the static experiment result in
Figure 13, the seal capacity of the FF cuboid magnet seal

FIGURE 8 | Distribution map of magnetic lines. (A) Classic FF seal; (B) FF radial-charged seal; (C) FF cuboid magnet seal; (D) FF cylindrical magnet seal.

TABLE 2 | Simulation result.

Name FF cuboid
magnet seal

FF cylindrical
magnet seal

classic FF
seal

FF radial-charged
seal

FF radial-charged
seal with
larger gap

Seal pressure of each stage (MPa) 0.025 0.018 0.029 0.033 0.26
Hmax on the edge of magnets (A/m) 463 396 uniform distribution
Hmin on the edge of magnets (A/m) 371 251
Hmax on the middle of magnets (A/m) 648 558
Hmin on the middle of magnets (A/m) 462 372
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and the FF cylindrical magnet seal can be proved. 2) From
Table 2, in terms of seal pressure, the FF radial-charged seal is
larger than the other two FF split magnet seals. In Figure 11,

the magnetic field intensity along the split magnets in the seal
gap has regular fluctuation. The reason for this phenomenon
is the presence of small gaps between the split magnets, which
is greatly different from ring magnets. If we do not use the
magnetic ring, the small magnets will stick to the shaft and
lead to the leakage of the seal. So we set a magnetic ring
between FF and magnets to address these problems. The
design allows the seal to form a uniform and dense FF “O"-
shaped sealing rings in the seal gap. 3) According to the seal
size in Table 2, compared with the FF cuboid magnet seal and
the FF cylindrical magnet seal, the FF radial-charged seal has
more seal stages in the same space, larger seal pressure, and
stability. It seems that the FF radial-charged seal is the best
choice to solve the problems of the radial beating of the main
shaft and low seal pressure under the large gap. However, the
ring magnet is facing the problems of processability,
installation, and uneven magnetization, so the seal pressure
will drop or even fail. For seal, the seal pressure is not an
absolute criterion, but how to meet the actual needs is more

FIGURE 9 | Magnetic field strength curve of the seal gap of different
structures of the magnetic fluid seal.

FIGURE 10 | Arcs in the seal gap.

FIGURE 11 | Magnetic field in the seal gap with magnetic rings or not.

FIGURE 12 | Magnetic field in the seal gap with a different type of split
magnets.

FIGURE 13 | Results of the static seal capacity experiment.
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important. 4) In Figure 13, we can find the FF cuboid magnet
seal has a larger seal capacity than the FF cylindrical magnet
seal. Meanwhile, the error of the latter is much larger than the
former. The reason for the difference in error is probably that
the FF liquid ring quality of the FF cylindrical magnet seal is
poor. It can also be proved by Table 2 and Figure 12. So we
can consider that the FF cuboid magnet seal is the better
choice than the FF cylindrical magnet seal.

CONCLUSION

1) According to FEA, we find that the three new structures have a
certain seal pressure.

2) According to the experiments, the FF cuboidmagnet seal has a
larger seal capacity than the FF cylindrical magnet seal. It has
solved the installation difficulties, vulnerability of pole teeth,
and poor seal performance of classic FF seals in engineering. It
has solved the problems of processability, installation, and
uneven magnetization from ring magnets. Meanwhile, its seal
pressure can meet the needs of many situations.

3) Although the nonmagnetic foundation of the FF cuboid magnet
seal and the FF cylindrical magnet seal is complex, it can bring
split magnets and magnetic rings before installation, which can
reduce installation difficulties. However, due to the disadvantage
of its large size, the FF split magnet seal has been better applied to

the shaft with a large sealing space. So it is essential to analyze how
to raise the utilization of seal space.

For future research directions: in Figure 13, the error in
comparison between the actual value and theoretical value is
larger than 40%, which is too high to convince us that the seal in
the experiment is the best one. Along with the situation in the
rotational experiment, we can find the problems with the
structure. Due to the uneven distribution of the silicone
sealant, there is a fixed problem with the magnetic ring. In
future research, we will improve the structure of multiple
small magnetic rings into the integrated magnetic ring and
finish the rotational seal experiment.
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Colloidal Stability of Magnetite
Nanoparticles Coated by Oleic Acid
and 3-(N,N-Dimethylmyristylammonio)
propanesulfonate in Solvents
Liu Li1, Decai Li 1,2* and Zhili Zhang1

1School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing, China, 2State Key Laboratory of
Tribology, Tsinghua University, Beijing, China

In order to understand the factors affecting the colloidal stability in the carrier liquids of
different ferrofluids, magnetite nanoparticles coated by surfactants 3-(N,N-
dimethylmyristylammonio)propanesulfonate (DP) and oleic acid (OA) were fabricated as
dispersions in diverse colloidal systems. The OA-coated magnetite could only be
dispersed in the apolar carrier liquid (εr < 5), while DP-coated magnetite particles could
establish a stable colloidal system in the polar base liquid (εr > 5) such as water and ethanol.
The colloidal stability of OA-coated particles in the apolar solvents was mainly attributed to
the steric repulsion of its outer thick liquid shell (~3 nm). Due to the absence of steric
repulsion on the solid thin shell (~1 nm) on DP-coated magnetite, DP-coated particles
could not be dispersed in the apolar liquid. In the polar liquid-based ferrofluids, DP-coated
magnetite could form an electric double layer (EDL). The total Gibbs interfacial energy was
analyzed based on Van Oss-Chaudhry-Good and DLVO theory to describe the behaviors
of coated particles in solvents. In the case of neutral (pH = 7) water-based colloidal, DP-
coated magnetite could establish an energy barrier of ~2.2 kBT to prevent the particles
from precipitation. Bare magnetite particles could form a relatively fragile colloid in a water
system with an energy repulsion of ~1.2 kBT. In contrast, OA-coated magnetite exhibited a
severe phase separation in a water-based colloidal system due to its net attraction ~
−1.3 kBT.

Keywords: ferrofluids, nanoparticls, surfactants, electrical double layer, DLVO theories

INTRODUCTION

Ferrofluids are stable colloidal suspensions composed of carrier liquids and nanosized magnetic iron
oxide particles (Rodríguez-Arco et al., 2011a; Jain et al., 2011; Medeiros et al., 2012; Pathak et al.,
2019; Kumar et al., 2020). Due to the standard nanodiameter of iron oxide particles, magnetic
colloidal suspension maintains its stability under gravitational and magnetic field gradients. As a
combination of magnet and liquid, ferrofluids can be controlled by the magnetic field, which makes it
become a promising candidate for many specific applications (Dailey et al., 1999; Hartshorne et al.,
2004; Torres-Díaz and Rinaldi, 2014). The magnetic particles in ordinary ferrofluids are generally
coated by a variety of long-chain organic surfactants (Hong et al., 2008; Okabe et al., 2017; Shi et al.,
2018; Kumar et al., 2021; Kumar et al., 2022). These surfactants have a polar hydrophilic head group
and an apolar hydrophobic end (Sawisai et al., 2019). The surfaces of magnetic iron oxide are
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generally hydrophilic, which enables these surfaces to be
combined with the polar head group of surfactants. The long
chain of surfactants provides nanoparticles with a steric repulsion
force which prevents the colloidal system from aggregation
(Rodríguez-Arco et al., 2011b).

Oleic acid (OA), as one of the easily obtained classical
surfactants, has been extensively studied in recent years (Lobaz
et al., 2012; Etemadi and Plieger, 2020; Saputro et al., 2020). The
oleic acid has a polar carboxyl group, allowing it to be attached to
the surface of nanoparticles (López-López et al., 2005; Zhang
et al., 2006; Rodríguez-Arco et al., 2011b; Gyergyek et al., 2011).
The other side of oleic acid has a long C18 chain, making
nanoparticles stable in colloidal solvents. The mechanisms of
colloidal stability in ferrofluids with non-polar based liquid have
been widely studied (López-López et al., 2005; Gyergyek et al.,
2011). The association between stability and interfacial free
energy in ferrofluids was proposed by Lopez-Lopez et al.
(2005). The calculation of surface free energy of OA-coated
magnetic particles is based on formal VOCG theory by
calculating Lifshitz-van der Waals forces (LW forces) and
acid-base interfacial interactions (AB interactions) (van Oss,
1993). Gyergyek et al. (2011) group take an additional steric
repulsion into account, which is interpreted as the influence of the
surfactants overlapping between neighbor particles (Gyergyek
et al., 2011). However, oleic acid-coated nanoparticles can only be
dispersed in the carrier liquid with a dielectric constant (εr < 5)
(López-López et al., 2005). The explanation of the instability of
polar colloidal could be the hydrophobic/hydrophilic bond
between particles and carrier base liquid. Oleic acid-covered
particles would have a phase separation when they were
dispersed in water. For special applications in water or other
polar liquid environments, a surfactant with a modified polarized
functional group should be adopted. In our study, 3-(N,N-
Dimethylmyristylammonio)propanesulfonate (DP) is adopted
as surfactants to fabricate modified magnetic nanoparticles
which can be dispersed in the polar carrier liquid to further
fabricate ferrofluids. The structural formulae of oleic acid and DP
are shown in Figure 1. The oleic acid-covered nanoparticles are
settled as a control group to identify the factors which are
responsible for the colloidal stability in polar or apolar base
liquid. Oleic acid-covered particles (P1) can be dispersed into
apolar carrier liquid. In contrast, DP-coated magnetite
nanopowders (P2) can only be separated into polar liquids
such as water and ethanol (εr larger than 5). The use of
surfactant DP is intended to permit the synthesis of a polar

solvent-based colloidal suspension of magnetic nanoparticles. In
order to justify the properties of the cover layers on particles,
several theoretical models combined with experiment results are
raised. This study is meaningful for us to understand the fitting
relationships between surfactants and nanoparticles. It can
become a guideline in choosing the right surfactants for a
specific base fluid.

EXPERIMENTAL

Materials
Materials include ferric chloride hexahydrate powders
(FeCl3·6H2O, 99%), ferrous chloride tetrahydrate powders
(FeCl2·4H2O, 99%), ammonium hydroxide (NH3·H2O, 25%),
oleic acid (OA, C18H34O2, 95%), 3-(N,N-
dimethylmyristylammonio)propanesulfonate (DP, 98%),
ethanol (p.a.), hexamethylene (p.a.), and carbon tetrachloride
(p.a.). Most of these chemicals used for the synthesis of magnetic
particles were purchased from Alfa Aesar and Macklin
Biochemical Company. The probe agents adopted for contact
angle measurement, that is, water (WT), formamide (FA), and
ethanediol (ED), were purchased from Macklin Biochemical
Company.

Nanoparticle Synthesis
The chemical co-precipitation approach was used to produce bare
magnetic particles (Laurent et al., 2008; Rebodos and Vikesland,
2010; Cui et al., 2015; Rajput et al., 2016). To begin with, 23.64 g
of ferric chloride hexahydrate powders (FeCl3·6H2O) and 9.94 g
of ferrous chloride tetrahydrate powders (FeCl2·4H2O) were
dissolved into 300 ml deionized water. In order to fit the final
stoichiometric ratio of Fe3+: Fe2+ = 2: 1, the molar ratio of Fe3+:
Fe2+ = 1.75: 1 was adopted in initial reactants to compensate for
the oxidation of Fe2+. After heating the solvent to 80°C, 80 ml
ammonium aquation (25%) was added under high-speed stirring
(350 rpm) to adjust pH value to be higher than 9.5. Subsequently,
the mixture reacted for 45 min at 80°C to ensure that Fe3+ and
Fe2+ were fully converted into Fe3O4. Then the magnetic
nanoparticles were separated by a permanent magnet and
washed with deionized water and ethanol several times until
the pH value was 7. The obtained uncoated bare magnetic
nanoparticle (BM) was used as the precursor to fabricate
surfactant covered particles. The precursor BM was evenly
divided into two parts. One part of the BM was added to

FIGURE 1 | Structural formulae of two kinds of surfactants: (A) oleic acid (OA) and (B) 3-(N,N-dimethylmyristylammonio)propanesulfonate (DP).
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300 ml of deionized water. After the solvation process, 2 ml oleic
acid was added to the solvation. In order to ensure that the
particles were fully charged by H+, pH was adjusted to six, lower
than isoelectric point pHiep = 6.5 (pHiep: pH of zero zeta
potential) (Galindo-González et al., 2005; López-López et al.,
2005; Kosmulski, 2016). The mixture was heated to 80°C with
vigorous stirring. The reacting process was kept for 30 min to get
the BM completely covered by oleic acid. The oleic acid-covered
magnetic particles (P1) were washed with deionized water to
remove the unreacted oleic acid. The other part of BM was added
to 300 ml of deionized water in a similar process. After that, 2.5 g
of DP was dissolved into the mixture. The pH of the mixture was
adjusted to 6. The reaction temperature was maintained at 80°C.
After reacting for 30 min, the DP covered magnetic particles (P2)
were washed by hexamethylene to ensure the coated surfaces not
to be destroyed. Finally, two kinds of coated nanoparticles were
dehydrated in a vacuum oven at 60°C for 4 h.

Methods
The crystalline structure of surfactants covered and uncovered
nanoparticles was characterized by X-ray diffraction (Rigaku
miniflex 600). Microstructures of nanoparticles were observed
using transmission electron microscopy (TEM, JEM-100CXII).
The functional groups of particles were examined by Fourier
transform infrared spectroscopy (FT-IR, Thermo Scientific
Nicolet iS 50). The zeta potential measurements were
performed on the Malvern Zetasizer Nano ZS90. The magnetic
properties of the magnetic nanoparticles were exanimated by a
vibrating sample magnetometer (VSM, BKT-4500). The contact
angle measurements were performed on a goniometer and its
image-analysis software (HKCA-15). Smooth surfaces of
magnetic nanoparticles were fabricated by depositing particles
on a glass slide. Due to the dispersing ability differences of
nanoparticles in polar of apolar carrier liquid, carbon

tetrachloride and ethanol were used to disperse oleic acid
covered particles (P1) and DP covered magnetite nanopowders
(P2) respectively. A volume of 10 ml of these suspensions (10%
volume fraction of particles) was enough to prepare a thick and
smooth surface. The slides with colloidal suspension on them
were dried under ambient conditions for 24 h. After that, the
deposited surface on glass slides was placed in a vacuum oven
heated to 60°C for 1 h.

RESULTS AND DISCUSSION

Physical Chemical Properties of Magnetic
Particles
The X-ray diffraction patterns for particles from bare magnetite
(BM), OA-coated magnetite (P1), and DP-coated magnetite (P2)
are presented in Figure 2, respectively. As shown in Figure 2, the
diffraction peaks could be ascribed to the inverse spinel phase.
The positions of diffraction peaks were remained alike for
different samples. The coating process of surfactant would not
change the crystalline. However, magnetite (Fe3O4, JCPDS no.
19-0629) and maghemite (γ-Fe2O3, JCPDS no. 39-1346) patterns
could be well adjusted to the experimental results (the analogous
inverse cubic spinel structure may be responsible for their
similarity in crystalline) (Rodríguez-Arco et al., 2011a;
Gyergyek et al., 2011). According to the experimental
conditions, starting materials and potassium dichromate
titration, the nanoparticles could be deduced as magnetite
nanoparticles.

From the X-ray diffraction results, the average particle size
could be estimated by the Scherrer formula (Rodríguez-Arco
et al., 2011a; Manikandan et al., 2015):

da � δλ

β cos θ
, (1)

where da is the average nanoparticle size, δ is the shape factor (0.9
for spherical magnetite nanograins), λ is the x-ray wavelength of
Cu-Kα = 0.154 nm, θ is the Bragg diffraction angle of a certain
diffraction peak, and β is full width at half maximum of the
diffraction peak (FWHM). According to the calculation result,
the average diameters for samples BM, P1, and P2 were obtained
as 10.27 ± 0.10 nm, 10.58 ± 0.10 nm, and 10.09 ± 0.10 nm,
respectively.

Transmission Electron Microscope (TEM) images of BM, P1,
and P2 magnetic particles are shown in Figure 3. As presented in
Figure 3A, spherical magnetite particles with a mean diameter of
9.97 ± 0.10 nm were well depicted. The mean diameter results in
the TEM image well corresponded with the XRD results. The
core-shell structures of surfactant-covered magnetite
nanoparticles are well presented in Figures 3B,C. The
thickness of cover layers of P1 and P2 were different. In
sample P1, a coating layer with a thickness of ~2–3 nm was
mainly formed by surfactant OA. According to the physical and
chemical properties of oleic acid under ambient conditions, the
coating layer of P1 was a layer of liquid organic phase mainly
composed of oleic acid attached to the magnetite surface. In
contrast, the surfactant shell formed by DP only had a thickness

FIGURE 2 | XRD patterns of bare magnetite particles (BM), OA-coated
particles (sample P1), and DP-coated magnetic nanoparticles (sample P2).
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FIGURE 3 | TEM images of (A)BMmagnetic nanoparticles, (B) P1magnetic nanoparticles, and (C)magnetic nanoparticles P2. The inserts in (B, C) are the coating
details in the selected area. (D): selected area electron diffraction (SAED) of BM.

FIGURE 4 | FT-IR spectra of bare magnetite particles (BM), OA-coated particles (sample P1), and DP-coated magnetic nanoparticles (sample P2).
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of ~1 nm. Since the DP was solid under ambient conditions, the
surfactant DP covering the magnetite was speculated to be the
solid phase. The thin coating layer was unable to get the
nanoparticles fully coated, which was attributed to the absence
of surface tension in the solid-state coating layer. In Figure 3D,
diffraction rings in electron diffraction are well fitted to the results
of X-ray diffraction peaks, which is also an approvement of
magnetite crystalline (Masui et al., 1997).

To further figure out the coating conditions of surfactant OA
and DP, Fourier transform infrared measurements (FT-IR) were
carried out. The FT-IR spectra results of BM, sample P1, and
sample P2 are well depicted in Figure 4. As presented in Figure 4,
sharp adsorption peaks at 570 cm−1 were obtained in all kinds of
magnetic nanoparticles (Hong et al., 2006). The peaks at
570 cm−1 were attributed to the Fe-O bond. In samples P1 and
P2, two sharp bonds at 2,850 cm−1 and 2,920 cm−1 were derived
from the asymmetric CH2 stretch and the symmetric CH2 stretch,
respectively (Zhang et al., 2006). This result was evidence of the
presence of an organic coating layer on the magnetite particle
surfaces. The strong peaks at 3,400 cm−1 were the demonstration
of the exist of O-H on the particle surface (Cui et al., 2015). The
functional group O-H on BM was the anchor point of surfactant.
The disappearance of O-H in sample P1 was an indication that
the functional group O-H was fully combined by OA. This result
had the consistency of a thick coating layer of OA observed in the
TEM image. The showing up of O-H in sample P2 was a piece of
evidence that the particle surface was not fully coated by
surfactant DP. This conclusion was also consistent with the
TEM results.

The magnetization for bare magnetite particles (BM), OA-
coated particles (sample P1), and DP-coated magnetic
nanoparticles (sample P2) are shown in Figure 5. The
hysteresis loops of nanoparticles had no remanence and
coercivity. All the samples presented superparamagnetic

properties. The saturated magnetization of BM, P1, and P2
were 55.1 emu/g, 39.3 emu/g, and 39.4 emu/g, respectively. The
decreases in saturated magnetization in the coated magnetite
samples were attributed to the non-magnetic surfactants.

In order to identify the colloidal stability of OA-coated
particles and DP-coated particles in polar or apolar carrier
liquid, water (polar, εr > 5) and carbon tetrachloride (apolar,
εr < 5) were chosen as a base liquid to establish a colloidal system.
As shown in Figures 6B,C, OA-coated particles could form a
stable colloid system in an apolar carrier liquid. DP-coated
nanoparticles underwent a severe phase separation in an
apolar carrier liquid. As depicted in Figures 6E,F, DP-coated
particles could form a stable colloidal system in polar carrier
liquid while OA-coated particles could not. The particles coated
by OA and DP had completely opposite stabilities in polar or
apolar liquids. As shown in Figures 6A,D, uncoated magnetite
particles could form ametastable colloidal system, which could be
regarded as a standard to judge the stability of the colloidal
system. Aiming to figure out the factors that contributed to the
colloidal stability, theoretical analysis was performed in the
colloidal systems of polar or apolar base liquid.

Theoretical Analysis of Colloidal Stability in
Polar or Apolar Base Liquid
OA-coated magnetite nanoparticles (sample P1) could only be
dispersed in the apolar organic base liquid (εr < 5) (López-López
et al., 2005). In contrast, DP-coated magnetic particles (sample P2)
could form stable colloidal solvation with a high particle
concentration in the polar base fluid (εr > 5). The colloidal
stability for magnetite particles dispersed in the apolar liquid
could be explained by the Van Oss-Chaudhry-Good (VOCG)
theory (Van Oss et al., 1988; van Oss, 1993) and surface free
energy analysis. The total Gibbs free energy ΔGTOT has multipart
contributions of Lifshitz-van derWaals (LW) interaction, Lewis acid-
base interaction, and steric repulsion potentials. The surface free
energy could be obtained by measuring the surface tension (γ).
Therefore, the surface tension of a material i can be expressed by
Lifshitz-van derWaals part (γLWi ) and Lewis acid-base part (γABi ) as:

γi � γLWi + γABi � γLWi + ����
γ+i γ−i

√
, (2)

where γ−i and γ+i are the electron-donor parameter and the
electron-acceptor parameter. The Gibbs free energy of a
certain solid surface (S) contacted by a certain liquid (L) could
be calculated by the Young–Dupré equation and VOCG theory
(van Oss, 1993):

γL(1 + cos θ) � 2(
�������
γLWS γLWL

√
+ ����

γ+Sγ−L
√ + ����

γ−Sγ+L
√ ). (3)

The surface tension components of a solid surface
(γLWS , γ+S and γ

−
S ) could be identified by three standard probe

liquids. The probe liquids used in this study were water (WT),
formamide (FA), and ethanediol (ED). The surface tension
components of probe liquids are presented in Table 1.

In order to identify the solid surface free energy of oleic acid
(OA) coated magnetic particles (sample P1) and 3-(N,N-
Dimethylmyristylammonio)propanesulfonate (DP) coated

FIGURE 5 |Magnetization curves for bare magnetite particles (BM), OA-
coated particles (sample P1), and DP-coated magnetic nanoparticles
(sample P2).
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nanoparticles (sample P2), the contact angle measurements were
performed on smooth surfaces fabricated by magnetic particles.
The results of contact angles measured on the surface of P1 were
95° ± 3° (water), 81° ± 5° (formamide), and 78° ± 5° (ethanediol).
After that, contact angles are measured on the surface of P2
particles. The average results were 5° ± 1° (water), 8° ± 1°

(formamide), and 15° ± 2° (ethanediol). The measured contact
angles of OA-coated magnetite are consistent with the data in
reference (López-López et al., 2005). Surface tension parameters
could be obtained by solving Eqs 2, 3 using contact angles of
probe liquids. The surface tension parameters are presented in
Table 2. As shown in Table 2, the OA-coated magnetite surface

shifted from a strong electron-donor property (γ+i ≈ 0, γ−i �
55.4mJ/m2) on a bare magnetite surface to weak electron
donor property (γ+i ≈ 0, γ−i � 4.4mJ/m2). Meanwhile, the
Lifshitz-van der Waals parameter was decreased on the OA-
coated magnetite surface compared to the pure magnetite surface.
The OA surfactant blocks the interaction between magnetite and
carrier liquid. In contrast, DP-coated magnetite remained the
same in electron-donor parameter and electron-acceptor
parameter compared to the bare magnetite surface. The
Lifshitz-van der Waals parameter (γLWi ), on DP covered
magnetite surface was significantly increased from 49.3 mJ/m2

to 92.3 mJ/m2. The properties and working mechanisms of the

FIGURE 6 | Colloidal systems formed by magnetite particles coated by different surfactants in polar or apolar carrier liquid. (A) Uncoated particles in carbon
tetrachloride. (B)OA-coated particles in carbon tetrachloride. (C) DP-coated particles in carbon tetrachloride. (D) Uncoated particles in water. (E)OA-coated particles in
water. (F) DP-coated particles in water.

TABLE 1 | The electron-donor parameter γ−i , electron-acceptor parameter γ+i ,
Lifshitz-van der Waals part of surface tension (γLWi ), and total surface tension
γL in probe liquids. All the units are in mJ/m2. All the ambient temperatures of the
surface tensions are at 20°C.

Liquid γL γLWi γ+i γ−i

Water (WA) 72.8 21.8 25.5 25.5
Formamide (FA) 58.0 39.0 2.28 39.6
Ethanediol (ED) 48.0 29.0 1.92 47

The surface tension values of liquids are taken from Sawisai et al. (2019 and van Oss
(1993).

TABLE 2 | The surface free energy components (mJ/m2) of magnetite
nanoparticles.

Samples γ LW
i γ+i γ−i

Bare magnetitea 49.3 0.17 55.4
OA-coated magnetite 24.4 0.00c 4.4
OA-coated magnetiteb 25.3 0.15 5.2
DP-coated magnetite 92.3 0.00c 58.9

aTaken from López-López et al. (2005) and Galindo-González et al. (2005).
bTaken from Shi et al. (2018) and López-López et al. (2005).
cThe square root is negative. The error is larger than the value itself.
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OA surfactant cover layer and DP surfactant cover layer were
different.

In the apolar carrier liquid (phase 1), the colloidal stability of
OA-coated magnetite particles (phase 2) could be explained by
the surface free energy of Lifshitz-van der Waals (ΔGLW

121 ), acid-
base interaction (ΔGAB

121), and steric repulsion (ΔGST
121). Steric

interaction between particles in an apolar liquid phase is
presented in Figure 7. Although DP-coated magnetite particles
(phase 3) had a larger ΔGLW

131 due to their higher γ
LW
i compared to

OA-coated particles, DP-coated particles almost had no steric
repulsion between their solid phase thin cover layers. The steric
repulsion ΔGST

121 could be one of the main contributions to the
colloidal stability in the apolar carrier liquid (Rodríguez-Arco
et al., 2011b; Gyergyek et al., 2011). This may explain why OA-
coated magnetic nanoparticles (P1 sample) could be dispersed in
the polar organic liquid (εr < 5) to form a stable colloidal system,
while DP-coated magnetite could not.

In the polar carrier liquid, the cohesion between carrier liquid
molecular particles and hydrophilic magnetite particles was
stronger due to their larger van der Waals force and hydrogen
bond (van Oss, 2007). According to the DLVO theory, the
colloidal nanoparticles could establish an electrical double
layer (EDL). The potential of a shear plane in EDL is the zeta
potential. As shown in Figures 8A,B, the zeta potential associated
with electrical repulsion is one of the important contributions to
the colloidal stability of ferrofluids. According to our
experimental results, the zeta potentials of DP-coated
magnetite under neutral conditions (pH = 7) in water and
ethanol colloidal systems were 29.7 and 26.0 mV, respectively.
According to the reference (Galindo-González et al., 2005), the
zeta potential of uncoated magnetite particles was supposed to be
−12 mV in the neutral water colloidal system. The DP surfactant
coating layer on the magnetite surface was responsible for this
zeta potential increase. This could be explained by the zeta
potential presented in Figure 8B. As shown in Figure 8B, the
surfactant DP, which could be seen as an electrical dipole, had its
own electrical potential. The zeta potential (φz2) of DP-coated
magnetite particles was calculated by adding the electrical

potential of the surfactant DP to the zeta potential φz1 of bare
magnetite particles.

Finally, the Lifshitz-van der Waals part (ΔGLW
131 ), acid-base

interaction part (ΔGAB
131) , and electrical repulsion part (ΔGEL

131) of
interfacial Gibbs free energy (1 = DP-coated magnetite, 3 = water)
were calculated. ΔGLW

131 was obtained by Eq. 4 (Gyergyek et al.,
2011; Galindo-González et al., 2005; Gregory, 1981) and (5)
(Gregory, 1981; Galindo-González et al., 2005; Gyergyek et al.,
2011):

FIGURE 7 | Lifshitz-van der Waals (LW) interaction, acid-base (AB)
interaction, and steric repulsion between OA-coated magnetite particles.

FIGURE 8 | (A) Electric double layer (EDL) and zeta potential (φz1) of
bare magnetite particles dispersed in polar carrier liquid. (B) Electric double
layer (EDL) and zeta potential (φz2) of DP-coated magnetite nanoparticles in
polar-based liquid.
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ΔGLW
131(h) � −A131

6
[ 2d2

a

h(4da + h) −
2d2

a

(2da + h)2 + ln
h(4da + h)
(2da + h)2],

(4)
A131 � 24πh20(

����
γLW1

√
−

����
γLW3

√
)2

, (5)

where da is the average diameter of nanoparticles. h0 is the
minimum equilibrium distance between interfaces, which is
supposed to be 1.58 ± 0.08 Å in a water-based colloidal system
(Galindo-González et al., 2005; Gyergyek et al., 2011). h is the
distance between neighbor interfaces of nanoparticles in the
colloidal system. A131 is the Hamaker constant.

ΔGAB
131 was calculated by Eq. 6 (van Oss, 1993; López-López

et al., 2005; Gyergyek et al., 2011) and (7) (van Oss, 1993;
Galindo-González et al., 2005):

ΔGAB
131(h0) � −4( ��

γ+1
√ − ��

γ−3
√ )( ��

γ−1
√ − ��

γ+3
√ ), (6)

ΔGAB
131(h) � ΔGAB

131(h0)πλda exp(h0 − h

λ
), (7)

where λ is the correlation length, or the decay length of the
molecules of liquid medium (in water, λ ≈ 1 nm) (van Oss, 1993).
da, h0, and h have already been given in Eqs 4, 5.

ΔGEL
131 was calculated by Eq. 8 (Galindo-González et al., 2005)

and (9) (Galindo-González et al., 2005; Ueno et al., 2008;
Rodríguez-Arco et al., 2011a):

ΔGEL
131(h) � 2πε0εrdaζ

2 ln(1 + e−κh), (8)

κ � ((2 × 103)NAe2Ceff

ε0εrkT
)

1/2

, (9)

where εr is the dielectric constant of the carrier liquid, ε0 is the
permittivity of vacuum, ζ is the zeta potential of particles, da is the
average diameter of magnetite particles, κ is the reciprocal Debye
length. h is the average distance between neighbor interfaces of
nanoparticles in the colloidal system,NA is Avogadro’s number, e
is electronic charge, k (kB) is Boltzmann constant, T is the
absolute temperature (room temperature, 293.15 K), and Ceff

is effective ionic charge concentration (the surfactant
concentration is the main contribution to Ceff. Based on the
amount of the surfactant, Ceff ≈ 0.01mol L−1, the Debye
length κ−1 � 3 nm).

Total interaction surface free energy (ΔGTOT
131 ) between DP-

coated magnetic particles dispersed into water was the sum of the
Lifshitz-van der Waals part (ΔGLW

131 ), acid-base interaction part
(ΔGAB

131) , and electrical part (ΔGEL
131) of interfacial Gibbs free

energy:

ΔGTOT
131 (h) � ΔGLW

131(h) + ΔGAB
131(h) + ΔGEL

131(h). (10)
As shown in Figure 9A, the total interfacial free energy ΔGTOT

131
between magnetic particles coated by DP under neutral water-
based conditions (a typical polar liquid-based colloidal system) is
calculated. According to the Debye length (κ−1 � 3 nm) result
which was the thickness of EDL, the proper value of interfacial
distance h between two particles was 6 nm (2 times of Debye
length κ−1). At this point, the main repulsion contributions of
ΔGTOT

131 were electrical double layer repulsion energy
(ΔGEL

131(6nm) � 1.2 kBT) and acid-base interaction surface
interfacial energy (ΔGAB

131(6nm) � 1.2 kBT). The contribution
of ΔGLW

131(6 nm) was - 0.2 kBT, which indicated that the L-W
force between magnetite particles was a mild attractive force. The
total interfacial free energy (ΔGTOT

131 (6 nm)) of 2.2 kBT (larger
than the Brownian free energy of 1.5 kBT) was large enough to
resist the precipitation resulting from the gravitational field. If
magnetite particles were not coated by DP, ΔGEL

131(6 nm) would
significantly decrease from 1.2 kBT to 0.1 kBT (assuming the ionic
concentration was maintained) due to the smaller zeta potential
and ionic concentration. As shown in Figure 9B, the total
interfacial free energy ΔGTOT

131 (6 nm) of bare magnetite
particles not coated by DP was reduced from 2.2 kBT to
1.2 kBT. The colloidal stability became fragile due to the
absence of EDL repulsion. If the OA-coated magnetite
particles were dispersed into water, ΔGTOT

121 would decrease to

FIGURE 9 | (A) Interfacial distance (h) dependence of total surface
interaction free energy (ΔGTOT

131 ), Lifshitz-van der Waals part (ΔGLW
131), acid-

base interaction part (ΔGAB
131) , and electrical part (ΔGEL

131) of interfacial Gibbs
free energy between magnetic particles coated by DP under water-
based neutral condition (pH = 7). (B) Interfacial distance (h) dependence of
total surface interaction free energy (ΔGTOT

sws ) of DP-coated magnetite, bare
magnetite, and OA-coated magnetite in the neutral water-based colloidal
system.
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-1.3 kBT. This could be a plausible reason for a severe phase
separation between OA-coated magnetite and water.

CONCLUSION

The coating state and colloidal stability of oleic acid (OA) and 3-
(N,N-Dimethylmyristylammonio)propanesulfonate (DP) coated
magnetite nanoparticles in the polar and apolar carrier liquid
were systematically studied. Bare magnetite particles (with an
average diameter of 10 nm), as precursors to fabricate
surfactant-coated nanoparticles, were prepared by
coprecipitation of Fe3+ and Fe2+ under aqueous conditions. The
OA surfactant covering layer was a thick oil-state shell (~2–3 nm)
which enabled the magnetite surface to be fully coated. The DP
coating layer was a kind of solid-state thin shell (~1 nm), which did
not allow the surface of magnetite to be fully coated. Different
coating states enabledOA- andDP-coatedmagnetite particles to be
dispersed in the base liquid with different dielectric constant εr.
OA-coated magnetite particles could only be dispersed in the
apolar carrier liquid (εr < 5) to form a stable colloidal system.
In contrast, DP-coated magnetite particles could establish a stable
dispersion in the polar base liquid (εr > 5). The stable colloidal
system of OA covered magnetite in apolar base liquid was
attributed to the steric repulsion of thick organic coating layers.
Due to the solid-state thin coating layer, the DP-coated particles
could not establish an organic barrier to keep adjacent
nanoparticles from precipitation in the apolar carrier liquid
system. From the calculating results of total Gibbs interfacial
free energy ΔGTOT

131 in a neutral water-based colloidal system (a
typical polar carrier liquid system), DP-coated magnetite particles
had the highest ΔGTOT

131 � 2.2 kBT. This high value of repulsive
energy was the reason why DP-coated magnetite could form a

stable dispersion in a water-based colloidal system. Bare magnetite
particles could form a compared fragile colloidal system for its
smaller ΔGTOT

131 � 1.2 kBT in neutral water base liquid. The
shrinkage of interfacial free energy ΔGTOT

131 was attributed to the
weak interparticle EDL electric repulsion (zeta potential reduced
from 29.7 mV to -12 mV). The interparticle EDL electric repulsion
was an important factor for the polar liquid-based colloidal system.
The OA-coated particles had the lowest ΔGTOT

131 � −1.3 kBT. The
negative interfacial free energy indicated a strong attraction force
between neighbor OA-coated nanoparticles in a water-based
colloidal system. As a result, severe phase separation between
OA-coated magnetite and water occurred.
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Effects of Different Fatty Acids as
Surfactants on the Rheological
Properties of Kerosene-Based
Magnetic Fluids
Guobao Zang1, Zhili Zhang1*, Wenjuan Yu1, Deyi Wang1 and Decai Li 1,2

1Country School of Mechanical Electronic and Control Engineering, Beijing Jiaotong University, Beijing, China, 2State Key
Laboratory of Tribology, Tsinghua University, Beijing, China

Three types of surfactants (oleic acid, linoleic acid, and a mixture of oleic acid and linoleic
acid) were coated on ferromagnetic particles, which were dispersed in kerosene to prepare
magnetic fluids, to study the effect of different fatty acids as surfactants on the rheological
properties of magnetic fluids. The particles were analyzed by XRD, TEM, FT-IR, and VSM.
Furthermore, a rheometer was used to examine the rheological properties of kerosene-
based magnetic fluids dispersed with various surfactants. The yield stress at different
magnetic fields was calculated by fitting the Herschel–Bulkley model. The fitted curve and
the observed values of mixed fatty acids are identical. The graphs of viscosity increase with
the shear rate for each magnetic fluid were measured at constant magnetic field strengths.
At constant shear rates, the curves of viscosity increase with magnetic field intensity were
measured. In the absence of a magnetic field, the relative change in viscosity from 40°C to
0°C was observed. The rheological measurements of the mixed fatty acid-dispersed
ferrofluid with a rising magnetic field at a constant shear rate are smoother than the single-
fatty-acid-dispersed ferrofluid, indicating that it is more stable. As the temperature is
dropped, the viscosity–temperature curve evidence that mixed fatty acids as surfactants
can lower the proportion of magnetic fluid viscosity rise.

Keywords: magnetic fluids, magnetite, surfactants, kerosene-based, rheological properties

1 INTRODUCTION

Magnetic fluids, also known as ferrofluids, are nanocolloids made up of nanometer-sized
ferromagnetic particles dispersing in a carrier liquid (typically comprises three parts: base carrier
liquid, surfactant, and ferromagnetic particles) (Wang et al., 2018; Dubreuil and Bobowski, 2019).
Since the particles are easier to agglomerate, ferromagnetic particles are typically coated with
surfactants to prevent agglomeration (Asahi et al., 2011). Magnetic fluids can exhibit both the fluidity
of liquids and magnetic properties under an external magnetic field. Hence, magnetic fluids have
always received extensive attention and become a research hotspot and have a wide variety of
applications because of their fluidity and magnetism (Batter et al., 2013; Cui et al., 2015), including
sealing (Li et al., 2017; Marcin, 2018; Szczech, 2020), lubrication (Shahrivar and de Vicente, 2014),
sensors (Yao et al., 2015; Yu et al., 2018; Yu et al., 2019), biomedicine (Hensley et al., 2017; Metelkina
et al., 2017), and so on. In particular, magnetic fluid sealing is one of the advanced applications of
magnetic fluids. Compared with other seals, it has zero leakage, a long life, high rotational speed
capability, low viscosity friction, and great reliability. Therefore, it offers significant engineering
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application value in aerospace, military equipment, mechanical
engineering, and other industries, and broad development
potential (Wang and Decai, 2015; Yang et al., 2019).

Magnetic fluid sealing is very suitable for high-end sealing
equipment in aerospace and military fields such as missile
launchers, tank panoramic mirrors, radar waveguide
components, etc. However, in these sealing applications, the
start-up resistance torque of the sealing structure is usually
strictly required and should be kept within a stable range in
any case. Also, magnetic fluid rheological properties are the key
factors affecting magnetic fluid sealing (Cheng et al., 2021). It has
a significant impact on the starting torque and rotating torque of
magnetic fluid rotary seals, and the failure of pressure resistance.
In particular, magnetic fluid seals are used in tank panoramic
mirrors and radar waveguide components, and the ambient
temperature is sometimes very low.

Research on the rheological properties of magnetic liquids
mainly focuses on the base carrier liquid and particles (Felicia and
Philip, 2012; Paul et al., 2016; Yu et al., 2016; Yang et al., 2020;
Cheng et al., 2021). Cheng et al. (2021) studied the effect of
rheological properties on seals using magnetic fluids with
relatively large viscosity differences between PFPE and diester
based. Paul et al. (2016) prepared water-based magnetic liquids
with different particle concentrations and studied the non-
Newtonian rheological properties of magnetic fluids with
different concentrations of viscosity increasing with shear rate,
and the non-Newtonian behavior was enhanced by applying a
magnetic field. Felicia and Philip (2012) synthesized oil-based
ferrofluids and investigated their magnetorheological properties
under different magnetic field strengths and volume fractions.
They observed a distinct “plateau-like region” in the shear-
thinning viscosity curve, under an external magnetic field at
extremely small shear rates, and the structure is stable against
fragmentation because of a particular alignment of the chains
concerning the field direction. Yu et al. (2016) dispersed
Fe78Si9B13 amorphous particles into silicone oil to study their
rheological properties, confirming that amorphous particles have
an improved magnetorheological response compared with
magnetic fluids with Fe3O4 nanoparticles under an applied
magnetic field. Yang et al. (2020) synthesized an Fe3O4

hydrocarbon oil-based ferrofluid and its magnetorheological
behavior was investigated. A clear hysteresis effect was
observed from the viscosity-shear rate flow curve.

Magnetic nanoparticles are uniformly disseminated in the
carrier liquid with the assistance of surfactants, which play a
crucial role in the magnetic fluid composition (Asahi et al.,
2011). Lebedev (2010) prepared mixed fatty acid-modified
particles dispersed in isopropanol. Compared with a single
oleic acid-modified magnetic liquid, the solidification
temperature was reduced to −100°C, which greatly expanded
the working range of the magnetic fluid. It is proven that the
mixed fatty acid has an important effect on the viscosity of the
magnetic fluid at low temperatures. However, surfactant
effects on magnetorheological properties have received very
little attention. The choice of a surfactant is closely related to
the properties of the base carrier fluid, fatty acids are
commonly used to stabilize hydrocarbons (Lebedev, 2010),

and kerosene is a mixture of hydrocarbons and is commonly
used to synthesize magnetic fluids. An oleic acid-stabilized
kerosene-based magnetic fluid is the most stable application
(Lebedev and Lysenko, 2010). Because of the volatility of
kerosene, kerosene-based magnetic fluid seals are usually
not used in high-temperature environments, and more
choices are used in low-temperature environments. Hao
et al. (2015) investigated the viscosity-temperature curves of
magnetic fluids with various carrier fluids and demonstrated
that the rise in the rotational resistance torque of the magnetic
fluid seal was caused by the magnetic fluid’s viscosity
increasing as the temperature decreased. To make the
kerosene-based magnetic fluid used in a lower environment,
the surfactant should be chosen with a lower melting point to
further minimize the rotating resistance torque of the
ferrofluid at low temperatures. The optimum choice is
linoleic acid, which has the same chain length as oleic acid
and two double bonds. Furthermore, mixing two fatty acids to
combine the advantages of two fatty acids is a new approach
for better application.

Thence, to investigate the properties of magnetic particles
and magnetic fluids, single oleic acid and linoleic acid, and
two types of fatty acids combined with modified magnetic
fluids, were prepared. Abbreviations for the different
surfactants and the meaning of the letters in the figures are
shown in Table 1. This article aims to further verify and
explain the influence of different surfactants on the magnetic
fluid by comparing three magnetic fluids with different
surfactants modified.

2 MATERIALS AND METHODS

2.1 Materials
Ferric chloride hexahydrate (FeCl3·6H2O), ferrous chloride
tetrahydrate (FeCl2·4H2O), and ethanol were procured from
Sinopharm Chemical Reagent Beijing Co., Ltd. Ammonium
hydroxide (NH3·H2O, 25%), oleic acid (C18H34O2, melting
point, 14°C), linoleic acid (C18 H32O2, melting point, −5°C),
kerosene, and tris(n-nonylphenyl) phosphite were purchased
from Beijing Chemical Reagents Company. All compounds are
analytical grade and are used without being purified further.

2.2 Experiments
Chemical co-precipitation is the most widely used method to
prepare Fe3O4 nanoparticles, and the reaction is
Fe2+ + 2Fe3+ + 8OH− → Fe3O4 ↓ + 8H2O. Considering that
ferrous irons would be oxidized to ferric irons in the air, the
molar ratio of Fe2+: Fe3+ was 1:1.75. Taking 20.85 g FeCl3 · 6H2O
and 8.85 g FeCl2 · 4H2O dissolved in 300 ml deionized water
under mechanical stirring at 60°C–70°C, ammonium hydroxide
was added to the mixed solution whose color changed from red-
brown to black immediately and reacted for 30 min under
mechanical stirring of 300 rad min−1. Afterward, it heats up to
70°C, keep stirring, and OA as a surfactant was added to the
mixture solution for 1 h. Then modified Fe3O4 NPs could be
obtained by centrifugation or magnetic sedimentation through a
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permanent. The modified Fe3O4 NPs were washed with ethanol
or ultra-pure water several times until the pH was 7 and dried in a
vacuum oven for 8 h at 60°C. LA and MA (which could be mixed
with ethanol or ultra-pure water, the ratio of oleic and linoleic was
1:1) were used as surfactants to modify the magnetic
nanoparticles by the same preparation process. Finally, the
quantitative Fe3O4 NPs were dispersed in kerosene by
ultrasonic for 2 h to obtain a stable magnetic fluid.

For kerosene-based magnetic fluids containing LA,
antioxidants are finally added to prevent the oxidation of
linoleic acid. The prepared MLA is added with a little
tris(n-nonylphenyl) phosphite.

The magnetic fluids dispersed with different surfactants are
shown in Figures 1A–C. Figure 1D shows the response of MMA
under a magnetic field.

2.3 Characterization of Nanoparticles
The synthesized nanoparticles were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
infrared spectroscopy (IR), and vibrating sample
magnetometry (VSM) to identify the shape, size, surfactant
coating type, and magnetic properties of the samples.

XRD using a D8 Advance Bruker AXS diffractometer with a
scan speed of 0.1° per second in the range of 20°–80° was used to
determine the identity, phase, and crystallite size of the produced
powder sample.

The morphology and nanoparticle size was characterized with a
JEM-F200 transmission electron microscope (TEM). The

nanoparticles were diluted sufficiently with ethanol and a single
drop of the liquid suspension was deposited on a duplex copper
mesh. The sample is dried by allowing the ethanol to evaporate
through the double copper mesh for a length of time.

The Fe3O4@OA, Fe3O4@MFA, and Fe3O4@LA nanoparticles
were first defined for the functional groups by using an FT-IR
spectrometer (NETZSCH, X70). The scanning range of the
infrared spectrum is 4,000 cm−1–600 cm−1.

TABLE 1 | Labels for different samples and their meanings.

Labeling
of different samples

Meanings

OA Oleic acids
LA Linoleic acids
MA Mixed fatty acids of oleic and linoleic acids
MOA Oleic acid-coated magnetic nanoparticles and their corresponding magnetic fluids
MLA Linoleic acid-coated magnetic nanoparticles and their corresponding magnetic fluids
MMA Mixed fatty acid-coated magnetic nanoparticles and their corresponding magnetic fluids

FIGURE 1 | Prepared images of (A) MOA, (B) MLA, (C) MMA, and (D) MMA under a magnetic field.

FIGURE 2 | XRD images of Fe3O4 particles in three magnetic fluids.
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FIGURE 3 | TEM images of particles in three magnetic fluids (left) and the corresponding particle size distribution histograms (right).
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Magnetic measurements were performed at room temperature
on a vibrating sample magnetometer (VSM, LakeShore, model
7307) in a ± 8 kOe external magnetic field.

The rheological properties of the samples were investigated
using an MCR302 rheometer, M/s Anton Paar GmbH. A special
plate–plate spindle, CP20-MRD, was used for all the
measurements in a magnetic field. A coaxial magnetic field in
the perpendicular direction to the sample was applied during the
rheological measurement. A thermostatic bath (±0.1°C) was used
to maintain a constant temperature of the samples during
rheology tests. The gap between the plates was 0.084 mm
unless otherwise mentioned.

3 RESULTS AND DISCUSSION

3.1 X-Ray Diffraction Analysis
The XRD pattern of the prepared nanoparticles with coating
surfactants is shown in Figure 2. The crystal structures of Fe3O4

nanoparticles using OA, LA, and MA as surfactants are
confirmed by an XRD analysis as shown in Figure 2. The
peak at 30.3°, 35.6°, 43.2°, 53.8°, 57.2°, and 62.8° can be indexed
to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) lattice planes,
respectively, characteristic of Fe3O4, which is confirmed by
JCPDS card no: 19-0629. The pattern of the three
nanoparticles is almost identical, which implies that the
modification will not affect the Fe3O4 crystal phase of the
inverse spinel structure. The average crystallite size of the
samples is calculated from the width of the major peak
corresponding to the (311) plane using the Scherrer equation.

D � 0.9λ
β cos θ

, (1)

where D is the average crystallite size, λ is the wavelength of
X-rays, β is full width at half maximum of the peak after
correcting the instrumental contribution to the peak
broadening, and θ is the angle of diffraction. The calculated
particle sizes of the OA, LA, and MA-modified particles are 9.3,
8.7, and 9.5 nm, respectively.

3.2 Transmission Electron Microscope
Analysis
The TEM images of the magnetite nanoparticles at high
magnifications (left) and the corresponding particle size
distribution histograms (right) are shown in Figures 3A–C,
respectively. The magnetite nanoparticles are observed to be
nearly spherical. The particle size distribution histogram,
shown in Figure 3 (right), has been constructed from the
image analysis of a series of TEM images. The average particle
size was calculated from the micrographs as 9.8, 8.8, and 9.3 nm
with a standard deviation of 1.49, 1.28, and 1.1 for OA, LA, and
MA-modified particles, respectively. The particle size distribution
observed from TEM fairly matches that observed from XRD.

3.3 Infrared Spectroscopy Analysis
Figure 4A compares the infrared spectra of fatty acid-coated
powder samples. The Fe-O stretching vibration of Fe3O4

corresponds to 610 cm−1 (Lenin and Joy, 2017). The
symmetric and asymmetric stretching vibrations of methylene
(-CH2-) groups in the fatty acid molecule are represented by the
two bands at 2,851 cm−1 and 2,923 cm−1, respectively, in all
spectra. The bands at 1,411 cm−1 and 1,431 cm−1 in the
spectra of the free acid and the coated particles correspond to
-CH2- deformation. The intensities of OA and MA-coated part
bands are higher than those of single LA-coated particles because
of increasing unsaturation (-CH=CH-) in the carbon chain. The
carbonyl (-C=O) stretching vibration of free fatty acids is
represented by the weak band at 1,709 cm−1 in all samples.
These free fatty acid molecules are most likely caused by the
secondary layer present on the surface of the nanoparticles, which
is attached to the chemically bound primary layer of fatty acid
molecules via a weak hydrophobic interaction.

As shown in Figure 4B, the bands observed in the range of
1800 cm−1–1,300 cm−1 correspond to metal carboxylates, which are

FIGURE 4 | (A) Infrared spectra images of particles in three magnetic
fluids, (B) 1,300–1800 cm−1 zoomed spectra in the carboxylate region.
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in the range of 1,650 cm−1–1,510 cm−1 for the asymmetric carboxyl
vibration and 1,431 cm−1 for the symmetric carboxyl vibration. The
position and separation of carboxyl bands,Δ, deduced the carboxylate
coordination mode. More than 200 cm−1 indicates monodentate,
between 200 and 140 cm−1 indicates a bridged bidentate ligand, and
less than 110 cm−1 indicates a chelating bidentate. For all samples, the
difference between the two characteristic bands at 1,518 cm−1 and
1,431 cm−1 is 87 cm−1, revealing bidentate coordination. The
1,431 cm−1 band’s location is unknown since it may occur from
the overlapping of the carboxylate (COO-) stretching and methylene
(-CH2-) scissoring bands. The shoulder on the peak at 1,431 cm−1 is
around 1,411 cm−1, making Δ = 104 while still meeting the bidentate
coordination (Bronstein et al., 2007; Lenin and Joy, 2016). The
intensity of the bands is affected by the washing method used.
Moreover, different mixing methods have a huge impact on the
intensity of the bands for MA-coated nanoparticles. Peak intensities
are much higher when ultra-pure water-mixed fatty acids are used as
surfactants than when other surfactants are used. When compared
with the fatty acids, the strength of the carbon-based tape at
1709 cm−1 in Figure 4B decreased significantly after coating
(Bronstein et al., 2007). All coated samples had only a weak band
at 1709 cm−1, indicating that only a small amount of free acid groups
were present. However, the bands of ultra-pure water mixed-fatty
acids have a stronger intensity than those of other surfactants,
indicating that more free acid is excited.

The carboxylic acid group is bonded to the surface of the
nanoparticles, according to the IR analyses. The variation in the
conformation of the surfactantmolecules, which directly impacts the
number of molecules bound to the surface of the nanoparticles,
might explain the decrease in the strength of the symmetric and
asymmetric stretching of the carboxylate group.

3.4 Vibration Sample Magnetometer
Analysis
Magnetic properties of different surfactant-modified
nanoparticles are measured at 300 K, at ±8 kOe, as shown in

Figure 5 Magnetization is the most distinctive physical property
for ferrofluids. The saturationmagnetization of OA, LA, andMA-
dispersed magnetic fluid is 53.4, 50.2, and 52.8 emu/g,
respectively, and the observed tiny changes in magnetization
are consistent with the observed particle size from the TEM
histogram (Figure 3). The nanoparticles exhibit super-
paramagnetism similar to bulk magnetic material, but they
have no residual magnetism or remanence when the magnetic
field is removed, and particles with different surfactant-modified
nanoparticles exhibit excellent super-paramagnetism.

3.5 Rheological Property Analysis
3.5.1 Effect of Shear Rate on Shear Stress
To compare the properties of several magnetic fluids more clearly,
Table 2 gives the density of the magnetic fluid, and the particle
size and saturation magnetization of the particles measured by
TEM and VSM.

The shear rate of different surfactant-coated magnetic fluids’
dependence on the effect of shear stress is shown in Figures
6A–C. At room temperature (20°C), rheological studies for
various coated magnetic fluids were carried out by altering the
shear rate in the range of 0–500 s−1. The samples have been
subjected to pre-shearing for about 200 s at a shear rate of 500 s−1

without recording any data.
In the absence of a magnetic field, the shear stress increases

linearly with the shear rate. In the presence of a magnetic field, the
shear stress increases nonlinearly with the increase of the shear
rate at a constant magnetic field strength, and there is yield stress.
Each solidus line in Figures 6A–C shows the fitted values of the
flow curves by the power-law relation as predicted by the
Herschel–Bulkley model given by

τ � τH−B + k · _γn,
where τH−B is the yield stress under the magnetic field strength H
and k, _γ, and n are the consistency parameter, shear rate, and
power-law index, respectively. As shown in Figures 6A–C, the
value of shear stress increases with increasing shear rate. At a
constant magnetic field of 200 mT, the fitted curve of the single
fatty acid-modified magnetic fluids deviates slightly from the
experimental value at a high shear rate. However, the simulation
value of the MMA is most consistent with the experimental value.
The yield stress is related to the actuation torque in the magnetic
fluid seal and a higher viscosity fluid has a higher starting torque
of seals (Cheng et al., 2021). The magnetic fluids can flow freely
only when the applied force is greater than the yield stress.

The numerical values of and k, _γ, and n for different applied
constant magnetic fields for each of the three magnetic fluids are
shown inTable 3. It can be seen that all the magnetic fluids have n
< 1 under different magnetic fields, indicating that the fluid is
shear thinning, and different surfactants dispersed in the
magnetic fluids will not affect the shear-thinning phenomenon.

Under the action of the magnetic field, the force of the
interparticle interaction hindering the movement of the fluid
leads to the appearance of yield stress. Figure 6D shows the
fitted yield stress of magnetic fluids with different magnetic
fluids under different constant magnetic fields. The figure

FIGURE 5 | Magnetization curve of particles in three magnetic fluids.
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shows that the yield stress of different magnetic fluids
increases with increasing constant magnetic field strength,
and the dynamic yield stress at a higher magnetic fields

indicates that the formation of a large number of chain
structures hinders the flow (Felicia and Philip, 2012). Yield
stress of the MMA increases with the increase in the magnetic

TABLE 2 | Parameters of three magnetic fluids at 20°.

Symbol Meaning MOA MLA MMA

ρ Magnetic fluid density 1.14 g/cm3 1.25 g/cm3 1.17 g/cm3

d Particle diameter from TEM 9.8 nm 8.8 nm 9.3 nm
MS Particle saturation magnetization 53.4 emu/g 50.2 emu/g 52.8 emu/g

FIGURE 6 | Stress-strain images of (A)MOA, (B)MLA, and (C)MMA. (D) Fitted yield stress values of three magnetic fluids by the Herschel–Bulkley model under a
constant magnetic field.

TABLE 3 | Rheometric parameters estimated by fitting the Herschel–Bulkley model to the shear stress variation with the shear rate.

Magnetic fluid type Coefficient value Applied magnetic field, H

50.5 mT 100.5 mT 150.2 mT 200.5 mT

MOA Yield stress, τH−B 7.42693 2.13692 3.79829 6.84633
Consistency parameter, k 5.15828 13.65195 11.36512 7.41169
Power law index, n 0.26212 0.20077 0.26093 0.34545

MLA Yield stress, τH−B 5.58165 2.14793 12.33298 15.11992
Consistency parameter, k 11.67134 24.03183 17.20449 15.00951
Power law index, n 0.17655 0.14195 0.20561 0.24716

MFA Yield stress, τH−B 0.23542 2.10149 3.56683 4.64928
Consistency parameter, k 3.9549 7.99188 10.72927 12.88907
Power law index, n 0.40082 0.38015 0.37184 0.36834
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field. While the yield stress at 50 mT for MOA shows an
unusual increase and MLA shows a decrease at 100 mT,
depending on the choice of data points in the curve, the
higher shear rate value affects to some extent. The
determination of the fitting equation has an impact on the
yield stress obtained from the fitting and an error occurs.

However, it will not affect the overall judgment. The
reaction of MLA to the magnetic field is still better,
wherefore it has larger yield stress, while the yield stress
values of MOA and MMA vary in a similar range, and the
performance of MMA is more stable.

3.5.2 Effect of Shear Rate on Viscosity
The dependence of viscosity on the shear rate has been studied under
the shear rate-controlled measurements for high values of shear rate
(0–500 s−1), MOA, MLA, and MMA as shown in Figures 7A–C,
respectively. The flow curves of magnetic nanofluids under the
influence of a magnetic field exhibit shear-thinning non-
Newtonian behavior. The non-linearity observed in the flow
curves for the different coats of the magnetic nanofluids depicts
the pseudo-plastic behavior of the system.

In the absence of a magnetic field, the viscosity (the viscosity
value of each magnetic fluid is about 8 mpa s) of ferrofluids is
slightly greater than that of kerosene (20°C, 2.5 mpa s). When a

magnetic field is applied, the nanoparticles form chain-like
structures, which induce fluid motion resistance and as a
result, a rise in viscosity (Zubarev et al., 2002). When the
magnetic field strength is 50 mT, many chain-like structures
are formed, which increase the fluid resistance and the
viscosity performance. With the increase in the magnitude of
the applied field, the lengths of the chains also increase. It can be
seen from Figures 7A–C that the viscosity value of magnetic
fluids is closer at higher magnetic field strengths of 100, 150, and
200 mT. Each magnetic fluid has the same trend of change. With
the increase in shear rate, the viscosity decreases rapidly, and up
to a certain shear rate (about 200 s−1) above which the rate of
decrease slows down.

It is pertinent to mention that the increase in viscosity takes
place only in the low shear rate region while shear thinning
occurs for the remaining applied shear rates. Similar shear-
thinning behavior with enhanced viscosity under the
application of a magnetic field has been earlier reported
(Hosseini et al., 2010; Nowak et al., 2014; Shahnazian et al.,
2016). The applied magnetic field causes a strong interaction
between the magnetic nanoparticles and leads to the
formation of magnetic structures. But with the increase in
shearing rate, structures in the form of agglomerates tend to
break down and the nanoparticles arrange themselves along

FIGURE 7 | Viscosity-strain images of (A)MOA, (B)MLA, and (C)MMA. (D)Maximum shear rate limiting viscosity-constant magnetic field comparison images of
three magnetic fluids.
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the shearing direction. This leads to a decrease in the fluid
viscosity at high shear rates (Felicia and Philip, 2012).

The viscosity of the nanofluids at the highest shear rates is
called the high shear limiting viscosity, as shown in
Figure 7D. Thus, it may be noted that the structures that
are formed by the application of a magnetic field, although
broken down by the application of a high shear rate but are not
completely destroyed, has a strong effect on the limiting
viscosity of the magnetic fluids. Figure 7D shows that
when the shear rate increases, the viscosity of the MMA
becomes greater than that of the single acid-dispersed
magnetic fluids, and a greater slope of viscosity increases
the curve. The structure created by the particles of the
MMA was influenced more by the action of shear and
shows a gradual increase in viscosity. The shear rate has a
minor influence, and the performance is more stable.

3.5.3 Effect of Magnetic Field on Viscosity
The magneto-viscous effect was investigated by increasing the
magnetic field from 0– 600 mT at different shear rates, as
shown in Figures 8A–C, respectively. Before each start, pre-
shearing was performed for 90 s without a magnetic field and
this part of the data was not recorded. During the experiment,

the shear rate was kept constant. When a magnetic field is
applied, magnetic nanoparticles are polarized and arrange
their orientation along the direction of the magnetic field. The
nanoparticles form a chain-like structure, causing motion
resistance of the fluid and a continuous rise in viscosity.

As the strength of the magnetic field increases, the length of
the chains also increases, the shear rate remains constant, and
with further increases in the field, multiple chains attract each
other, forming a columnar structure that further increases the
viscosity of the fluid. After most of the nanoparticles present
in the nanofluid dispersion participated in the formation of
the column structure, a further increase in the applied field
resulted in no further increase in viscosity and reached a
saturation value. It is worth mentioning here that a higher
dispersion concentration means a higher number and density
of nanoparticles. Under an applied magnetic field, the chain-
like structures that eventually formed the pillars contained
more nanoparticles than the chain-like structures (Felicia and
Philip, 2012).

The shear rate has a significant effect on the viscosity of the
magnetic fluids with the magnetic field. The viscosity change
value under the magnetic field from 0– 200 mT is expanded.
Under the influence of the magnetic field, the particles

FIGURE 8 | Viscosity-magnetic field images of (A) MOA, (B) MLA, and (C) MMA. (D) Maximum magnetic field limit viscosity-constant shear rate comparison
images of three magnetic fluids.
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continuously form chain-like formations and are sheared. The
shear rate is 10 s−1, and the magnetic field strength of various
modified magnetic fluids increased dramatically with the
rising magnetic field strength at a low field strength,
practically linearly increasing. The shear force was
insufficient at the moment to disintegrate the particles’
structure and increase the shear rate. The shear rate is
50 s−1, and the massive shear force decomposes the
particle-forming structure, resulting in a significant
decrease in the degree of reactivity of different magnetic
fluids to the magnetic field. Under a magnetic field, the
shear force is substantially larger than the yield stress. The
viscosity change is further minimized as the shear rate is
increased.

The viscosity of all magnetic fluids increases as the magnetic
field intensity increases, and the viscosity value progressively
tends to be saturated at the highest magnetic field strength, as
shown in Figures 8A–C. Figure 8D shows the change in the
viscosity value with an increasing constant shear rate at a
magnetic field strength of 600 mT.

When the magnetic field is 600 mT and the shear rate is
10 s−1, the viscosity value of the MLA is 7,300 mpa s higher
than that of the MOA and MMA 5,400 mpa s, showing a
stronger magneto-viscosity effect. With the increasing shear
rate, the viscosity value of the MMA is higher than that of the
single fatty acid-modified magnetic fluids at 600 mT, which is
consistent with the effect of viscosity on the shear rate. The
shear rate is 10 s−1, the single fatty acid-dispersed magnetic
fluids both fluctuated at the highest magnetic field strength,
and the cause of the oscillations could be the particles’
instability as they reorganized. Even with a high magnetic
field intensity and a moderate shear rate, the viscosity of the
MMA gradually increases, and the performance becomes
more stable.

3.5.4 Effect of Temperature on Viscosity
From 40°C to 0°C, the viscosity variations of several magnetic
fluids were measured in the absence of a magnetic field. A pre-
shear of 100 s−1 for 180 s was conducted before that. This portion
of the data will not be saved, and it was kept at 100 s−1 throughout
the experiment. The shear rate remains constant.

Because the viscosity values of different modified magnetic
liquids differ at 40°C, the relative viscosity coefficient is used
to express the relationship between viscosity and
temperature.

R � η − η0
η0

, (2)

where R, η, and η0 are the relative viscosity coefficient,
viscosity values at different temperatures, and viscosity
values at 40°C, respectively. The relative change in viscosity
with temperature is shown in Figure 9. When the temperature
is reduced to 0°C from 40°C, the viscosity of the MOA
increases by 1.5 times. The viscosity of the MLA, on the
other hand, increased by 0.6 times. When the temperature
lowers to 0°C from 40°C, the viscosity of the MMA doubles, as
seen in the figure. On the one hand, different magnetic fluids
have different initial viscosity values at 40°C, and on the other
hand, this could be due to the surfactant affecting the
temperature-induced viscosity shift. Mixed surfactants can
ameliorate the viscosity–temperature properties of magnetic
fluids to some extent.

Therefore, when the ambient environment of kerosene-
based or other hydrocarbon magnetic fluids is at a certain low
temperature, it can be considered to use a single fatty acid with
a lower melting point to disperse, or a fatty acid with a lower
melting point can be mixed with oleic acid. The starting
torque of the magnetic fluid seal is related to the amount
of viscosity rise at low temperatures. To content the
performance, for example, magnetic fluids with good
viscosity–temperature performance are required for
magnetic liquid sealing in tank panoramic mirrors and
radar waveguide components, etc. At this time, surfactant-
dispersed magnetic fluids with lower melting points can play
an important role. This allows kerosene-based magnetic fluid
seals to be used across a wider temperature range.

4 CONCLUSION

The dispersion of several fatty acid-modified particles into
kerosene was examined in this work. The following
conclusions can be drawn from particle characterization and
rheological experiments on magnetic fluids.

1) The particle size will be impacted to some extent when the
particles are adjusted by different surfactants, but the crystal
phase structure of the particles will not be changed. Bidentate
coordination patterns between fatty acids and particles are
identified by infrared spectroscopy. MA (mixed fatty acids)
have no effect on the coordination mode.

FIGURE 9 | Relative viscosity coefficient-temperature images of three
magnetic fluids.
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2) The Herschel and Bulkley model was used to fit the stress-strain
curve, and the fitted curve for the MMA perfectly matched the
experimental value. Under a given magnetic field and a shear rate
of 500 s−1, the viscosity of the MMA grows larger than that of
single acid-dispersed magnetic fluids, with a greater slope of the
viscosity growth curve. This indicates that the mixed fatty acids
have more stable rheological properties.

3) When the temperature is changed from 40°C to 0°C, it
demonstrates that using a mixed fatty acid as a surfactant
can improve the viscosity–temperature performance of
magnetic fluids by adjusting the increase ratio of
viscosity as the temperature decreases. This work
provides a new technique to optimize the
viscosity–temperature performance of kerosene-based
magnetic fluids when used in low-temperature situations
and can lower the increase in the starting torque when
magnetic fluids are sealed. Magnetic fluid seals based on
kerosene or hydrocarbons can withstand lower ambient
temperatures by using surfactants with lower melting
points, allowing for a wider application range.
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Multi-Condition Temperature Field
Simulation Analysis of
Magnetorheological Grease Torsional
Vibration Damper
Zida Xiao1, Hongsheng Hu2*, Qing Ouyang2, Liyang Shan3 and Hongbo Su3

1College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou, China, 2College of Information Science and
Engineering, Jiaxing University, Jiaxing, China, 3School of Mechanical Engineering, Anhui Polytechnic University, Wuhu, China

To reveal the transient temperature distribution pattern inside the magnetorheological
grease (MRG) torsional vibration damper and explore the relationship between the current
and internal temperature of the device, the transient temperature simulation analysis of the
MRG device was conducted in this study. Firstly, a theoretical heat transfer model of MRG
torsional vibration damper with dual heat source structural feature was established based
on the Bingham constitutive model and the temperature-dependent viscosity
characteristic of MRG. Then, the transient temperature field model of the MRG
torsional vibration damper was developed by the finite element method, the
temperature field distribution and temperature–time variation characteristics of the
MRG torsional vibration damper at 0A, 1A, and 2A working conditions were analyzed,
and the effects of viscosity and slip factors on the temperature rise of the device were
investigated. The simulation results show that the temperature rise of MRG in the working
domain is the fastest, but a gradual slowing of the temperature rise rate. The magnitude
and rate of temperature rise are maximum when the 1A current is applied to the torsional
vibration damper. Finally, the current–temperature curve is obtained by fitting the
simulation results. The results of the analysis reveal the internal temperature
distribution and temperature rise characteristics of the torsional vibration damper,
which provide a theoretical basis for the structural optimization and control strategy
design of the MRG torsional vibration damper considering temperature as a factor.

Keywords: MRG torsional vibration damper, multi-condition analysis, temperature field simulation,
viscosity–temperature characteristics, Bingham model

1 INTRODUCTION

In engine systems, the power source for crankshaft rotation is the explosive force generated by the
instantaneous combustion of combustible gases in the cylinder, and explosive force is transmitted to
the crankshaft through the piston and other parts. This process leads to torsional–detorsional effects
on the crankshaft, which further lead to torsional vibration of the crankshaft (Boysal and Rahnejat
1997). For multi-cylinder engines, the crankshaft system comes with a large number of pistons,
connecting rods, flywheels, and other accessories (Periyasamy and Alwarsamy 2012). Large
rotational inertia, high speed, high load (Karabulut 2012), and cylinder ignition unevenness
(Zhang and Yu 2009) make the torsional vibration of the crankshaft more intense, especially in
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the starting phase with high acceleration. To prevent the
crankshaft from torsional deformation or failure, the
crankshaft torsional vibration must take effective reduction
measures (Fonte and de Freitas 2009). At present, the main
reduction measure for crankshaft torsional vibration is to
install a torsional vibration damper in the crankshaft system,
which can well avoid crankshaft torsional vibration caused by
resonance and reduce the amplitude of torsional vibration
(Mendes et al., 2008).

So far, the torsional vibration damper that has been produced
and put into use are silicone oil dampers (Pistek et al., 2017),
rubber dampers (Silva et al., 2019), silicone oil–rubber composite
torsional vibration dampers (Li et al., 2020) and dual-mass
flywheel torsional vibration dampers (Long et al., 2021).
However, these dampers only show a good damping effect at a
specific resonance frequency due to which the damping is
uncontrollable (Shu et al., 2015). Therefore,
magnetorheological smart materials were introduced to
develop the magnetorheological torsional vibration damper
(Abouobaia et al., 2016, 2020; Brancati et al., 2019). The
installation of the damper at the free end of the crankshaft
can prevent the crankshaft from torsional failure, but then
comes the problem of damper heat dissipation. Generally,
damping materials such as silicone oil, MRG, and other
viscous liquids need to be overhauled after a period of
operation to ensure that the damping material does not fail
due to high temperature (Homik 2010).

MRG is a variable damping smart material whose damping
characteristics, magnetic field characteristics, and settlement
characteristics have obvious temperature dependence (Sahin
et al., 2009; Meyer et al., 2016; McKee et al., 2017; Liang et al.,
2021). Rheological characteristics of MRG vary in different
magnetic fields and temperatures (Kamble et al., 2021). If the
temperature is not analyzed and suppressed, the MRG torsional
vibration damper will not only fail to dampen the torsional
vibration but also further aggravate the vibration of the
crankshaft system due to its own heavy mass.

At present, there are many studies on the temperature analysis
of viscous fluid torsional vibration dampers and
magnetorheological rotary dampers. Homik et al. proposed a
thermal fluid dynamics model for viscous torsional vibration
dampers and investigated the effect of temperature and viscosity
variations of the damping fluid inside the torsional vibration
damper on the efficiency of the torsional vibration damper
(Homik, 2012; Homik et al., 2021). Venczel et al. developed a
two-dimensional thermal calculation program based on the finite
difference method, analyzed the heat transfer process inside
silicone oil dampers, and developed a temperature and shear
rate–dependent viscosity model for the silicone fluid (Venczel
and Veress. 2020; Venczel et al., 2021). Gordaninejad et al.
conducted an experimental and theoretical study of heat
generation and dissipation in magnetorheological dampers,
developed a theoretical model for predicting the temperature
rise of magnetorheological dampers, and developed a control
equation in the dimensionless form (Gordaninejad and Breese,
1999). Batterbee et al. quantified the effect of temperature on the
damper between 15°C and 75°C and studied the effect of elevated

temperature on magnetorheological fluid viscosity and yield
stress (Batterbee and Sims 2008). Kavlicoglu et al. (2007)
conducted a theoretical and experimental study of heat
generation in a high-torque magnetorheological differential
clutch, mainly for the effect of temperature on the torque
performance of the clutch, and analyzed the temperature rise
distribution inside the clutch. Nguyen et al. proposed an
optimization method based on finite element analysis for
magnetorheological brakes considering temperature factors
and used the Bingham model and Herschel–Bulkley model to
analyze the braking torque of the brake (Nguyen and Choi 2010).
Park et al. (2008) introduced a magnetorheological braking
system, and the fluid flow and heat transfer system of the
magnetorheological fluid were analyzed considering the critical
issues of brake size, performance, and temperature. Patil et al.
(2016) performed a thermal analysis of a magnetorheological
brake to evaluate the temperature rise of the magnetic fluid due to
brakemanipulation and performed a finite element analysis of the
temperature field of the brake. So far, there have been many
studies on the temperature aspects of viscous fluid torsional
vibration dampers and magnetorheological dampers. However,
there is a lack of temperature analyses of MRG torsional vibration
dampers under different working conditions. This study adopts
the multi-field coupling method of flow field–temperature field
for simulation analysis, which reveals the temperature gradient
distribution inside the device in more detail. In this study, based
on the temperature rise theory of torsional vibration dampers and
the temperature analysis of magnetorheological dampers, the
temperature analyses of MRG torsional vibration dampers
under different working conditions have been developed.

In this article, a theoretical model of the temperature field of
MRG was established based on the Bingham mechanics model
and viscosity–temperature model, the heat transfer system of the
MRG torsion damper was analyzed, and the heat source and heat
generation rate of MRG torsion damper and the internal forced
convection heat transfer coefficient were calculated. Secondly, the
three-dimensional model of MRG torsional vibration damper
was established, and its temperature rise principle was analyzed.
The transient temperature field of the MRG torsional vibration
damper was simulated and analyzed in the 0A, 1A, and 2A three
working conditions. The influence of slip between the inner and
outer rotors and the viscosity of MRG on temperature rise was
investigated. The results show the distribution pattern of
temperature and provide the simulation and theoretical basis
for subsequent heat dissipation optimization and temperature
compensation control.

The remainder of the article is organized as follows. In Section
2, the temperature characteristics and magnetic field
characteristics of MRG were analyzed, the mathematical model
of the temperature field of MRG torsional vibration damper was
established, and the forced convection heat transfer coefficient
was calculated. In Section 3, the three-dimensional transient
temperature simulation model of the MRG torsional vibration
damper was established, and the temperature rise principle inside
the device was analyzed. In Section 4, the results of transient
temperature field simulation were analyzed, and the relationship
between the current and internal temperature characteristics of
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the device was explored. Section 5 put forward the conclusion of
the study.

2 MATHEMATICAL MODEL OF
MAGNETORHEOLOGICAL GREASE
TORSIONAL VIBRATION DAMPER

2.1 Magnetic Field Characteristics and
Temperature Characteristics of
Magnetorheological Grease
The rheological behavior of MRG is described based on the
Bingham constitutive model, which is Eq. 1.

{ τ � τysgn( _γ) + η0 _γ |τ|> ∣∣∣∣τy∣∣∣∣
_γ � 0 |τ|< ∣∣∣∣τy∣∣∣∣ , (1)

where τ is the shear stress, τy is the shear yield stress caused by the
applied magnetic field, _γ is the shear rate, and η0 is the zero-field
viscosity of MRG. According to the magnetic field characteristics
of MRG, its viscosity is closely related to B, and the relationship
curve is shown in Figure 1A (Wang et al., 2019). When B is
between 0 and 300 mT, the viscosity growth gradually becomes
slower, and when B is greater than 300 mT, MRG reaches the
magnetic saturation state.

The viscosity–temperature characteristics of MRG are
considered, and the viscosity–temperature equation is Eq. 2
(Zhai et al., 2019).

ηT � ηT0
e−β(T−T0), (2)

where ηT0
is the viscosity when the temperature is T0, ηT is the

viscosity when the temperature is T, β is the
viscosity–temperature coefficient, taken as 0.03 (1/°C). The
viscosity–temperature curves in the three working conditions
with 1A (working condition Ⅰ), 2A (working condition Ⅱ), and 0A
(working condition Ⅲ) current applied to the internal coil of the
MRG torsional vibration damper are shown in Figure 1B.

2.2 Temperature Field Mathematical Model
of Magnetorheological Grease Torsional
Vibration Damper
2.2.1 Heat Conduction Differential Equation
In the rectangular coordinate system, choose a volume element
from the MRG torsional vibration damper with length dx, width
dy, and height dz. From Fourier’s law of heat conduction, the heat
fluxes flow into the element and the heat fluxes flow out of the
element are Eq. 3 and 4, respectively.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ϕx � −λ zt
zx

dydz; ϕx+dx � ϕx +
zϕx

zx
dx � ϕx +

z

zx
( − λ

zt
zx

dydz)dx

ϕy � −λ zt
zy

dxdz; ϕy+dy � ϕy +
zϕy

zy
dy � ϕy +

z

zy
( − λ

zt
zy

dxdz)dy

ϕz � −λ zt
zz

dxdy; ϕz+dz � ϕz +
zϕz

zz
dz � ϕz +

z

zz
( − λ

zt
zz

dxdy)dz

, (3)

{ dϕin � ϕx + ϕy + ϕz

dϕout � ϕx+dx + ϕy+dy + ϕz+dz
, (4)

FIGURE 1 | (A) Curve of magnetic field characteristics of MRG. (B) Curve of temperature characteristics of MRG.

FIGURE 2 | Thermal equilibrium analysis of the microelement.
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whereΦx ,Φy , andΦz are the heat fluxes flow into the element in
the directions of x, y, and z at the surfaces of x = x, y = y, and z = z.
Φx+dx , Φy+dy , and Φz+dz are the heat fluxes flow out of the
element in the directions of x, y, and z at the surfaces of x = x + dx,
y = y + dy, and z = z + dz. t is the temperature of the
microelement, λ is the thermal conductivity, dϕin is the total
heat flow rate of the imported microelement per unit time, and
dϕout is the total heat flow rate of the exported microelement per
unit time. The geometrical description is shown in Figure 2.

The differential equation for the thermal conductivity of the
volume element is shown in Eq. 5.

ρcp
zt
zτ

� z

zx
(λ zt

zx
) + z

zy
(λ zt

zy
) + z

zz
(λ zt

zz
) + _ϕ, (5)

where _Φ is the intensity of the internal heat source, ρ is the
density, and cp is the isobaric specific heat capacity.

2.2.2 Coil Resistance Heat and Forced Convection
Heat Transfer Coefficient
The control energy generated by the coil resistance heat (coil
power consumption N) can be expressed by Eq. 6.

N � I2RW , (6)
where I is the current applied to the excitation coil, and RW is the
resistance of the coil wire. RW can be approximated by Eq. 7
(Nguyen et al., 2008).

RW � LWrW � Ncπdc
r
AW

, (7)

where r is the resistivity of copper wire (0.01726 [Ω ·m]), LW is
the length of the coil, rW is the resistance of the coil per unit
length, Nc is the number of turns of the coil, where four coils are
arranged in the circumferential direction in this model, the radius
of copper wire selected is 0.33 mm, dc is the average diameter of
the coil, and AW is the cross-sectional area of the coil. The
parameters of the coil are shown in Table 1. According to Eqs. 6,
7, the resistance heat generated by the coil can be calculated. In
different working conditions, the resistance heat generated by the
coil is different. During the operation of the MRG torsional
vibration damper, resistance heat is generated by the coil and
the surrounding MRG for forced convection heat transfer,
calculation of convective heat transfer according to Eq. 8
(Newton’s law of cooling).

ϕ � hA
dt

dx
, (8)

where ϕ is the heat flow rate, A is the contact area, dt/dx is the
temperature gradient, and h is the convective heat transfer
coefficient. The Reynolds number is calculated by Eq. 9 to
describe the flow behavior of MRG.

Ref � u · D
υ

, (9)

where Ref is the Reynolds number for determining the fluid flow
mode, D is the diameter of MRG fluid domain, u is the flow
velocity, and υ is the kinematic viscosity. The process of
calculating the forced convection heat transfer coefficient h is
as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Nuf � 1.86(Ref · Prf · DL)
1 /

3

Prf � c · ρ · υ
λ

h � Nuf · λ
D

, (10)

where L is the geometric characteristic of the heat transfer surface;
in this model, it is the geometric height of the MRG domain. The
geometric parameters of the MRG fluid domain are shown in
Table 1. c is the specific heat ratio, and its value is 1 (set MRG as
incompressible fluid). According to Eq. 10 (Haque et al., 2021),
the forced convection heat transfer coefficient h can be calculated.
It can be known that the forced convection heat transfer
coefficient h is related to the slip, and the h variation curve is
shown in Figure 3. The forced convection heat transfer
coefficient increases with the increase of slip and the trend is
shown in Figure 3A. The heat transfer coefficient is different at
each moment due to the different slips at each moment, as is
shown in Figure 3B. Since no current is introduced in working
conditionⅢ, the coil does not generate resistive heat, and the heat
transfer coefficient of working condition Ⅲ is not studied.

3 DESIGN AND MODELING OF
MAGNETORHEOLOGICAL GREASE
TORSIONAL VIBRATION DAMPER
3.1 Simulation Model
In order to meet the damping requirements of reducing the
torsional vibration of the crankshaft under multiple resonance
frequencies and ensure closure of the magnetic circuit inside the
device, the structure of the internal inertia ring of the MRG
torsional damper is designed based on the adjustable damping
characteristics of MRG as shown in Figure 4. The MRG is filled
between the inner surface of the magnetically conductive ring and
the outer surface of the inertia ring and the inner surfaces of the
two end caps. When the coil is not energized, theMRG behaves as
a free-flowing Newtonian fluid. When the coil is energized, the
magnetic field is generated in the working gap and the MRG
transforms into a solid-like state, thus viscous damping forces are
generated. The MRG torsional vibration damper cross-sectional
view and exploded diagram model are shown in Figure 4.

TABLE 1 | Parameters of heat transfer model.

Symbol Parameter Value

Nc Number of turns of the coil 30

dc Average diameter of the coil 19.8 mm

AW Cross-sectional area of the coil 10.26 mm2

D Diameter of MRG fluid domain 250 mm
L Height of MRG fluid domain 40 mm
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The MRG torsional vibration damper consists of three key
parts: shell, inertia ring, and MRG. The working clearance of
MRG is 2 mm. After the crankshaft is fixedly connected to the
MRG torsional vibration damper shell, the shell drives the
internal inertia ring to rotate through the viscous damping
force of the internal MRG.

3.2 Thermal Analysis of Magnetorheological
Grease Torsional Vibration Damper
3.2.1 Temperature Rise Principle of
Magnetorheological Grease Torsional Vibration
Damper
The main reason for the torsional vibration of crankshaft systems
is that the excitation frequency is similar to the natural frequency,

resulting in resonance. To avoid resonance, the frequency shift
principle is usually adopted, with a change to the natural
frequency of the system by changing the stiffness and mass.
The MRG torsional vibration damper can change the viscous
damping of the internal MRG by adjusting the current, which can
control the natural frequency of the whole crankshaft system.
Therefore, MRG torsional vibration damper can play a better
damping effect at any resonance frequency.

The MRG inside the MRG vibration damper can convert the
energy of torsional vibration into internal energy, and the
temperature gets warmer as time accumulates due to the
engine crankshaft system being a continuous working system.
Due to the large rotational inertia of the inertia ring, slip exists
between the inner and outer rotors, and the high-viscosity MRG
will generate a higher temperature in the gap between the shell

FIGURE 3 | h variation curve: (A) h-slip curve and (B) h-t curve of each working condition.

FIGURE 4 | MRG torsional vibration damper model.
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and inertia ring due to fluid friction. On the other hand, the coil
inside the MRG torsional vibration damper will generate
resistance heat, which will also affect the viscous damping
effect of the MRG and further affect the damping performance
of the MRG torsional vibration damper.

3.2.2 Analysis of Thermal Conductivity
There is a slip between the inner and outer rotors of the MRG
torsional vibration damper, and heat will be generated inside the
device due to fluid friction. In addition, the coil inside the MRG
torsional vibration damper will also generate resistance heat.
MRG torsional vibration damper internal heat conduction
system is the “dual heat source structure,” the specific heat
transfer process is shown in Figure 5.

According to Figure 5, the MRGwill transform the slip energy
and torsional vibration energy into internal energy, and the heat
will be further transferred to the outer shell through the
magnetically conductive ring. The shell carries out forced
convection heat transfer with the external air, and the heat
will dissipate. The resistance heat generated by the coil first
conducts forced convection heat transfer with the surrounding
MRG, and the temperature of the working domain of the MRG is
transferred to the non–working domain of the MRG by liquid
heat transfer.

3.3 Analysis of Magnetic Field Simulation
In order to analyze the magnetic excitation line distribution of
MRG torsional vibration damper more accurately, the magnetic
field simulation of the “Sectional view1” model in Figure 4 is
carried out by COMSOL Multiphysics. Figure 6A shows the
distribution of magnetic excitation lines inside the MRG
torsional vibration damper. When the magnetic field is
simulated for the MRG torsional vibration damper, the

simulation model is simplified due to the conductor tubes,
bearings, and seals that have little influence on the results of the
magnetic field simulation. The outermost ring of the MRG fluid
domain with higher magnetic excitation line density is defined as
the “Working domain ofMRG”; theMRG fluid domain with lower
internal magnetic excitation line density is defined as the “Non-
working domain of MRG.” And the “Route” of the MRG working
domain is chosen between the inertia ring and magnetically
conductive ring, the magnetic field distribution pattern through
this Route is shown in Figure 6B. The magnetic excitation line
density decreases from the left end to the right end of the Route,
and B decreases with the increase of the distance d between the
measurement point and the left end point. The magnetic excitation
lines on the left and right sides of the right end point of the Route
are symmetrically distributed, and a small amount of coupling
exists in the magnetic excitation line, which can be neglected.

3.4Modeling of Transient Temperature Field
3.4.1 Parameters of Transient Temperature Field
Simulation
The COMSOL Multiphysics fluid–solid coupling simulation of
the MRG torsional vibration damper requires a Boolean
operation to model the fluid domain and divide the overall
internal MRG domain into the working domain of MRG and
the non–working domain of MRG. The internal inertia ring
affects the MRG motion, the rotating inner wall, outer wall,
and dynamic mesh settings are needed for the MRG domain
separately. During the simulation, the effects of bolts, bearings,
seals, friction pads, conductor tubes, etc. are ignored to shorten
the simulation time for the Multiphysics field coupling
simulation. The reference pressure is 101.325 KPa (standard
atmospheric pressure). The model of magnetorheological
grease used in this article is MRG-50, the mass fraction of

FIGURE 5 | Thermal conductivity system.
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hydroxy iron powder and lubricating grease in this model is 50%
each (the lubricating grease adopts No. 2 high-temperature
lubricating grease of Shandong Kunlun Lubricating Oil Sales
Co., Ltd.). The initial viscosity is 12 Pa s. According to the
known density, isobaric specific heat capacity and mass
fraction of hydroxyl iron powder and lubricating grease, the
density and isobaric specific heat capacity of MRG-50 can be
calculated, respectively (Wang et al., 2019). According to the
thermal conductivity and mass fraction of hydroxyl iron powder
and lubricating grease, the thermal conductivity of MRG-50 is
calculated by Filipoov equation (Reid et al., 1987). The fluid
properties of the MRG are shown in Table 2.

The MRG material is defined according to the Bingham model
and the viscosity–temperature characteristic equation coupling. The
corresponding boundary conditions are set for the fluid: the outer
boundary of the fluid is all the inner surfaces of the shell and the
rotational boundary inside the fluid is all the outer surfaces of the
inertia ring. The whole model is set to “Form the assembly,” and
static and dynamic domains are used in “a consistent pair” to ensure
the data transfer. The dynamic deformation domain is set by the
method of dynamicmesh rotational domain, the rotational boundary
speed inside theMRGdomain is set and the parameter values are the
slip value of the inner and outer rotors. The measured slip values of
the tests for the three working conditions are shown in Figure 7.

According to Figure 7, the slip between the inner and outer rotors
is different when three different currents are applied to the coil: 1A
(working condition Ⅰ), 2A (working condition II), and 0A (working

condition III). Inworking conditionⅡ, due to the higherflux density of
the working domain of MRG, the viscous damping force of the MRG
is the largest and the slip of the inner and outer rotors is the smallest
among the three working conditions, with a slow linear growth trend
after the slip reaches 171.34 rpm at 4.08 s. The linear growth trend is
shown after the slip reaches 373.66 and 618.60 rpm at 5.28 and 6.72 s
for working condition Ⅰ and working condition Ⅲ, respectively.

3.4.2 Grid Cell Setting and Temperature Measurement
Point Selection
To ensure the quality of the grid cells, the hydrodynamic
refinement grid is set according to the “non-isothermal
laminar flow” Multiphysics field simulation. The corner
refinement grid is processed for the internal rotating boundary
chamfers and edges. The free tetrahedral grid is used for the

FIGURE 6 | Magnetic field simulation: (A) magnetic excitation line distribution and (B) B-d curve.

TABLE 2 | Fluid parameters of MRG.

Symbol Parameter Value

η0 Initial viscosity 12 Pa s
ρ Density 2.68 g/cm3

λ Thermal conductivity 1W/(m k)
cp Isobaric specific heat capacity 1000J/(kg k)

FIGURE 7 | Slip of shell and inertia ring for each working condition.
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whole rotating domain and set as the dynamic grid–rotating
domain. The grid refinement is conducted for the internal
rotating boundary and external boundary of the MRG domain.

To distinguish and judge the temperature rise amplitude and
rate of MRG in the different domains, as well as the temperature
distribution within the MRG domain, the internal overall MRG
domain is divided into the working domain (Figure 8A) and
non–working domain (Figure 8B). The spatial coordinates of
the temperature measurement points selected in the working
domain of MRG, the non–working domain of MRG, and coil

domain are as follows: (−123/ �
2

√
, 43, −123/ �

2
√

), (−85, 22.5,
−40), and (−64.4, 38, 59.9), taking the center of the circle on the
bottom surface of the model as the origin, as shown in
Figure 8C.

4 RESULTS AND DISCUSSION

The temperature distribution and temperature rise inside the
torsional vibration damper are carried out for working condition

FIGURE 8 | Simulation model of transient temperature field: (A) working domain of the MRG, (B) non–working domain of the MRG, and (C) temperature probe
picking point.

FIGURE 9 | Transient temperature distribution of MRG torsional vibration damper for eachmoment of working condition Ⅰ: (A) t = 0 s, (B) t = 0.4 s, (C) t = 0.8 s, (D) t
= 1.5 s, (E) t = 3 s, (F) t = 4 s, (G) t = 7 s, and (H) t = 10 s.
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Ⅰ, working condition Ⅱ, and working conditionⅢ. The simulation
step is taken as 0.1 s, and the results are analyzed according to the
simulated results of each 0.1 s.

4.1 Temperature Characteristics Analysis
4.1.1 In Working Condition Ⅰ
Figure 9 shows the simulation results of the transient
temperature field of the MRG torsional vibration damper

for working condition Ⅰ. When the 1A current is applied,
the coil generates resistance heat at the initial stage, then it
conducts forced convection heat transfer with the
surrounding MRG. When the slip gradually becomes larger
between the inner and outer rotors, the fluid friction gradually
becomes more intense in the MRG working domain and the
amplitude and rate of temperature rise increase faster. When
running for 10 s, the highest temperature domain inside the
damper is the MRG work domain, and the temperature of
both sides of the end phase is in the range of 47–51°C. The
specific temperature rise trend of each domain is shown in
Figure 10.

According to Figure 10, when the 1A current is applied to
the coil, the magnitude and rate of temperature rise in the
working domain of MRG are the greatest due to higher
viscosity, higher slip, and smaller working gap of this
domain. The temperature rises rapidly from the initial
20°C–51.42°C. As the temperature increases, the degree of
fluid friction is reduced due to the slowing of the increase
in the slip and the viscosity–temperature properties of MRG,
and the temperature rise rate slows down after 5.4 s. In the
process1 stage of Figure 10, the coil is fed with a 1A current,
generating resistance heat and forced convection heat transfer
with the surrounding MRG. In the process 2 stage, after 1.6 s,
the temperature starts to increase due to the heat transfer from
the working domain of MRG to the vicinity of the coil through
the MRG. The temperature of the MRG at the coil domain is
indicated in the “Coil domain” of Figure 10. For the
non–working domain of the MRG, the temperature rise
amplitude and rate are the lowest due to MRG with low
viscosity and a large working gap.

FIGURE 10 | Temperature rise curve of each domain in working
condition Ⅰ

FIGURE 11 | Transient temperature distribution of MRG torsional vibration damper for each moment of working condition Ⅱ: (A) t = 0 s, (B) t = 0.4 s, (C) t = 0.8 s,
(D) t = 1.5 s, (E) t = 3 s, (F) t = 4 s, (G) t = 7 s, and (H) t = 10 s.
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4.1.2 In Working Condition II
Figure 11 shows the simulation results of the MRG torsional
vibration damper working condition II. When the 2A current
is applied, the coil will generate resistance heat at the initial
stage, then it conducts forced convection heat transfer with
the surrounding MRG. The degree of friction of the MRG at
the outermost ring increases sharply due to the gradual
increase of slip, and the magnitude and rate of
temperature rise increase. The specific temperature rise

trend of each domain in working condition II is shown in
Figure 12.

According to Figure 12, when the 2A current is applied, MRG
reaches the magnetic saturation state in the working domain of
MRG, whenMRG viscosity is maximum but the slip is minimum.
Compared to working condition I, the degree of fluid friction is
less, the temperature rises rapidly from the initial 20°C to 38.67°C.
Due to the slowing of the increase in the slip, the temperature rise
rate slows down after 2.8 s. In the process 1 stage of Figure 12,
compared to working condition Ⅰ, the resistance heat generated is
higher due to increased input current. The resistance heat
conducts forced convection heat transfer with the surrounding
MRG. In the process 2 stage, after 2 s, the temperature starts to
increase due to the heat transfer from the working domain of
MRG to the vicinity of the coil through the MRG. The
temperature of the MRG at the coil domain is indicated in the
“Coil domain” of Figure 12. The temperature at the non–working
domain of MRG has the lowest temperature rise amplitude and
rate due to the small viscosity and large working gap.

4.1.3 In Working Condition III
Figure 13 shows the simulation results of the MRG torsional
vibration damper under working condition III. When no current
is applied to the coil, the viscosity and viscous damping force of
MRG are minimum. The slip is the largest between the inner and
outer rotors under working condition III. In the starting stage, the
internal temperature is set at the initial ambient temperature of
20°C. The amplitude and rate of temperature rise at the working
domain due to the slip gradually increase. According to the
simulation results, the temperature at the outermost ring on
both sides of the end face is nearly the same as the temperature at

FIGURE 12 | Temperature rise curve of each domain in working
condition Ⅱ

FIGURE 13 | Transient temperature distribution of MRG torsional vibration damper for each moment of working conditionⅢ: (A) t = 0 s, (B) t = 0.4 s, (C) t = 0.8 s,
(D) t = 1.5 s, (E) t = 3 s, (F) t = 4 s, (G) t = 7 s, and (H) t = 10 s.
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the working domain in 0–10 s. Since the viscosity of the MRG
inside the device is the same in working condition III, the highest
temperature inside the torsional vibration damper is at the
working domain of the MRG when running for 10s, and the
temperature at the two end surfaces is in the range of 38–39°C,
which is nearly the same as the temperature of the MRG in the
working domain. The specific temperature rise trend in each
domain of working condition Ⅲ is shown in Figure 14.

According to Figure 14, the viscosity of MRG inside the device
is consistent when no current is introduced inside the MRG
torsional vibration damper. Due to the small working gap in the
working domain, the temperature rise of MRG is the largest, and
the temperature rises rapidly from the initial 20°C to 39.95°C
within 10 s. After 7.8 s, the temperature rise rate slows down due
to the slowing of the increase in the slip and the
viscosity–temperature characteristics of MRG, and the
temperature rise rate decreases from 2.54 to 2.12. The
temperature at the coil domain still has a high-temperature
rise amplitude and rate due to the heat transfer of MRG. The
amplitude and rate of temperature rise at the non–working
domain of MRG are the lowest due to the large working gap.

4.2 Analysis of Factors of Temperature Rise
When increasing the current applied to the coil, the viscosity of
MRG increases while decreasing the slip between the inner and
outer rotors. To explore the relationship between the input
current and the internal temperature of the device more
precisely, the same transient temperature field simulation
analysis was performed for the incoming 0.5 and 1.5A
currents, and the peak temperature at the 10-s moment was
obtained as shown in Figure 15. When the applied current is
0–1A, the viscosity of the MRG increases rapidly from the initial
viscosity to about 75 Pa s, and the slip between the inner and

outer rotors decreases accordingly. The increase of viscosity
intensifies the fluid friction in the working domain of MRG,
which increases the temperature rise rate. When the applied
current is 1–2A, the slip of the inner and outer rotors decreases
due to the increase of MRG viscosity, and the fluid friction degree
is weakened, which reduces the amplitude and rate of
temperature rise. For the several common working conditions
of the MRG torsional vibration damper studied in this article, the
increase of MRG viscosity is the main factor affecting the
temperature rise when the applied current is 0–1A. The
amplitude and rate of temperature rise are maximum when
the 0.852A current is applied by fitting the curve in Figure 15.
When the applied current is 1–2A, fluid friction is weakened due
to the reduced slip between the inner and outer rotors, thus the
amplitude and rate of the temperature rise are lower.

5 DISCUSSION

In this study, a multi-field coupling approach is used to simulate
and analyze the working conditions of the torsional vibration in
the starting phase. The distribution results of the transient
temperature field simulation reveal the temperature field
distribution and change law inside the MRG torsional
vibration damper, and the relationship curve between current
and temperature is derived from the simulation results, which
provides simulation and theoretical basis for the subsequent heat
dissipation optimization and temperature compensation control.
Due to the simulation time of the Multiphysics simulation
software, this study only simulates several common working
conditions, for the effect of current on temperature, the
corresponding discrete results are obtained, and then the
results are fitted. For the Multiphysics simulation, the
corresponding device model is simplified, which has little
effect on the simulation of the temperature field.

FIGURE 14 | Temperature rise curve of each domain in working
condition Ⅲ

FIGURE 15 | Current–temperature curve.
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6 CONCLUSION

According to the simulation results of each working condition,
the internal temperature distribution pattern of the device is the
highest temperature domain for the working domain of MRG.
The temperature of both end surfaces gradually increases from
the center of the circle along the radial direction. In this study, the
simulation method of fluid–solid coupling was used to reveal the
internal transient temperature gradient in more detail. It provides
guidance for further optimization of heat dissipation considering
the temperature factor.

In this study, the maximum temperature of each working
condition was collated and fitted to obtain the relationship
between current and temperature. By analyzing the five
working conditions, when the applied current is 0–1A, the
increase in MRG viscosity leads to an increase in the rate and
magnitude of temperature rise inside the device. When the
applied current is 1–2A, the viscosity of MRG gradually
reaches the peak, the slip of the inner and outer rotors
decreases, and the magnitude and rate of temperature rise
decrease. When 0.852A current is applied, the amplitude of
the temperature rise reaches the peak. The results provide the
simulation basis for further study of critical parameters.
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Error Analysis in Numerical Simulation
of the Static Pressure Capability of
Magnetic Fluid Seals
Zhenghao Li and Decai Li*

State Key Laboratory of Tribology, Tsinghua University, Beijing, China

Magnetic fluid is a typical type of functional fluid which can be magnetized and
controlled by an external magnetic field. In magnetic fluid seals, magnetic fluid is
attracted in sealing gaps by a magnetic field gradient to form non-contact sealing.
Compared to traditional sealing methods, they possess unique advantages such as
zero leakage, long lifetime, low friction torque, and high reliability. Although the design
and performance estimation of magnetic fluid seals rely mostly on numerical simulation,
a number of simplifications or even mistakes during the simulation process exist in
previous studies. The error caused by simplifications and mistakes has not been
studied, leading to a possible problem of simulation results in reliability and consistency
with experimental data. Here, we examined the influence of common simplifications
and mistakes in numerical simulation of the static pressure capability of magnetic fluid
seals, including material properties, geometric modeling, and theoretical formulas. A
novel method of structure optimization based on a derivative-free multiparameter
algorithm is also presented. A test bench for magnetic fluid seals is established,
and the difference between simulation and experimental results is discussed. This
research provides a precise, efficient, and standard procedure for numerical simulation
of magnetic fluid seals.

Keywords: magnetic fluid, seal, pressure capability, simulation, FEM, optimization

1 INTRODUCTION

Magnetic fluid is a typical type of magneto-sensitive functional material, which contains magnetic
nanoparticles, surfactants, and carrier fluid. To enhance stability, magnetic nanoparticles (usually
10–100 nm) are coated with proper surfactants before they are dispersed in a carrier fluid. Magnetic
fluid can be magnetized and controlled by an external magnetic field. Its response and tunable
characteristics including rheological, morphological, thermal, and optical properties have become a
research focus recently (Zhao et al., 2014; Afifah et al., 2016; Chen et al., 2021). Due to its unique and
controllable properties, magnetic fluid has been widely applied in fields such as cancer treatment
(Kozissnik et al., 2013), high accuracy sensors (Alberto et al., 2018), dampers (Li and Gong, 2019),
water purification (Yang et al., 2019), and so on (Huang et al., 2021).

Among them, magnetic fluid seals (MFSs) are one of the most mature applications. In an MFS,
magnetic fluid is attracted in sealing gaps by a magnetic field gradient to resist a pressure difference.
As a non-contact sealing technology, it possesses unique advantages including zero leakage, long
lifetime, low friction torque, and high reliability (Li, 2010). Therefore, it is suitable for high-demand
sealing conditions such as rotary blood pumps (Mitamura et al., 2008), robot joints (Yang et al.,
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2018), and silicon crystal growing furnaces (Zahn, 2001),
especially with a requirement of vacuum environment and a
long maintenance cycle.

Numerical simulation is a necessary procedure during the
design and performance estimation of MFSs. Generally, the finite
element method (FEM) is used to obtain the magnetic field
distribution. The static pressure capability of an MFS depends
on the magnetization intensity of applied magnetic fluid and the
gradient of magnetic field intensity in sealing gaps. However, it is
practically impossible to measure the magnetic field intensity
experimentally, because the sealing gaps are usually smaller than
0.2 mm, far narrower than the thickness of the smallest Hall
sensor available (about 1 mm) (Szczech and Horak, 2017).
Meanwhile, to realize the largest pressure capability with a
limited axial length and sealing part volume, it is essential to
optimize the geometric structure and predict the pressure
capability during the design process. Kim et al. (2010)
designed an MFS for underwater robotic vehicles by FEM, and
conducted sealing experiments as a comparison. The difference in
the static pressure capability between simulation and experiments
is 9.3%, and the largest difference 33.5% occurs at a rotary speed
of 400 rpm. Yang et al. (2013) proposed an MFS structure with
multiple magnetic sources to improve pressure capability for
sealing gaps larger than 0.25 mm. The simulation result was in
good consistency with experiments when gaps were 0.4 mm, but
the difference increased with the increase of sealing gaps. The
difference was up to 36.0% when gaps were 0.7 mm. Szczęch
(2020) studied the influence of pole tooth shapes and magnetic
fluid volume on the difference, as well as the pressure transfer
mechanism among stages. He found that the difference was
mainly due to the simplification in determining the magnetic
fluid–free surface, and errors accumulated from individual stages.
Cong et al. (2012) designed a twin-shaft MFSs for wafer-handling
robots, and optimized the geometric dimensions in numerical
simulation by varying sealing gaps, tooth width, slot width, tooth
height, and thickness of the shaft in turn. Parmar et al. (2021)
realized the optimization of design parameters using mass data
generated by FEM simulation and then multivariate regression
analysis.

In summary, previous studies have provided a general
numerical simulation of pressure capability during the design
of various MFS structures, and extended MFSs to many
engineering applications. However, the difference between
simulation results and experimental data has always been a
problem for researchers. The influence of simplifications and
mistakes on the simulation error has not been thoroughly studied
yet. A precise and standard procedure for numerical simulation of
MFSs still needs to be proposed. Moreover, most researchers
optimized the geometric structures of MFSs by varying different
parameters in turn, which was inefficient and neglected the
complex joint influence of those parameters.

In this research, the source of errors in numerical simulation of
the static pressure capability of MFSs is examined. The influence of
common simplifications and mistakes in existing studies is
analyzed, including material properties, geometric modeling,
and theoretical formulas. A standard procedure for FEM
simulation of MFSs is proposed. Furthermore, a novel method

of geometric parameter optimization based on a derivative-free
multiparameter optimization algorithm is put forward. Finally, a
test bench for MFSs is established and sealing experiments are
conducted. Differences between improved numerical simulation
and experimental results are discussed.

2 MATERIAL AND STRUCTURE

Magnetic properties of magnetic fluid have a direct influence on
the pressure capability of MFSs, and are key properties in the
definition of materials in numerical simulation. Here, we take two
types of magnetic fluid prepared in our laboratory as examples,
MF-1 and MF-2. The relationship between the applied magnetic
field and magnetization of magnetic fluid (M-H curves) shown in
Figure 1 was measured using a vibrating sample magnetometer
(VSM, LDJ Model 9600) at 20 °C. Important physical and
magnetic properties are listed in Table 1. The coercivity of
these two types of magnetic fluid is low enough, so they can
be regarded as superparamagnetic materials. Therefore, a single-
valued relationship exists between magnetization M and
magnetic field intensity H, and between magnetic induction B
andmagnetic field intensityH. MF-1 is taken as an example in the
demonstration of the following simulation, while both types are
used in sealing experiments.

Figure 2 shows the schematic diagram of a typical MFS
structure. The components to form a closed magnetic circuit
are colored in the figure. The red loop indicates that the magnetic
flux travels from the north pole of the magnet, through the pole
piece, magnet fluid, the shaft, and the other pole piece, and finally
ends at the south pole. Sleeves made of magnetically non-
conductive materials are placed between pole pieces and
bearings, so that the magnet does not affect the performance
of bearings. Pole teeth are placed annularly at the end of the pole
pieces. A strong magnetic field gradient exists in the sealing gaps
between pole teeth and the shaft. As a result, magnetic fluid is

FIGURE 1 | M–H curves of MF-1 and MF-2.
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attracted there by the magnetic force to resist a pressure
difference, forming eight sealing stages. There are several
commonly used shapes of pole teeth, such as triangular,
rectangular, single-side trapezoidal, and isosceles trapezoidal
(Parmar et al., 2018). Here, we focus on isosceles trapezoidal
pole teeth.

3 THEORETICAL BASIS

The pressure capability of MFSs is derived based on the Bernoulli
equation of magnetic fluid. This equation takes mechanical and
magnetic energy into consideration, and is the foundation of
industrial applications of magnetic fluid. For incompressible
Newtonian steady-state liquid, for collinear and temperature-
independent magnetization and in an irrotational flow field, the
Bernoulli equation of magnetic fluid is (Rosensweig, 2013)

p + 1
2
ρfv

2 + ρfgh − μ0 ∫
H

0
MdH � C, (1)

where p, ρf, and v are the pressure, density, and velocity of
magnetic fluid, respectively. g is the gravitational acceleration,
h is the height of magnetic fluid, μ0 is vacuum permeability, M is
the magnetization intensity, H is the magnetic field intensity, and
C is a constant. For a static MFS, if the gravity of magnetic fluid is
negligible compared to the magnetic force, and the boundary of

fluid coincides with the contour line of the magnetic field
intensity approximately, then

p1 − μ0 ∫
H1

0
MdH � p2 − μ0 ∫

H2

0
MdH, (2)

Δp � p1 − p2 � μ0 ∫
H2

H1

MdH, (3)

where p1, p2, H1, and H2 are the pressure and magnetic field
intensity on two sides of magnetic fluid, respectively. The
maximum pressure capability △pmax occurs when

Δpmax � μ0 ∫
Hmax

Hmin

MdH, (4)
Δpmax ≈ μ0Ms(Hmax −Hmin), (5)

where Ms is the saturation magnetization of magnetic fluid, Hmax

andHmin are the maximum andminimummagnetic field intensity
in the sealing gap, respectively. The approximation in Eq. 5 is
under the assumption that the magnetic field intensity is strong
enough for magnetic fluid to reach saturation magnetization. The
error will be discussed later. The total pressure capability of anMFS
is calculated as the sum of each pole tooth.

4 METHODS

4.1 General Procedure of Numerical
Simulation
Magnetic field simulation of MFSs is usually performed by the
finite elementmethod, which divides the entire system into discrete
meshes, establishes algebraic equations of each domain, assembles
them into a larger system of equations and solves it (Cendes et al.,
1983). A general procedure of numerical simulation of MFSs
includes the modeling of geometric structures, definition of
material properties, definition of magnetization and boundary
conditions, meshing, calculation, and post-processing.

During the simulation process, several assumptions are followed.
First, the magnet is magnetized uniformly axially, and the magnetic
properties of other parts are axisymmetric. Therefore, the 3D
structure can be reduced to a 2D axisymmetric model. Second,
those parts made of magnetically non-conductive materials, such as
aluminum alloy and stainless steel, have permeability equal to
vacuum. So only magnetically conductive parts are modeled.
Third, the dimensional error by manufacturing and assembly is
neglectable, and the width of sealing gaps is uniform and constant as
designed. Thematerials are defined tomatch the actual experimental
situation, where the magnet is NdFeB grade N35, and the shaft and
pole pieces are made of low carbon steel 45#. The magnetization

TABLE 1 | Physical and magnetic properties of MF-1 and MF-2.

Magnetic fluid type Carrier fluid Density (g/cm3) Saturation
magnetization (emu/g)

Coercivity (Oe)

MF-1 Kerosene 1.414 33.22 3.10
MF-2 Motor oil 1.275 26.18 14.52

FIGURE 2 | Schematic representation of a typical MFS structure (1-shell,
2-bearing, 3-sleeve, 4-pole piece, 5-magnet, 6-rubber ring, 7-pole tooth, 8-
elastic collar, 9-end cover, 10-round nut, 11-shaft, and 12-magnetic fluid).
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characteristics are defined by their B–H curves. The axisymmetric
condition is applied on the axis of symmetry, and the magnetic
insulation condition is applied on the air boundaries. The initial
magnetic scalar potential of the whole field is zero. The minimum
meshing number in sealing gaps is 10.

4.2 Magnetic Property of Magnetic Fluid
The magnetic property of magnetic fluid is a key factor to
determine the pressure capability. However, the influence of
magnetic fluid on the magnetic field intensity is often ignored.
Because the relative permeability of magnetic fluid is close to 1,
the region of magnetic fluid is usually simplified as the air. This
simplification brings apparent convenience to the modeling of the
sealing structure, but when the magnetic field intensity is low, the
permeability of magnetic fluid is significantly different from the
air. As a result, for MFSs of a large sealing gap or weak magnetic
sources, the error is magnified.

The error in the magnetic field intensity caused by the
magnetic fluid can be solved by defining the B–H relationship
of magnetic fluid during the simulation. The relationship can be
derived from the experimental data of the VSM. However,
because VSM measurements are an open-circuit process, the
demagnetization effect must be taken into consideration.
(Pugh et al., 2011). The magnetic induction B is calculated by

B � μ0(Hin +M) � μ0(Ha +Hd +M) � μ0(Ha + (1 −N) ·M),
(6)

where Hin, Ha, and Hd are the internal, applied, and
demagnetizing magnetic field intensity, respectively; N is the
demagnetizing factor. The demagnetizing factor depends on

the geometry and permeability of the sample. For cylindrical
samples, former research (Chen et al., 1991) has provided a
precise estimation of magnetometric demagnetizing factors of
different ratios of length to diameter. Therefore, with the
geometric dimensions of the cylindrical sample box used in
VSM, the true relationship between B and H can be obtained
by Eq. 6. To study the influence of magnetic fluid on the magnetic
field intensity in sealing gaps, the areas occupied by the magnetic
fluid under pole teeth are defined by the B–H relationship earlier.

4.3 Geometric Modeling
4.3.1 Air Domain
In former studies, a rectangular air domain is usually established to
calculate themagnetic field in the surrounding region, as is shown in
Figure 3A. But theoretically, magnetic energy is distributed in the
whole field, andmagnetic lines can extend to infinity. So a limited air
domainwill inevitably lead to an overestimated pressure capability of
MFSs, due to the neglection of magnetic energy loss in the far field.
On the other hand, the expansion of the air domain significantly
increases the grid numbers and lowers the computational efficiency.
Therefore, a proper dimension of the air domain needs to be defined,
so that the exterior boundaries have little effect on the magnetic field
intensity of the central working area, and the computing time is
acceptable as well.

Furthermore, to realize better calculation accuracy and higher
computing efficiency, infinite elements are employed in the
geometric modeling of the air domain for the first time. In
Figure 3B, region three is a layer of virtual domains which can
be stretched out toward infinity. A semi-infinite coordinate
stretching in the radial direction is applied to the infinite
elements by a mapping function of a dimensionless coordinate,
which changes from 0 to 1 in the infinite element layer (Jin, 2015).
The function is usually rational, so that the infinite domain is
extremely large compared to the geometry dimensions. By this
means, themagnetic field solution of the central working area is not
affected by the artificial boundaries.

4.3.2 Parallel Magnets
In engineering applications, especially when the diameter of the
shaft is large, a single annular permanent magnet as the magnetic
source is too difficult to manufacture or assemble. In these cases,
several or even tens of cylindrical magnets are placed between
adjacent pole pieces in parallel. The problem is that, a 3D model is
more complex and computationally consuming than a 2D
axisymmetric model of the same sealing structure. Therefore,
this study aimed to find a reasonable simplification method of
parallel magnets into a 2Dmodel. The diameter-equivalentmethod
indicates that the equivalent magnet in a 2D model has the same
radial length as a 3D model, and the volume-equivalent method
refers to the same volume as a 3D model. The errors of these two
methods are then compared.

4.3.3 Magnetic Fluid Boundary
According to Eq. 2, if the surface tension of magnetic fluid is
neglectable, then the boundaries of magnetic fluid are assumed to
overlap the contour line of the magnetic field intensity. There are
two possible sources of errors. First, because the boundaries of

FIGURE 3 | Geometric modeling of an MFS structure with (A)
rectangular air domain (B) circular air domain with infinite elements (1-axis of
symmetry, 2-air domain, and 3-infinite domain).
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magnetic fluid at the critical position before a sealing failure occurs
are complex to depict, former studies tend to simplify the
boundaries as parts of a circle or ellipse, or even replace the
magnetic fluid as the air. But the influence of dynamically
changing boundaries of magnetic fluid on the magnetic field
distribution, further on the pressure capability remains
unfocused. Second, the minimum magnetic field intensity under
each pole tooth is determined by the magnetic fluid boundary on
the low-pressure side. As a result, the volume of magnetic fluid at
each sealing stage is themain determinant of pressure capability. In
this part, the precise boundaries of magnetic fluid overlapping the
contour lines of the magnetic field intensity are calculated and
depicted, and the magnetic field distribution is compared with
simplified boundaries. The relationship between the volume of
magnetic fluid and pressure capability is studied quantitatively.

4.4 Pressure Capability Formula
In previous studies (Zhang et al., 2019; Parmar et al., 2020)
about MFSs, Eq. 5 is mostly adopted to evaluate the pressure
capability. The popularity of this formula lies in its simple form,
which divides the magnetic property of magnetic fluid Ms and
magnetic field intensity difference Hmax–Hmin as two separate
objects. The basic assumption here is that, the magnetic field
intensity in sealing gaps is large enough for magnetic fluid to
reach magnetic saturation. However, as is shown in Figure 4,
theM–H curve of typical magnetic fluid can be divided into two
zones, the unsaturated zone and saturated zone. In the
unsaturated zone, as the magnetic field intensity increases,
more domains inside the magnetic fluid reorientate and stay
parallel with the magnetic field. After most domains have been
reorientated, further increase in the magnetic field intensity only
results in a minor change of magnetization.

As a result, the commonly used formula has two problems.
First, when the sealing gap is large, or the magnetic source is not

strong enough, part of the magnetic fluid is far from saturation.
The pressure capability is overestimated consequently. Second,
the saturation magnetization is only an estimated value, because
the magnetization keeps elevating slowly but incessantly. Some
former researchers tried to divide the curve into segments and
calculate the area separately (Li, 2010). In this research, a more
accurate and straightforward method is proposed, which
calculates the integral of interpolation function of the M–H
curve based on Eq. 4.

4.5 Structure Optimization
During the design and evaluation of an MFS structure, the
optimization of geometric parameters of pole teeth is crucial.
It determines the difference of magnetic field intensity in sealing
gaps, and further the pressure capability. Former researchers
(Cong et al., 2012; Szczęch et al., 2017) adopted a “one-by-
one” method to optimize different parameters of pole teeth,
which varies one parameter at a time. Taking rectangular pole
teeth as an example, the width of pole teeth is first varied to find
the largest pressure capability, with the height of pole teeth and
interval between adjacent pole teeth fixed. Then, the optimized
width is fixed and the other parameters are varied one by one.
This optimization method ignores the joint influence on the
pressure capability by different parameters. In other words, an
optimal pole tooth height at a certain width may not be the
optimal value at another width. So this method cannot acquire a
global optimal variable set. Moreover, the efficiency gets poorer if
more variables are considered during the design process.

Here, the coordinate descent method as a derivative-free
multiparameter optimization algorithm is applied to optimize
the geometric parameters of pole teeth. This is a class of
optimization algorithms, where the optimization process is not
based on the derivative of the objective function (Larson et al.,
2019). It is especially appropriate for pole tooth design, because
the relationship between pressure capability and structural
parameters can hardly be solved analytically. By the coordinate
descent method, starting with the control variable set at the start
of kth iteration x(k), a finite number of points are searched along
coordinate directions so that f(x)<f(x(k)). If so, the new
variable set is replaced as x(k+1) � x(k). Otherwise, points are
evaluated from the poll set P(k).

P(k) � {x(k) + αkd
∣∣∣∣d ∈ Dk}, (7)

whereαk is the step size andDk is a positive basis of the variable space. If
a better point with a smaller objective value in the poll set is found so
that f(x(k) + αkd

(k))<f(x(k)), then the variable set is updated.
Otherwise, the variable set remains unchanged, and the step size is
decreased. The optimization process endswhen the step size is less than
a prescribed limitation, or the maximum iteration number is reached.
The optimization results obtained using the coordinate descent
method and “one-by-one” method are compared and discussed.

4.6 Experimental Setup
To validate the improved numerical simulation method, a test
bench for MFSs is established. Key components of the sealing
prototype are shown in Figure 5, including a gas chamber, a

FIGURE 4 |M–H curve of the typical magnetic fluid (1-unsaturated zone,
2-saturated zone).
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shell with two bearings inside, a magnetically conductive inner
sleeve, a shaft, a magnetic unit consisting of parallel magnets
and two pole pieces, and an end cover. The pole pieces are
assembled on the shaft instead of the shell, so that pole teeth are
exposed for the ease of magnetic fluid injection. Two pairs of
pole pieces are manufactured and used. One pair has one
rectangular pole tooth per pole piece, with the width of pole
teeth 1 mm and the height 2 mm. The other pair has five
rectangular pole teeth per pole piece, with the width 0.5 mm,
the height 2 mm, and the interval 2.5 mm. The sealing gap is
0.3 mm.

Figure 6 indicates the set-up of MFS experiments. In each
sealing experiment, a certain amount of magnetic fluid is injected
into each pole tooth, as is shown in Figure 7. Then, the shaft is
pushed into the shell and fixed. The end cover is installed and the
gas and electric circuits are connected. At the beginning, all valves
are closed except for the air compressor. The outflow air is
adjusted to a modest stable pressure (100 kPa for example).
After that, the ball valve is turned on slowly and the air in the
gas chamber is compressed. The pressure in the first and second
stages of the MFS is collected by pressure sensors and written on
the computer. Finally, a sudden pressure drop occurs, indicating
the bursting of magnetic fluid and a sealing failure. The critical
pressure before the failure is recorded as the pressure capability.
For each different sealing condition, the experiments are repeated
three times and the average value and standard deviation are
calculated.

5 RESULTS AND DISCUSSION

5.1 Effect of the Magnetic Property of
Magnetic Fluid
The ratio of length to diameter of the sample box is measured as
0.422, and the demagnetization factor along the magnetic field

direction is 0.242 by interpolation. In Figure 8A, theM–H curve
of MF-1 by different demagnetizing factors is plotted. After
demagnetization correction, the magnetization is higher than
original values, and the largest deviation exists in the
unsaturated zone, where the magnetic field intensity is rather
low. For the sample box used in the experiment, the
demagnetization effect is not obvious.

As is shown in Figure 8B, the magnetic induction of magnetic
fluid is higher than vacuum (or air), but the curves with and
without the demagnetization correction are almost overlapped.
The maximum difference caused by the demagnetization effect is
lower than 1%. The main reason is the relatively low
magnetization intensity of magnetic fluid. The pressure
capability of magnetic fluid with and without the
demagnetization correction and of air is 229.48, 229.04, and
232.86 kPa, respectively. Consequently, an error of 1.5% exists
if magnetic fluid is simplified as air, but the influence of the
demagnetization effect is negligible.

5.2 Effect of Geometric Modeling
5.2.1 Air Domain
For the traditional rectangular air domain, the width of the air
domain is varied from 35 to 200 mm and the pressure
capability is calculated, as is shown in Figure 9. The length
of the air domain is twice the width. The total degrees of
freedom are also depicted reflecting the computing
complexity. As the air domain expands, the pressure
capability decreases rapidly at first, and then converges to
about 229.6 kPa. Meanwhile, the total degrees of freedom rise,
indicating a larger computing amount due to more grids
generated in the air domain. For this traditional air domain
method, a balance between magnetic energy loss in the far field
and computing efficiency needs to be considered, and five
times the size of the working area is recommended in practice.
In comparison, the simulation result by infinite elements is

FIGURE 5 | Key components of the sealing prototype (1-gas chamber,
2-shell with bearings inside, 3-inner sleeve, 4-shaft, 5-magnetic unit, and 6-
end cover).

FIGURE 6 | Test bench for MFSs (1-computer, 2-power supply, 3-data
acquisition card, 4-pressure sensor, 5-air compressor, 6-regulator valve, 7-
sealing prototype, and 8-ball valve).
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229.63 kPa, and the total degree of freedom is 3.1×105. By an
infinite element layer, the error of energy loss the in the far
field is significantly decreased, while the computing efficiency
remains satisfactory. Infinite elements prove to be a better
method to model the air domain.

5.2.2 Parallel Magnets
For MFSs with parallel magnets, the number of magnets used in
the device is determined by the requirement of pressure
capability, the inner space, assembling difficulty, etc. In this
case, different numbers of cylindrical magnets of 10 mm
height and 5 mm diameter are simulated by 3D models. 3D
simulation provides the most precise result evidently, but is
not applicable practically due to the computing time as long
as 100 times of 2D models. Therefore, 2D simulation with
diameter-equivalent and volume-equivalent methods is
conducted. The pressure capability of the former method is
229.48 kPa and the latter is shown in Table 2.

Numerical simulation indicates a significant influence on the
pressure capability by the number or volume of magnets. The
pressure capability increases linearly with the number of parallel
magnets (linear correlation coefficient R = 0.99999), which has
not been reported by previous studies. This indicates a relatively
fixed magnetic energy provided by a certain volume of magnets.
As a result, a large error exists between 3D simulation and 2D
simulation with the diameter-equivalent method, and the error
decreases with more magnets. The relative error from 3D
simulation is 33.3% with 24 parallel magnets. It is mainly
because the gaps between adjacent magnets cannot provide
magnetic energy. Meanwhile, the volume-equivalent method
shows a great consistency with the 3D model for different

FIGURE 7 | Magnetic fluid injection on pole teeth. (A) One pole tooth and (B) five pole teeth per pole piece.

FIGURE 8 | (A) M–H curve and (B) B–H curve of MF-1 with and without demagnetization correction.

FIGURE 9 | Pressure capability (block) and total degrees of freedom
(triangle) with different widths of the rectangular air domain.
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numbers of parallel magnets, which is preferred to simplify a 3D
model with parallel magnets into a 2D axisymmetric one.

5.2.3 Magnetic Fluid Boundary
Three common descriptions of the magnetic fluid boundary
are studied, including the contour line of magnetic field
intensity, ellipses, and simplification as air. The maximum
magnetic field intensity under three conditions is similar, and
the largest difference is about 1%. Consequently, the
magnetization of the magnetic fluid itself has little effect on
the magnetic field distribution. The major influence of the
magnetic fluid boundary is on the determination of minimum
magnetic field intensity in Eq. 4, which is related to the volume
of magnetic fluid under the pole tooth. Due to an uncertainty
pattern of magnetic fluid distribution among multiple stages,
here we take a single pole tooth per pole piece as an example.

Figure 10A demonstrates the magnetic fluid boundaries
(calculated as contour lines of magnetic field intensity) at
critical positions with different volumes. The black line on the
left represents the boundary on the high pressure side, and part of
it is deformed by the concentration of the magnetic field at the
corner of pole teeth. In Figure 10B, the pressure capability
increases with more magnetic fluid injected under the pole
tooth. However, the increase is significant at first but then
slows down. Also, the variation of pressure capability by the
volume can be quite large. In conclusion, the influence of

magnetic fluid boundaries lies in the determination of the
minimum magnetic field intensity, and further the pressure
capability. Although the theoretical volume is small, an
excessive volume of magnetic fluid is usually injected in
experiments. The resulting experimental errors are
discussed later.

5.3 Effect of the Pressure Capability
Formula
For theMFS simulationmodel presented earlier, Eq. 5 as the most
adopted simplification of the pressure capability formula gives a
result of 266.61 kPa, and the integral of interpolation function of
the M–H curve based on Eq. 4 obtains 229.53 kPa. The error of
16.2% comes from the overestimation of saturation
magnetization of magnetic fluid by the simplified formula,
because in this case where the sealing gap is 0.3 mm, the
magnetic field intensity in the sealing gaps is relatively low,
and a large amount of magnetic fluid is far from saturation. In
conclusion, the integral formula based on Eq. 4 is essential to
decrease the simulation error, especially for large sealing gaps or a
weak magnetic source.

5.4 Structure Optimization
For MFSs with isosceles trapezoidal pole teeth, four geometric
parameters have a major influence on the magnetic field

TABLE 2 | Pressure capability of 3D and 2D volume-equivalent models with parallel magnets.

Number
of parallel magnet

Pressure capability by
the 3D model

(kPa)

Pressure capability by
the 2D volume-equivalent

model (kPa)

Relative error (%)

19 132.63 132.83 0.2
20 140.57 140.83 0.2
21 148.53 148.77 0.2
22 156.50 156.75 0.2
23 164.46 164.75 0.2
24 172.18 172.73 0.3

FIGURE 10 | (A) Magnetic fluid boundaries at critical positions with different volumes. (B) Pressure capability varying with the volume of the magnetic fluid.
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distribution, the width of pole teeth Lt, the height of pole teeth Lh, the
angle of pole teeth α, and the interval between adjacent pole teeth Lm.
Since the axial length of pole pieces is usually fixed, the first three
parameters are independent control variables during the structure
optimization, and the pressure capability is the objective function.

The initial parameter set is selected as Lt = 0.8 mm, Lh = 1mm and α
= 55°.

Figure 11 shows the optimization process of the “one-by-one”
method. Pressure capability with different widths of pole teeth is
calculated, and the optimal width value is used in the next step. The

FIGURE 11 | Pressure capability varying with (A) width, (B) height, and (C) angle of pole teeth.

FIGURE 12 | Joint influence on pressure capability by (A) width and height, (B) width and angle, and (C) height and angle.
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optimization result of this method is 231.93 kPa, where the optimal
variable set is Lt = 0.31mm, Lh = 1.01mm, and α = 71.0°. Meanwhile,
the optimization result of the coordinate descent method is 244.64
kPa, with an iteration number of 183. The corresponding variable set
is Lt = 0.45 mm, Lh = 1.81mm, and α = 80.7°. Obviously, the
multiparameter optimization obtains a 5.5% higher objective value
than the traditionalmethod. Themain reason is the joint influence on
pressure capability by different geometric parameters, as is
demonstrated in Figure 12. This figure shows a stationary point
in the variable set space, indicating the existence of a global optimal
solution. However, the solution is not likely to be reached by variation
of one control variable when the other variables remain fixed.

To test the robustness of these two methods, another two initial
variable sets are adopted. The first set is Lt = 0.5mm, Lh = 2mm, and
α = 70°. The second set is Lt = 1mm, Lh = 1.5 mm, and α = 90°. The
“one-by-one” method leads to 241.66 and 236.30 kPa as maximum
pressure capability, respectively. In comparison, the coordinate
descent method obtains nearly the same result about 244.6 kPa at
nearly the same variable set for all three conditions. Apparently, the
multiparameter optimization algorithm is insensitive to initial
values, and has higher design efficiency and a better optimization
result compared to the traditional method.

5.5 Experimental Studies
MFS experiments with two types of magnetic fluid and two pairs of
pole pieces are conducted. For each different sealing condition, the
average value of pressure capability as well as standard deviation is
calculated. The comparison between experimental and simulation
results before and after improvement is shown in Table 3. For the
unimproved simulation, the area of sealing gaps is simplified as air.
The air domain is rectangular with 80mm width and 160mm
length. The calculation of pressure capability is according to Eq. 5.
For the improved simulation, the area occupied by the magnetic
fluid under pole teeth is defined by the B–H relationship of magnetic
fluid after demagnetization correction in Figure 8B. The air domain
is circular with a radius of 70mmand an 8mm thick layer defined as
infinite domains. The calculation of pressure capability is carried out
by the integral of interpolation function of the M–H curve of
magnetic fluid. Parallel magnets are both simplified with the
volume-equivalent method. The improved simulation method
reduces the errors to a large extent. The main reason is the
integral of interpolation function of the M–H curve as the
pressure capability formula in Section 4.4. The advantage and
importance of this formula stand out, especially when the
magnetic fluid is far from magnetic saturation, just like the
sealing prototype. In addition, the application of infinite domains

and proper simplification of magnets also enhance the calculation
precision and efficiency.

However, for both simulation methods, the errors of MFSs with
five pole teeth per pole piece are generally higher than that of single
pole tooth, which indicates amajor problemof the current simulation.
During the present simulation ofmultiple pole teeth, it is assumed that
different sealing stages reach theirmaximumpressure capability at the
same time, and they add up to the total pressure capability. But in fact,
the mechanism of pressure transferring through stages is complex.
The distribution of pressure among different pole teeth depends on
the position of magnetic fluid, the compression process and even the
sealing history, and remains unsolved theoretically. This leads to a
general overestimation of pressure capability with multiple pole teeth
compared to a single pole tooth.

In addition, the experimental setup and operation also
account for part of the error. First, although a certain
amount of magnetic fluid is injected into each pole tooth,
redistribution and loss of magnetic fluid are likely to occur
during the push-in process. Some magnetic fluid will be
attracted near the magnets because of magnetic
concentration. As a result, the actual volume remaining
under pole teeth may be insufficient, and the pressure
capability will decrease. Second, the sealing gap is not
always uniform as 0.3 mm circularly, so the bursting of
magnetic fluid tends to occur where the sealing gap is
larger. The dimensional error by manufacturing and
assembly also leads to deviation.

6 CONCLUSION

In this research, the source of errors in numerical simulation of the
static pressure capability of MFSs is analyzed. The influence of
common simplification and mistakes on the simulation result in
former research works is studied, including magnetic properties,
geometric modeling, and pressure capability formulas. Modeling of
parallel magnets, the volume of magnetic fluid, and simplification
of pressure capability formula prove to be main sources of the
error. Novel techniques are raised to enhance the precision and
efficiency of numerical simulation, such as demagnetization
correction, infinite elements, and integral formula of pressure
capability. In addition, the coordinate descent method as a
derivative-free multiparameter optimization algorithm is first
used to optimize geometric parameters of pole teeth. Finally,
MFS experiments are conducted, and the improved simulation
method shows a smaller deviation from experimental results than

TABLE 3 | Comparison between experimental and simulation results under different MFS conditions.

Number of
pole teeth
per pole
piece

Magnetic fluid
type

Experimental result
(kPa)

Simulation result
before improvement

(kPa)

Relative error
(%)

Simulation result
after improvement

(kPa)

Relative error
(%)

1 MF-1 40.62 ± 1.39 61.85 34.3 48.28 15.9
1 MF-2 29.55 ± 1.51 43.95 32.8 35.62 17.0
5 MF-1 77.96 ± 3.46 142.21 45.2 99.83 21.9
5 MF-2 63.50 ± 3.17 101.05 37.2 73.82 14.0
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the traditional one. This research provides a precise, efficient, and
standard procedure for numerical simulation of magnetic fluid
seals. For rotating seals, this procedure is still fundamental and
applicable, but the influence of the centrifugal force and elevating
temperature should be taken in consideration. Future research will
focus on in situ observation of magnetic fluid and its distribution
among multiple pole teeth.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

ZL conducted the numerical simulation and sealing experiments
of the magnetic fluid and completed the writing of this
manuscript. DL prepared two types of magnetic fluid and
designed the research approach.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant numbers U1837206, 51735006,
and 51927810).

REFERENCES

Afifah, A. N., Syahrullail, S., and Sidik, N. (2016). Magnetoviscous Effect and
Thermomagnetic Convection of Magnetic Fluid: A Review. Renew. Sustain.
Energy Rev. 55, 1030–1040. doi:10.1016/j.rser.2015.11.018

Alberto, N., Domingues, M., Marques, C., André, P., and Antunes, P. (2018).
Optical Fiber Magnetic Field Sensors Based on Magnetic Fluid: A Review.
Sensors 18 (12), 4325. doi:10.3390/s18124325

Cendes, Z., Shenton, D., and Shahnasser, H. (1983). Magnetic Field Computation
Using Delaunay Triangulation and Complementary Finite Element Methods.
IEEE Trans. Magn. 19 (6), 2551–2554. doi:10.1109/tmag.1983.1062841

Chen, D.-X., Brug, J. A., and Goldfarb, R. B. (1991). Demagnetizing Factors for
Cylinders. IEEE Trans. Magn. 27 (4), 3601–3619. doi:10.1109/20.102932

Chen, F., Ilyas, N., Liu, X., Li, Z., Yan, S., and Fu, H. (2021). Size Effect of Fe3O4
Nanoparticles on Magnetism and Dispersion Stability of Magnetic Nanofluid.
Front. Energy Res. 9, 780008. doi:10.3389/fenrg.2021.780008

Cong, M., Wen, H., Du, Y., and Dai, P. (2012). Coaxial Twin-Shaft Magnetic Fluid
Seals Applied in Vacuum Wafer-Handling Robot. Chin. J. Mech. Eng. 25 (4),
706–714. doi:10.3901/CJME.2012.04.706

Huang, T., Song, F., Wang, R., and Huang, X. (2021). Numerical Simulation Study
of Tracking the Displacement Fronts and Enhancing Oil Recovery Based on
Ferrofluid Flooding. Front. Earth Sci. 9, 759862. doi:10.3389/feart.2021.759862

Jin, J. (2015). The Finite Element Method in Electromagnetics. Hoboken, NJ: John
Wiley & Sons.

Kim, D.-Y., Bae, H.-S., Park, M.-K., Yu, S.-C., Yun, Y.-S., Cho, C. P., et al. (2010). A
Study of Magnetic Fluid Seals for Underwater Robotic Vehicles. Int. J. Appl.
Electrom. 33 (1-2), 857–863. doi:10.3233/JAE-2010-1195

Kozissnik, B., Bohorquez, A. C., Dobson, J., and Rinaldi, C. (2013). Magnetic Fluid
Hyperthermia: Advances, Challenges, and Opportunity. Int. J. Hyperth. 29 (8),
706–714. doi:10.3109/02656736.2013.837200

Larson, J., Menickelly, M., and Wild, S. M. (2019). Derivative-Free Optimization
Methods. Acta Numer. 28, 287–404. doi:10.1017/S0962492919000060

Li, D. (2010). Theories and Applications of Magnetic Fluid Sealing. Beijing, China: China
Science Press.

Li, Z., and Gong, Y. (2019). Research on Ferromagnetic Hysteresis of a
Magnetorheological Fluid Damper. Front. Mat. 6, 111. doi:10.3389/fmats.2019.00111

Mitamura, Y., Arioka, S., Sakota, D., Sekine, K., and Azegami, M. (2008).
Application of a Magnetic Fluid Seal to Rotary Blood Pumps. J. Phys.
Condens. Matter 20 (20), 204145. doi:10.1088/0953-8984/20/20/204145

Parmar, S., Ramani, V., Upadhyay, R. V., and Parekh, K. (2018). Design and
Development of Large Radial Clearance Static and Dynamic Magnetic Fluid
Seal. Vacuum 156, 325–333. doi:10.1016/j.vacuum.2018.07.055

Parmar, S., Ramani, V., Upadhyay, R. V., and Parekh, K. (2020). Two Stage
Magnetic Fluid Vacuum Seal for Variable Radial Clearance. Vacuum 172,
109087. doi:10.1016/j.vacuum.2019.109087

Parmar, S., Upadhyay, R. V., and Parekh, K. (2021). Optimization of Design
Parameters Affecting the Performance of a Magnetic Fluid Rotary Seal. Arab.
J. Sci. Eng. 46 (3), 2343–2348. doi:10.1007/s13369-020-05094-1

Pugh, B. K., Kramer, D. P., and Chen, C. H. (2011). Demagnetizing Factors for
Various Geometries Precisely Determined Using 3-D Electromagnetic Field
Simulation. IEEE Trans. Magn. 47 (10), 4100–4103. doi:10.1109/TMAG.2011.
2157994

Rosensweig, R. E. (2013). Ferrohydrodynamics. Mineola, NY: Courier Corporation.
Szczech, M., and Horak, W. (2017). Numerical Simulation and

Experimental Validation of the Critical Pressure Value in
Ferromagnetic Fluid Seals. IEEE Trans. Magn. 53 (7), 1–5. doi:10.1109/
TMAG.2017.2672922

Szczęch, M., Horak, W., and Salwiński, J. (2017). The Influence of Selected
Parameters on Magnetic Fluid Seal Tightness and Motion Resistance.
Tribologia 4, 71–76. doi:10.5604/01.3001.0010.5997

Szczęch, M. (2020). Magnetic Fluid Seal Critical Pressure Calculation Based on
Numerical Simulations. Simulation 96 (4), 403–413. doi:10.1177/
0037549719885168

Yang, C., Yu, M., Cao, X., and Bian, X. (2019). Application of Amorphous
Nanoparticle Fe-B Magnetic Fluid in Wastewater Treatment. Nano 14 (09),
1950119. doi:10.1142/S1793292019501194

Yang, X., Chen, F., Gao, S., and Chen, Y. (2018). Magnetic Field Finite Element
Analysis of Concentric Biaxial Stepped Ferrofluid Seals. Int. J. Appl. Electrom.
58 (4), 471–481. doi:10.3233/JAE-180060

Yang, X., Zhang, Z., and Li, D. (2013). Numerical and Experimental Study of
Magnetic Fluid Seal with Large Sealing Gap andMultiple Magnetic Sources. Sci.
China Technol. Sci. 56 (11), 2865–2869. doi:10.1007/s11431-013-5365-4

Zahn, M. (2001). Magnetic Fluid and Nanoparticle Applications to
Nanotechnology. J. Nanopart Res. 3 (1), 73–78. doi:10.1023/A:1011497813424

Zhang, Y., Chen, Y., Li, D., Yang, Z., and Yang, Y. (2019). Experimental Validation
and Numerical Simulation of Static Pressure in Multi-Stage Ferrofluid Seals.
IEEE Trans. Magn. 55 (3), 1–8. doi:10.1109/TMAG.2017.2744606

Zhao, Y., Wu, D., Lv, R.-Q., and Ying, Y. (2014). Tunable Characteristics and
Mechanism Analysis of the Magnetic Fluid Refractive Index with Applied
Magnetic Field. IEEE Trans. Magn. 50 (8), 1–5. doi:10.1109/TMAG.2014.2310710

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li and Li. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 93296411

Li and Li Magnetic Fluid Seal Simulation Analysis

63

https://doi.org/10.1016/j.rser.2015.11.018
https://doi.org/10.3390/s18124325
https://doi.org/10.1109/tmag.1983.1062841
https://doi.org/10.1109/20.102932
https://doi.org/10.3389/fenrg.2021.780008
https://doi.org/10.3901/CJME.2012.04.706
https://doi.org/10.3389/feart.2021.759862
https://doi.org/10.3233/JAE-2010-1195
https://doi.org/10.3109/02656736.2013.837200
https://doi.org/10.1017/S0962492919000060
https://doi.org/10.3389/fmats.2019.00111
https://doi.org/10.1088/0953-8984/20/20/204145
https://doi.org/10.1016/j.vacuum.2018.07.055
https://doi.org/10.1016/j.vacuum.2019.109087
https://doi.org/10.1007/s13369-020-05094-1
https://doi.org/10.1109/TMAG.2011.2157994
https://doi.org/10.1109/TMAG.2011.2157994
https://doi.org/10.1109/TMAG.2017.2672922
https://doi.org/10.1109/TMAG.2017.2672922
https://doi.org/10.5604/01.3001.0010.5997
https://doi.org/10.1177/0037549719885168
https://doi.org/10.1177/0037549719885168
https://doi.org/10.1142/S1793292019501194
https://doi.org/10.3233/JAE-180060
https://doi.org/10.1007/s11431-013-5365-4
https://doi.org/10.1023/A:1011497813424
https://doi.org/10.1109/TMAG.2017.2744606
https://doi.org/10.1109/TMAG.2014.2310710
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Unsteady extension of
quasi-steady physical modeling
and experimental verification of a
magnetorheological energy
absorber
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Magnetorheological (MR) fluids are promising in controllable damping based on

regulated apparent viscosity under magnetic field control, and they are

employed in various damping devices such as automotive dampers and

energy absorbers for artillery or landing gears by medium substitution with

structural adaptations. In this study, we designed and fabricated a

magnetorheological energy absorber (MREA) with disc springs as recoiling

parts, modeled the MR fluid flow based on the Bingham constitutive model,

and then carried out unsteady extension based on the quasi-steady model. The

experimental tests of the MREA show that the unsteady extension of the quasi-

steady model can designate the behaviors of the MREA in different impact

speeds better than the original; thus, the controllability of the MREA is verified.

An interesting phenomenon, where a rippled MREA peak force is observed at

the saturated excitation when the impact speed is not so high and disappears

when the impact speed is high enough, is accounted from the viewpoint of flow

modeling and finally verified by more experimental results.

KEYWORDS

magnetorheological, energy absorber, quasi-steady modeling, unsteady modeling,
experimental verification

Introduction

For several decades, we have witnessed the progressive prosperity of MR-based

technologies from the 1990s with the invention of MR fluid by J. Rabinow (). However,

nowadays, the lack of investigation of new theories or proposal of new applications and

the dilemma of performance uncertainty partly resulting from MR fluid sedimentation

have confined related research to the descending channel. MR fluid, however, is still

advantageous for its effectiveness and efficiency when adopted for vibration suppression

and shock absorption because of the quick and reversible change in the yielding stress

under the applied magnetic field, and thus the apparent viscosity.

MR devices can be classified into rotary types such as MR clutch (Bucchi et al., 2014;

Rizzo et al., 2015; Park et al., 2021) andMR brake (Poznic et al., 2017;Wang and Bi, 2020),
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which are less troubled by the performance estimation because

they are in pure shearing mode, and reciprocal types such as MR

damper (Wang et al., 2018; Li and Yang, 2020; Sheng et al., 2022)

and MR energy absorber (MREA), which are always employed

for vibration and shock mitigation. The MR damper is mostly

utilized in an automotive suspension, however, the MREA is

mostly employed in a high-speed impact such as an anti-recoil

system of artillery (Li and Wang, 2012), there are difficulties in

the behavior prediction to an extent because of the working

modes based on pressure differences resulting from piston

movement.

A traditional buffer can reduce the impact of the moving

mass by gradually decreasing the speed until zero at the end of

their stroke. In the process, the buffer performance is controlled

through a specified throttling which is varied with the stroke,

such as the throttling bar in a gun recoil mechanism and the

metering pin in a landing gear for airplanes. The stroke-

controlled throttling is optimized with a specified working

condition and it is impossible to adapt to varying

requirements. For example, in a carrier-based aircraft landing

gear design, the landing speed is crucial and full of

contradictions. The aircraft parameters such as entry speed,

ship engagement speed, and landing weight and the sea

conditions including the instability of the ocean caused by the

hull of the ship swaying, vertical shaking, and hanging have

significant impacts on the aircraft carrier, and all of these

demands a smart controlled buffer that can handle the

landing process based on the real-time circumstances. MREA

is a promising scheme in this regard. M. Wang (Wang et al.,

2020) presented a minimum duration deceleration exposure

(MDDE) control method for a drop-induced shock mitigation

system using an MREA at high sink rates, and the key goal of

MDDE control is that the payload should come to rest after fully

using the available MREA stroke, that is, to accomplish a soft

landing without exceeding the maximum allowable deceleration

and simultaneously minimizing the duration of exposure to the

maximum allowable deceleration.

For continuous operation, an MREA is generally equipped

with parallel spring elements which provide the power for driving

the piston back, and the MR fluid is activated by the magnetic

structure situated in the piston to provide controllable damping

in its operation stroke. The damping force can be adjusted by the

excitation current until the magnetic path is saturated. N. Werely

(Wereley and Pang, 1998) initiated the quasi-steady modeling for

MR dampers based on parallel plate models, and Bai (Bai et al.,

2012) proposed anMREA structure with dual concentric annular

valves, which employed an inner-set permanent magnet to

decrease the field-off damping force by decreasing the baseline

damping force, while keeping an appropriate dynamic range for

improving shock and vibration mitigation performance. To

estimate the mechanical behavior of the MREA, M. Mao

(Mao et al., 2013) focused on nonlinear MREA models that

can predict MREA dynamic behavior more accurately for

nominal impact speeds up to 6 m/s. A hydromechanical

model with nonlinear behavior was employed to estimate the

impact progress, but the unsteady performance with time-variant

flow development was not actually realized. B.E. Powers (Powers

et al., 2016) presented the improvement of a Bingham-plastic

damper model incorporated with refined minor losses by

considering fluid friction models so as to predict the stroking

load of a magnetorheological energy absorber (MREA) during

high-speed impact.

In the MREA control application, Hu (Hu et al., 2012) et al.

investigated the MREA systematically and paid attention to the

delay from the powering circuit and magnetic hysteresis and thus

the response time. Q. Ouyang (Ouyang et al., 2020) verified the

feasibility and controllability of a designed multi-stage MREA in

two kinds of recoil buffer system; the conducted impact tests

under different current loadings showed that the different buffer

control effects were realized by changing the input current, but

the ideal “platform effect” could not be completely realized

because the controllable damping force was not big enough.

Generally speaking, a well-designed MREA is promising for

the controllable buffering control, but because of the complicated

constitutive model of MR fluid, the performance of the designed

MREA is difficult to predict, and so it is not easy to optimize the

MREA design. Traditionally, MR flow modeling is based on a

quasi-steady condition at a steady or slow-changing impact

speed, which is not fully qualified for the force prediction of

MREA. In this paper, we propose an unsteady extension of the

quasi-steady modeling to better forecast the behavior of a

fabricated MREA, and experimental tests are carried out to

make the appraisal.

Design of MREA

We proposed a study on MREA in a previous paper (Shou

et al., 2018) and carried out the modeling considering inertia

effects. In this paper, we optimize the MREA design with a piston

of a larger radius, which decreased the flow velocity in the gap

with a relatively large pressure area. The number of disc springs

was reduced but the size was increased to decrease the

nonlinearity according to Ref. (Du et al., 2021), because the

spring combination is treated linearly when the deformation is

less than 15% relative to the free height.

FIGURE 1
MREA structure.
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A general design of an MREA is shown in Figure 1. Passing

through the neck of the cylinder with seals, a piston rod is

connected with the electro-magnetic piston. A volume

compensation is set at the other end of the cylinder to adapt

the movement the piston rod with a floating piston.

A uniform disc spring (UDS) with a rectangular section is

adopted as the restoring mechanism; the parameters are shown

in Figure 2. In this work, we designed anMREAwith 95 restoring

disc springs to satisfy a maximum stroke of 60 mm with 20 mm

pre-compression, where the single spring will deform as much as

0.84 mm under the impact if they are uniformly distributed.

An axisymmetric schematic of the magnetorheological valve

is shown in Figure 3. It is separated with three coils each

180 turns. Four segments of magnetic yoke with a radius Rp

of 44 mm made of pure iron take the role of piston, and the

wiring is threaded out of the piston rod in a radius Rr of 16 mm

with a center hole of 5 mm in diameter. The cylinder is made of

mild steel with a radius Rc of 45 mm, and a flow gap of 1 mm is

formed with the piston. When the piston is pulled out of the

cylinder under the impact load, the MR fluid is forced flow

through the gap under the induced pressure with the relative

shear motion between the cylinder and piston, which forms the

so-called mixed working mode.

The MR valving principle is somewhat difficult in

consideration of MR fluid characteristics, magnetic field

distribution, and the transmission from electromagnetic to

magnetorheological, but undisputedly, it can be regarded as a

valve with the capability of controlling the MR fluid flow between

zero field and saturation (Hu et al., 2016). In this research, the

piston and the cylinder thickness are sufficiently sized to make a

strong enough magnetic induction in the MR gap, and then the

maximum shear yielding stress of MR fluid will be applicable. As

shown in Figure 3, the average magnetic flux in the gap

approaches 0.65 Tesla, which is strong enough for MR fluid

to reach its saturation condition. According to the MR effect, MR

fluid behaves like a Newtonian fluid in zero field, which can be

demonstrated with density ρ and viscosity η0, and like a Bingham
fluid (Li et al., 2021) when stimulated:

⎧⎪⎨
⎪⎩

_γ � 0, |τ|< τy

τ � sgn( _γ)τy + η _γ, |τ|≥ τy
(1)

This means that the stimulated MR fluid is capable of bearing

static load until the shear yield flow happens, where τ is the

dynamic stress, _γ is the shear rate, and τy is the shear yielding

stress of MR fluid. η ≈ η0 according to the rheological test.

FIGURE 2
Outline and parameters of a piece of disc spring.

FIGURE 3
Schematic and magnetic distribution of the magnetorheological valve in MREA.
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Physical modeling

The dynamic behaviors of an MREA are complicated

because there are many contributing factors. Generally

speaking, the total force comprises the damping force

resulting from the MR fluid flow and the elastic force of

the disc springs; the friction between moving parts and the

interaction with volume compensation are always neglected

to better understand the rheological mechanism because they

are relatively small. Moreover, the averaged magnetic

distribution and thus homogeneous MR fluid properties

are assumed in the physical modeling.

Quasi-steady modeling of MREA

MR fluid flow in the gap is assumed to be uncompressible

and continuous and the gravity effect neglectable; the N-S

equations can be expressed as:

ρ
zu(y, t)

zt
+ zp(x, t)

zx
� zτ(y, t)

zy
(2)

Based on the pressure transmission in the gap, the pressure

gradient in the gap can be treated as constant, and then:

ρ
zu(y, t)

zt
− zτ(y, t)

zy
� Δp(t)

l
(3)

Where u is the unidirectional flow velocity distribution along the

y-axis and l � 135mm is the total length of the piston. When the

flow is granted as a quasi-steady model, the momentum term will

be zero, and then:

dτ(y)
dy

+ Δp
l

� 0 (4)

So,

τ(y) � −Δp
l
y + c (5)

When the MR fluid is excited, as shown in Figure 4, the flow

in the gap can be divided into three layers: the layers of shear

yield flow close to the piston and cylinder, called SF-1 and SF-3,

and the rigid flow layer RF-2 sandwiched between the shear yield

layers. The origin of the coordinate is fixed at the point where the

gap flow starts, neighboring the piston surface, but it does not

move with the piston. The cylinder is kept static, but the piston is

pulled out at the speed of −vp(t), u(y1) � u(y2) because the RF-
2 is in rigid flow and no-slip walls apply. The velocity profile u(y)
of MR fluid flow is shown in Figure 4, and can be solved as

follows.

u(y) �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−Δp
2ηl

(y2 − 2y1y) − vp, 0<y<y1

u(y1) � u(y2), y1 <y<y2

−Δp
2ηl

[y2 − h2 + 2y2(h − y)], y2 <y< h

(6)

The MR fluid volume can be calculated as:

Q � 2π(Rp + Rc)∫
h

0
u(y)dy � πvp(R2

p − R2
r) (7)

The force of the MR valve generated is:

Fquasi � π(R2
p − R2

r) · Δp (8)

Unsteady extension of quasi-steadymodel

In the quasi-steady modeling of the MR valve, estimation

error would result if all the momentum terms related to time and

MR fluid density were omitted, which would deviate the

experimental results in the preliminary design of a landing

gear or anti-recoil system. The MR fluid flow of the three

layers can be reanalyzed by considering the momentum terms

as follows.

In the SF-1 layer, u(y) � u1(y) and

|τ|≥ τy, dudy> 0, u(0, t) � −vp(t), u(y, 0) � 0. So,

u1(y, t) � ∫t

0
w1(y, t; σ)dσ − vp(t) (9)

Where υ � η
ρ is the kinetic viscosity of MR fluid, and

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

w1t(y, t) − υw1yy(y, t) � 0

w1(0, t) � 0, w1y(y1, t) � 0

w1(y, σ) � vp(0) + _vp(σ) + Δp(σ)
ρl

(10)

Equation 10 is partial differential equation with

homogeneous boundary conditions; the variable separation

method can be used to transform it into two ordinary

differential equations and obtain the solution, where

w1(y, t; σ) � Y(y)T(t), and then

FIGURE 4
The flow profile modeling for MREA.
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{Y′, (y) + λY(y) � 0
T′(t) + λυT(t) � 0

(11)

So, the solution will be

{Y(y) � Acos( �
λ

√
y) + Bsin( �

λ
√

y)
T(t) � Ce−λυt

(12)

A, B, and C are constants. The boundary conditions apply,

and we can obtain:

A � 0, λ1n � (nπ
h
)2

(n � 1, 2, 3, . . .) (12a)

The general solution of w1(y, t; σ) is

w1(y, t; σ) � ∑
∞

n�1
Cn sin(

���
λ1n

√
y) exp(−λ1nυt) (13)

Substituting the initial condition of w1(y, σ) � vp(0) +
_vp(σ) + Δp(σ)

ρl into the above equation,

w1(y, t; σ) � ∑
∞

n�1

⎧⎨
⎩
4[vp(0) + _vp(σ) + Δp(σ)

ρl
]

(2n − 1)π

× sin( ���
λ1n

√
y) exp[ − λ1nυ(t − σ)]⎫⎬⎭ (14)

Then, the velocity profile in the SF-1 layer can be

expressed as:

u1(y, t) � ∑
∞

n�1

4

(2n − 1)π sin(
���
λ1n

√
y) ∫

t

0
{[vp(0) + _vp(σ) + Δp(σ)

ρl
]

× exp[ − λ1nυ(t − σ)]}dσ − vp(t) (15)

In the SF-3 layer, u(y) � u3(y) and |τ|≥ τy, du
dy< 0,

u(h, t) � 0, and u(y, 0) � 0. Similarly, we can have the

velocity profile as follows:

u3(y, t) � ∑
∞

n�1
{ 4(−1)n−1
(2n − 1)π cos[

���
λ3n

√ (y − y2)]

× ∫
t

0

Δp(σ)
ρl

exp[ − λ3nυ(t − σ)]dσ} (16)

where

λ3n � [ 2n − 1
2(h − y2)]

2

(16a)

In the RF-2 layer, u(y) � u2(y), |τ|< τy, du
dy< 0, and

u2(y, t) � u1(y1, t) � u3(y2, t), so,

u2(y, t) � ∑
∞

n�1

4(−1)n−1
(2n − 1)π∫

t

0
{[vp(0) + _vp(σ) + Δp(σ)

ρl
]

× exp[ − λ1nυ(t − σ)]}dσ − vp(t)

� ∑
∞

n�1

4(−1)n−1
(2n − 1)π∫

t

0

Δp(σ)
ρl

exp[ − λ3nυ(t − σ)]dσ (17)

We can write the N-S equation again as follows:

zu(y, t)
zt

− υ
z2u(y, t)

zy2 � Δp(t)
ρl

(18)

We can substitute the velocity profile u2(y, t) into it to obtain

τ � [ρ zu2(y, t)
zt

− Δp(t)
l

]y + E (19)

Where u2(y, t) is a function of time and independent with y

because the velocity keeps constant in layer RF-2, and the

boundary condition of τ(y1) � τy and τ(y2) � −τy applies, then:

τy � [ρ zu2(y, t)
zt

− Δp(t)
l

]y1 + E

−τy � [ρ zu2(y, t)
zt

− Δp(t)
l

]y2 + E

(19a)

So,

y2 − y1 � 2τy[Δp(t)
l

− ρ
zu2(y, t)

zt
]
−1

(20)

Lastly, the MR fluid volume should satisfy that.

Q � πvp(t)(R2
p − R2

r) � b(∫y1

0
u1(y)dy + ∫y2

y1

u2(y)dy)

+∫h

y2

u3(y)dy (21)

where

b � 2π(Rp + Rc) (21a)

So,

Funsteady � π(R2
p − R2

r) · Δp(t) (22)

TABLE 1 Parameters of MR fluid.

Density 2.65 g/cm3

Viscosity at 20°C 0.8 Pa.s

Maximum shear yielding stress 50 kPa at 0.6 Tesla

Frontiers in Materials frontiersin.org05

Zou et al. 10.3389/fmats.2022.942318

68

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.942318


Experimental verification

Drop test of MREA

Two MREAs were manufactured and assembled with the

parameters mentioned above. MR fluid was produced by the

Chongqing Materials Research Institute; its main parameters are

listed in Table 1. Only the maximum shear yielding stress is

presented here because the utmost performance of the MREA is

concerned.

The disc springs were fabricated by a company in Yangzhou,

China, and 50CrVA spring steel was employed to prepare the

disk spring samples without heat processing including hardening

(Shou et al., 2018). A microcomputer-controlled spring tension

and compression tester were utilized to measure the

load–deflection relationship of the disk springs and a loading

rate of 0.3 mm/s was applied in the testing. Lubricating oil was

smeared to reduce the friction between the spring pieces. The

deformation parameters were tested but the behavior under the

impact was not investigated because of the device limit, so the

springs were taken as a linear series combination. The elastic

modulus of a single spring was 5.7 kN/mm and about 60 N/mm

for the series combination to fulfil a preload of 1.2 kN.

The coils of the MR valve were wrapped manually and the

enameled wire with diameter of 0.8 mm was used. The outside

layer of the coils was sealed with epoxy resin for isolating and

flow smoothing. To ensure the magnetic field between the coils,

the three coils were wrapped as clockwise–counter

clockwise–clockwise. The finite element analysis was carried

out to guarantee that the magnetic flux is strong enough to

approach the yielding stress saturation of MR fluid when the

current is 3.0 A, which reduces the MREA appraisal into the

range determination between saturation and zero field.

A drop test bench illustrated in Figure 5 was prepared for

the MREA appraisal. Two MREAs were installed upside-down

on the mounting pads at both sides with a connecting

crossbeam to accept the impact from a mass block of

120 kg, guided by the column when dropped under gravity.

A laser distance measuring instrument was used to record the

movement, and two piezoelectric sensors were clamped

between the load plates with each MREA. The total force of

two MREAs generated in the impact is the sum of the four

sensors, and includes the forces from the disc springs and

damping force. However, when in zero field, the damping

force is purely the viscous damping, but the Coulomb

damping force arises when the MREA is powered.

The MREA works under the impact to avoid too long

strokes by heightening the damping force under the control,

and the initial impact speeds when the mass block hits the

connecting crossbeam were set to 1.5 m/s and 3.0 m/s,

fulfilled by adjusting the drop heights of the mass block.

To compare the controllability of the MREA, the tests were

carried out both at zero field and the saturated excitation at

two impact velocities of 1.5 m/s and 3.0 m/s to obtain the total

forces by summing four parallel force sensors, and the data

are shown in Figure 6.

When the MREA is not excited, the total forces at both

1.5 m/s and 3.0 m/s experience a sudden growth and reach

their peak at about 5–6 ms where the maximum impact

speeds are reached, and then the buffering lasts with a

smooth and slow total force decrement. There is a little

recoil motion at the end of the buffering process, and the

larger the impact speed is, the sooner the peak force reaches

and the more apparent the recoil motion will be. When the

MREA is excited, the peak force is tremendously heightened,

FIGURE 5
Experiments based on the drop test bench.

FIGURE 6
The experimental results for MREA at different impact speeds
and excitations.
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which results quick energy absorption at the early stage of the

buffering. In terms of the peak force of the MREA, there is

over twofold growth when the impact speed is 1.5 m/s

between the saturated current excitation and zero field,

and almost 1.6-fold growth at 3.0 m/s impact speed. The

growth ratio decreases with the impact speed because the

viscous damping force increases while the Coulomb damping

force remains constant.

Modeling comparison

To make a comparison with the experimental results, both

the quasi-steady model and its unsteady extension were

calculated with MATLAB platform. Figure 7 shows the

comparison between the experimental results with the quasi-

steady modeling and its unsteady extension at zero field, and the

impact speeds are 1.5 m/s and 3.0 m/s, respectively. Because it is

in zero field, the yielding stress of MR fluid is zero, and the quasi-

steady model is degraded to

u(y) �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

−Δp
2ηl

(y2 − 2y1y) − vp(t), 0<y<y1

y1 � y2

−Δp
2ηl

[y2 − h2 + 2y2(h − y)], y2 <y< h

(23)

The velocity profile is an asymmetrical parabola in the

narrow flow gap because of the shear motion between the

walls. In the same way, Eqn. 17 will disappear because the

condition of |τ|< τy is no longer set since the yielding stress

is zero. Thus, the boundary conditions of y1 � y2 and u1(y1, t) �
u3(y2, t) established for Eqs. 15, 16 give rise to a small difference

between the quasi-steady model and its unsteady extension. As a

conclusion, the analytical predictions of both models

approximate the experimental results well, although the

unsteady modeling behaves slightly better because there is a

momentum effect as long as the flow is established.

The same comparison is carried outwhen theMREA is excited at

the saturated condition of the 3.0 A current both in 1.5 m/s and

FIGURE 7
The force between the experiments and the models at zero field: (A) 1.5 m/s; (B) 3.0 m/s.

FIGURE 8
The force between the experiments and the models at 3.0 A: (A) 1.5 m/s; (B) 3.0 m/s.
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3.0 m/s, and the results are shown in Figure 8. It is obvious that with

impact progress, both themodels successfully predict the buffering to

zero in shorter time because of more energy absorption compared to

zero field. Both models reflect the total force tendency as the

experimental results have relatively large errors. The quasi-steady

model experiences similar start processes with the experimental tests

at the start period of the impact, and then diverges when total forces

accumulate because the neglected inertial effect becomes notable. The

unsteady extension behaves better to trace the experimental results

than the original after taking the inertial effect into consideration, and

generally gives out acceptable prediction.

However, it is interesting that a rippled peak, which is shown in

Figure 8A, appears for the experimental total force of a fully excited

MREA at 1.5 m/s impact speed, whereas a single peak remains at

3.0 m/s impact speed, and this can be explained by the dynamic

development of the flow layer modeling. When the MREA buffering

starts from the very beginning, the RF-2 layer will be gradually

narrowed to allow more MR fluid to go through the magnetic

controlled gap. The dynamic development of the flow layer

modeling is shown in Figure 9 at the early stage of buffering

under the current excitation, where t = 0, t1, t2, and t3 are some

typical moments. t = 0 is regarded as the start of the impact when the

flow does not happen, and t = t1 is in the development progress of the

rigid flow forms.When the impact speed is 1.5 m/s, t = t2 is regarded

as the end of flow layer development when the piston reaches its

maximum impact speed, where the rigid flow layer remains constant.

With the piston speed decreasing and thus the peak flow velocity, the

rigid flow layer RF-2 broadens again, and the total force increases

again to produce the rippled peak. However, when the impact speed

is as high as 3.0 m/s, the rigid flow layer cannot be maintained

because the yielding stress of the MR fluid under the magnetic field

cannot endure too high shearmotion even when themagnetic field is

saturated; t = t3 is regarded as the end of flow layer development

when the piston reaches its maximum impact speed and the rigid

flow layer RF-2 disappears, so the MR fluid behaves more like

Newtonian fluid with higher viscosity than in its original state.

To better testify the explanation of the flow layer development,

more experimental tests were carried out for the MREA at the

saturated current of 3.0 A at different impact speeds. As shown in

Figure 10, it is obvious that the rippled peak of the total force

appears at the lower impact speed, and with the increase in the

impact speed, the rippled peak gradually evolves to a single peak.

Conclusion

Based on the Bingham constitutive model of magnetorheological

fluid, we carried out quasi-steady flow modeling to designate the

magnetorheological valving for an energy absorber; however, our

behavior prediction somewhat deviated from the behavior of the

actual device. To better estimate the performance of the

magnetorheological energy absorber under impact load by taking

the momentum terms into consideration in the flow modeling, the

unsteady extension of the quasi-steady model was developed. A

magnetorheological energy absorber was actually fabricated with

disc springs as the recoiling mechanism and tested on a self-

established drop test bench, which produced the impact load by a

mass block dropped under gravity, and the impact speed was

regulated by the drop height. According to the total force

comparison, the unsteady extension of the quasi-steady model

estimates the characteristics of the device better than the original.

Moreover, the controllability of the magnetorheological energy

absorber is fully verified at the conditions of zero field and

saturated excitation, and the greater the impact speed is, the lower

the controllable ratio will be for the magnetorheological energy

FIGURE 9
Dynamic development of the flow layer modeling for MREA.

FIGURE 10
Experimental results of excited MREA at 3.0 A and more
impact speeds.
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absorber because of the larger increase in the uncontrollable Coulomb

damping force. Finally, the phenomenon of a rippled peak of the total

force is highlighted, and it is explainedwith theflowmodeling that the

rigid flow layer is dynamically changing to regulate the peak force of

the magnetorheological valving under the saturated excitation, and

the rippled peak will disappear if the impact speed is high enough to

make the rigid flow layer disappear before themaximumpiston speed

arrives.
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Performances of Planetary
Magnetorheological Transmission
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Magnetorheological transmission devices (MRTDs) are a type of power transmission
device using magnetorheological fluids (MRFs) as the transmission medium, which
have the advantages of rapid response and continuously adjustable output
performances. A new type of structure of planetary MRTDs is proposed to improve
the performances of MRTDs in this study. A planetary MRTD was fabricated, and the
performances of it were tested on the self-made testing system. The experimental results
show that the continuously variable transmission of MRTDs under constant torque can be
realized by adjusting the excitation current. The output speed or torque can be adjusted by
adjusting the control current when the input speed is constant. The output torque
increases with the increase in the input speed when the excitation current is constant.
The performances of the MRTD were analyzed according to the properties of MRFs in
complex flow and magnetic field. MRFs in complex flow and magnetic fields can produce
more stable and higher responses to external magnetic fields than being simple sheared;
thus, the planetary MRTDs have better performances and are useful structures for the
application of MRFs in transmission.

Keywords: magnetorheological fluid, magnetorheological transmission device, planetary structure, speed control,
torque control

INTRODUCTION

The development of intelligent mechanical equipment has gradually increased the requirements for
the transmission performance of transmission devices, especially in the controllability of torque and
speed. The controllability of the apparent viscosity of smart fluids provides the possibility to realize
performance-controllable mechanical transmission by controlling the external fields. As a kind of
smart material, magnetorheological fluids (MRFs) are suspensions of micron-size magnetizable
particles in a viscous matrix fluid enriched with additives. Under the action of an applied magnetic
field, an MRF transforms from a viscous fluid to a solid-like state, and its physical properties (e.g.,
mechanical, electromagnetic, and thermal properties) change simultaneously, which is called the
magnetorheological effect. The magnetorheological effect has the advantages of being continuously
controllable, fast, and reversible (Ashtiani, et al., 2015; Kumar, et al., 2019) and makes MRFs show a
strong potential for applications in the field of transmission control.

Magnetorheological transmission devices (MRTDs) are a new type of transmission device that use
MRFs as the power transmission medium and utilizes the magnetorheological effect for transmission
control. MRTDs can change the shearing state of MRFs between transmission interfaces by adjusting
the external magnetic field and then control the output parameters. MRTDs are convenient for
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controlling their real-time torque and speed during operation and
have the advantages of fast response, high shock resistance, and
stepless speed adjustment (Tian, et al., 2015; Wang, et al., 2018).

Güth and Maas, 2016 proposed an MRF brake based on the
Taylor vortex for application in wind turbines, whose torque
performance was better than that of other conventional brakes
using dry friction. Wang et al. (2019) designed a high-torque
squeezing magnetorheological brake and studied the squeeze
strengthening effect of a silicone oil-based magnetorheological
fluid with the addition of nanometer-sized Fe3O4. It was found
that the braking torque showed a nearly linear increase with the
increase in the squeezing stress. Sarkar andHirani, 2013 proposed
a method to apply pressure to the MRF to increase the output
torque of the magnetorheological brake. A single-disc
magnetorheological brake was developed, and it was found
that the braking torque of the brake was higher when pressure
was applied to the magnetorheological fluid than that of a brake
operating only under shear. Bucchi et al. (2014) developed an
auxiliary device based on MRFs for engaging and disengaging a
combustion engine combined with a magneto-thermographic
method. The magnetorheological clutch was allowed to
operate as the main clutch. Song et al. (2021) designed a small
magnetorheological brake based on a hybrid mode of shear and
flow, which can provide higher torque using a relatively small
amount of the magnetorheological fluid. Tian et al. (2022) studied
the time response characteristics of MRTDs and found that
changing the parameters of the excitation coil and the number
of taps can effectively shorten the current response time. Qiu et al.
(2022) used the electromagnetic force generated after the
excitation coil being electrified to squeeze the
magnetorheological fluid along the direction of the magnetic
field and improve the shear yield stress of the magnetorheological
fluid, thus greatly improving the transmission performance of the
magnetorheological fluid. Moghani and Kermani, 2020 designed
a lightweight magnetorheological brake using the hybrid
magnetization of an electromagnetic coil and a permanent
magnet, which can reduce the magnetic saturation in the
magnetic circuit and reduce the volume of materials used in
the magnetic circuit. The output torque performance of the
composite magnetorheological clutch which was proposed by
Dai et al. (2013) was enhanced over the simple disc-shearing
clutches. Li et al. (2014) optimized the MRF working area inside
the actuator to increase the working interface and improve the
performance of the actuator. Wang (2014) analyzed the
transmission characteristics under high transmission power
and the temperature characteristics of MRF in the working
process. It was concluded that using a water cooling system to
cool the MRTD was effective and can improve the working
reliability of the device. Chen (2014) developed a transmission
device–combined MRF and shape memory alloy, which could
compensate for the lack of MRF performance at high temperature
through the driving effect of the shape memory alloy.

The development trends of MRTDs are high torque, high
power, compact design, reliable operation, convenient control,
wide adjustable range, etc. Now, MRTDs are gradually moving
closer to practicality. Summarizing the mechanisms of MRTDs, it
can be seen that the working modes of MRFs are basically simple

shearing with a uniform magnetic field. These designs cannot
overcome the problem of MRF shear thinning at high shear rates.
The MRFs are prone to solid–liquid separation under strong
centrifugal forces because transmission devices are all rotating at
high speeds. For these reasons, a new structure of planetary
MRTD is proposed in this study which can effectively
overcome the problems of shear thinning and solid–liquid
separation of MRFs. This new structure is expected to achieve
controllable and stable high-power transmission.

TRANSMISSION MECHANISM

Basic Mechanism
The basic conceptual mechanism of planetary MRTDs is shown
in Figure 1. The inner and outer rings are used as the input and
output components, respectively; several magnetic rollers are
placed at the middle of the gap between the inner and outer
rings, and there are clearances between the rollers and the rings,
and the MRF fills the gap between rings. This transmission device
is a two-degree-of-freedom planetary mechanism with the
magnetic rollers taking planetary motion during transmission.
The state of theMRF is controlled by the applied magnetic field to
realize the adjustable power transmission between the inner and
outer rings.

The mechanism analysis of the planetary MRTD is shown in
Figure 2. The working status parameters of the planetary MRTD
are that the inner and outer rings rotate with angle speeds of ω1

and ω2, respectively, as the magnetic rollers rotate with an angle
speed of ω0. The relative velocity of the surface a magnetic roller
to surfaces of rings is shown by the blue arrows in the figure.
Then, the working region of the MRF can be divided into four
parts, where the MRF is squeezed in regions I and III and is
stretched in regions II and IV. A slight shearing rate can be
obtained on the surfaces of the rings and rollers by the
transformation of the strain rate tensor, which can produce
shear stress. The surfaces of regions I and II generate driving
torque to the roller, and regions III and IV generate resistance
torque. The torque acting on the roller should be balanced
according to mechanical analysis. Based on the same principle,

FIGURE 1 | Structural diagram of a planetary MRTD.
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the shear stress on the inner ring surface can produce the
resistance torque to the inner ring, and the shear stress on the
outer ring surface can produce the driving torque to the outer
ring. The shear stress of MRF is very large under the action of the
magnetic field so that the transmission torque of the planetary
MRTD is large. It can be seen from the aforementioned analysis
that the planetary MRTD can realize large controllable torque
transmission.

Considering the actual situation of a planetaryMRTD, the roller
takes planetary motion, and the aforementioned rotation should be
superimposed with the clockwise movement of the roller as a
whole. When there is a rotation speed difference between the inner
and outer rings, the working state of the MRF is squeeze shear
combination or stretch shear combination. The power is
transmitted from the inner ring to the outer ring due to the
transmission of MRF. The higher the apparent viscosity of the
MRF, the greater the power is transmitted.

The planetary MRTD makes the power transfer regions
characterized by high magnetic field strength and low strain
rate, which can improve the adverse effect of MRF shear
thinning at high shear rates. Therefore, the rotation of the
magnetic roller can realize the MRF rheological effect of
extrusion enhancement to enhance its transmission ability.
Moreover, due to the cyclic stirring effect of the planetary
motion of multiple magnetic rollers, solid–liquid separation
problems of MRF will not occur. So the planetary MRTDs can
be expected to effectively overcome the problems caused by MRF
shear thinning and high centrifugal force and can achieve a
reliable and stable controlled transmission.

Simulation Analysis
The MRF flow inside a planetary MRTD is complex flow under a
complex magnetic field. The flow field and magnetic field are all

coupled problems due to the mutual influence of the magnetic
field and fluid flow. These complexities lead to great difficulty in
analyzing the performances of a planetary MRTD. In order to
simplify the simulation, the default MRF has a constant magnetic
permeability during the flow, so the magnetic field simulation and
the flow field simulation can be performed independently. The
finite element analysis package COMSOL Multiphysics was used
to simulate the fluid flow and the magnetic field. The geometric
model was simplified according to the symmetry of the planetary
MRTD. The sub region surrounded by two adjacent rollers and
the rings is selected for flow field simulation, which can be called
the representative unit of the planetary MRTD. Speed of the rings
and the rollers were used as boundary conditions. Figure 3A
shows the simulation result of the flow field with certain
parameters of the viscosity of the MRF. The two half-rollers
and the region of the flow field were used together as the sub
region for magnetic field simulation. Different magnetic scalar
potentials were applied on the inner and outer rings as boundary
conditions. Figure 3B shows the simulation result of the magnetic
field with certain parameters of permeability of the MRF and the
rollers.

According to the simulation results of the flow field and
magnetic field, it can be seen that the flow field and magnetic
field of the MRF are all complex non-uniform fields induced by
the interference of magnetic rollers. In the regions of magnetic
rollers near the inner and outer rings, the magnetic field intensity
is large, and the relative velocity is small. The velocity vector
conforms to the analysis results in Figure 2. The magnetic field
intensity near the apex of the magnetic roller near the inner ring is
the largest. The regions of magnetic rollers near the inner and
outer rings are the main power transmission areas. The
characteristics of the flow field and magnetic field in these
regions are conducive to avoiding the influence of shear

FIGURE 2 | Mechanism analysis of the planetary MRTD.
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thinning of MRF and enhancing the transmission torque. In the
area where the rollers are close to each other, the magnetic field
intensity is small but the relative velocity is large, and there are
local vortices. The characteristics of the flow field and magnetic
field in the region where the rollers are close to each other are
helpful to prevent solid–liquid separation and enhance the
uniformity and stability of the MRF.

EXPERIMENTS

Experimental Prototype
The structure of the planetary MRTD is shown in Figure 4. The
device mainly consists of the magnetic roller, end cap, driving shaft,
driven shaft, excitation coils, magnetic sleeve, and slip ring. The
driven shaft consists of driven shaft 1 and driven shaft 2. The

FIGURE 3 | Simulation of a representative unit of a planetary MRTD. (A) Flow field simulation diagram and (B) magnetic field simulation diagram.

FIGURE 4 | Structure of a planetary MRTD. (A) Principle diagram of the planetary MRTD and (B) image of the planetary MRTD.
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excitation coil is assembled on the driving shaft equipped with a
magnetic sleeve and connected to the power by a slip ring. The
principle diagram of the planetary MRTD is shown in Figure 4A.
The magnetic field lines form closed loops along the path driven
shaft 1-MRF-magnetic roller-magnetic sleeve-magnetic roller-MRF-
driven shaft 1. The components of the magnetic circuit are made of
permeability magnetic materials, and the other components are

made of non-magnetic materials. Magnetic circuit components
include the magnetic sleeve, the magnetic roller, and driven shaft
1. Non-magnetic circuit components include driven shaft 2, the end
cap, driving shaft, and coil skeleton. AnMRF with a particle volume
fraction of 25% was prepared and used to fill the gap between the
inner and outer rings. The spherical carbonyl iron powder (MRF-
R35, Jiangsu Tianyi Ultrafine Metal Powder Co., Ltd.) with an
average diameter of 3.14 μm was used as magnetizable particles,
and the dimethyl silicone oil with the viscosity of 20 centistoke was
used as the matrix liquid. The main parameters of the planetary
MRTD are shown in Table 1.

The planetaryMRTDdesigned in this study can form a working
magnetic field along the radial direction of the transmission device
after the excitation coil is connected to the power. The magnetic
field lines pass through the MRF and the magnetic rollers. The
MRF is magnetized under the action of the magnetic field and
forms particle structures to resist relative movement and

TABLE 1 | Main parameters of the planetary MRTD.

Design parameter Value

Outer diameter of the inner ring 45 mm
Inner diameter of the outer ring 62 mm
Length of the magnetic roller 60 mm
Diameter of the magnetic roller 7.5 mm
Number of coil turns 1,114

FIGURE 5 | Experimental system. (A) Functional component diagram and (B) image of the experimental system.
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deformation. The output speed and torque of planetary MRTDs
can be controlled by adjusting the excitation current of the coil. The
complex magnetic field and flow field formed by the magnetic
roller improve the ability of the MRF to transmit torque.

Experimental Platform
The experimental platform is mainly composed of the mechanical
transmission system, measuring system, and control system, as

shown in Figure 5. The transmission system includes an AC
motor, two torque sensors, and a magnetic powder brake. The
control system includes a frequency converter to control the
speed of the motor; a controllable 24 V conversion DC power was
used as the excitation source for the coil, and the experimental
data were input to the computer through an acquisition card. The
measuring system connects the sensors and the controller to
measure values of speed and torque and input the measuring data

FIGURE 6 | Dependence of output speed on the excitation current.

FIGURE 7 | Dependence of torque on the input speed.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 9331196

Zhu et al. Performances of Planetary MRTDs

78

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


to the computer. It was measured that the maximum of the
excitation current for the coil of the planetary MRTD prototype
was 2.7A.

Experiments
The planetary MRTD was tested at room temperature in our
laboratory, and the temperature was 20–25°C. In order to reduce
the influence of the device heating on the results during the
experiments, the device was cooled naturally for half an hour after
each experiment. In order to test the speed control performance
of the planetary MRTD at constant output torque, the braking
torque of the magnetic powder brake was set to 4 N ·m and kept
constant during the experiments. The input speeds of the
planetary MRTD were set to 300, 400, and 500 r/min,
respectively, by controlling the output speed of the motor of
the testing system. The excitation current of the electromagnetic
coil was adjusted from 0 to 2.3A with a step of 0.05A. The
frequency of the data acquisition card was set to 10 Hz. The data
were input into the computer and were converted to speed values.

To test the torque control performance of the planetary
MRTD, the output shaft of the MRTD was fixed. The input
speed of the planetary MRTD was adjusted from 200 r/min to
500 r/min with a step of 50 r/min. The excitation current of the
electromagnetic coil was adjusted from 0 to 2A with a step of
0.5A. The frequency of the data acquisition card was set to 10 Hz.
The data were input into the computer and were converted to
torque values.

RESULTS AND DISCUSSION

Speed Control Performance
The results of the speed control performance of the planetary
MRTD are shown in Figure 6. The output speed of the planetary
MRTD can be adjusted continuously by adjusting the excitation
current when the input speed is constant. When the excitation
current is small, the output speed of the device is zero due to the
low magnetic field strength inside the MRF transmission region;
at that magnetic field strength, the torque generated by the
planetary MRTD is smaller than the braking torque applied.
When the input speed is 300, 400, and 500 r/min, the initial
current required to start the output of planetary MRTD is 0.55,
0.35, and 0.2A, respectively. The output speed is linear with the
excitation current in a certain current range. When the input
speed is 300r/min, 400r/min, and 500r/min, the linear variation
ranges of the output speed are 0.6–1.2A, 0.35–0.7A, and 0.2–0.5A,
respectively. The higher the input speed, the lower is the current
required for the planetary MRTD to reach the initial torque and
the faster the output speed increases. The reason is that the
deformation rate in the MRF transmission region is larger when
the input speed is higher, and a certain increment of the current
can produce a larger change of the output speed. When the
excitation current reaches a certain large value, the output speed
remains a constant value, and the slip ratio between the inner and
outer rings remains basically constant. The particle volume
fraction of the MRF and the maximum excitation current are
all relatively low in the experiments so that the magnetic

saturation of the MRF is not obvious, and the dependence of
output speed on excitation current is basically linear.

Torque Control Performance
The torque control performance of the planetary MRTD is shown
in Figure 7. The output torque of the planetary MRTD is greatly
improved when there is a current passed through the coil
compared to when no current is present. The output torque
increases with the increase in themotor speed when the excitation
current is constant. The dependence of the output torque on
speed is basically linear, which means that the MRF shear
thinning does not occur. When the speed changes from 200r/
min to 500r/min, the increment of the output torque of the
planetary MRTD increases from 2.5 N ·m to 4.2 N ·m as the
excitation current changes from 0 to 2A. It is similar to the results
of the speed control performance experiments.

CONCLUSION

The structure of the planetary MRTD was proposed. A prototype
of the planetary MRTD was designed and fabricated. The
transmission mechanism of the planetary MRTD was analyzed
basically. The performances of speed and torque control of the
planetary MRTD were tested using the self-made experimental
platform. The results were analyzed, and themain conclusions are
as follows:

1) The MRF transmission regions have the characteristics of low
shear rate and high magnetic field, which can effectively
overcome the MRF shear thinning and solid–liquid
separation problems and enhance the MRF performance.

2) The continuously output speed control of the planetary
MRTD can be obtained by adjusting the excitation current
of the electromagnetic coil. The larger the excitation current,
the higher rotation speed can be output.

3) The continuously output torque control of the planetary
MRTD can be obtained by adjusting either the excitation
current of the electromagnetic coil or the input speed of the
device. The larger the excitation current or higher the input
speed, the larger torque can be transmitted .
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Experimental Analysis on the
Dependence of the Capacitance of
Magnetorheological Fluids on
Frequency
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The capacitance characteristics of magnetorheological fluids (MRFs) were studied
experimentally based on simulation analysis. The nonlinear relationship between the
capacitance of MRFs and electric field frequency was measured by the self-made
circuit device. The effects of magnetic induction intensity and particle volume fraction
on the capacitance characteristics of MRFs were investigated. The results show that the
nonlinear dependence of the capacitance of an MRF on frequency induced by the effect of
tunnel current decreases with the increase in frequency. The capacitance of an MRF is
directly related to the particle structures. The capacitance of the MRF with a chain particle
structure is greater than that of the MRF with a random particle distribution. The smaller the
clearance between the adjacent particles, the greater the capacitance of the MRF. The
network particle structure and particle contact will reduce the capacitance of an MRF. The
capacitance of an MRF increases with the increment of external magnetic field. The
capacitance of an MRF with higher particle volume fraction is smaller than that of an MRF
with lower particle volume fraction.

Keywords: magnetorheological fluids, capacitance, frequency, particle structures, magnetic field

INTRODUCTION

Magnetorheological fluids (MRFs) are a class of controllable smart materials characterized by fast,
tunable, and reversible changes in their rheological properties, which are suspensions of micron-
size magnetizable particles in a viscous carrier fluid enriched with additives (Rabinow, 1948;
Ashour, 1996). Magnetorheological effects occur in magnetorheological fluids under the action of
an applied magnetic field, which makes the soft magnetic particles magnetize to form a chain-like
structure, called a particle chain (Chen, et al., 2013; He, et al., 2013; Mahesh, et al., 2021). The
particles are ferromagnetic with good conductivity, and the particle chains can form conductive
channels to make the MRFs conductive. The conductive mechanism of magnetorheological
materials is relatively complicated. The proposed models are mostly based on the conductive
channel theory and tunneling effect theory (Zhu, et al., 2010b; Wang, 2017). Conductive channel
theory is usually used to describe the mechanism of composite polymers with fillers inside. The
tunnel effect theory is used to explain the movement of the electrons inside the composite material
based on quantum mechanics, that is, to analyze the conductivity of the material from the
microscopic perspective.
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MRFs, similar to conductive polymer composites, can be
used widely with high practical value in various sensors,
capacitors, and other fields (Wang, 2012; Kaluvan and Choi,
2014). The magneto-conductive properties of MRFs and their
solid-state analogs and magnetorheological elastomers are
currently receiving increasing attention. Yang et al. (2017)
demonstrated that the appropriate amount of ferromagnetic
particles is beneficial in improving the electrical conductivity of
MRFs. Ruan et al. (2017) analyzed the effect of magnetic field,
volume fraction of carbonyl iron powder particles, and applied
oscillatory shear force on the conductivity of MRFs and
modeled the resistance between particles to explain the
resistance changes of MRFs. Wang et al. (2011) deduced the
formula between magnetorheological capacitance and dielectric
constant and experimentally verified the conclusion that the
increase in MRF capacitances induced by the dielectric constant
increases when the magnetic field increases. Bica (2009) studied
the capacitance of a flat plate capacitor with
magnetorheological elastomer as the dielectric as a function
of magnetic field strength, and the results showed that the
capacitance gradually increases and eventually remains
constant when the magnetic field was applied. Huang et al.
(2016) prepared MRFs with silver-coated carbonyl iron
particles dispersed in silicone oil. The experimental results
showed a significant improvement in the electrical properties
of MRFs. It can be seen that the current research mainly focuses
on the static conductivity properties of MRFs. The dynamic
conductivity properties and the interfering factors should be
studied further.

The capacitance characteristics of MRFs under an external
magnetic field were investigated experimentally in this paper.
Firstly, the capacitance of inter-particles was simulated and
analyzed according to the dispersing state of particles inside of
MRFs. A tunable AC experimental device was designed and
assembled, which was used to measure the effects of the
applied magnetic field and the particle volume fraction on the
capacitive characteristics of MRFs. The conclusions are helpful to
understand the state of particle structures in MRFs, to deepen the
understanding of the relationship between particle structures and
capacitance characteristics of MRFs, and to contribute to the
development of MRF application devices in complex working
modes.

SIMULATION ANALYSIS

Magnetizable particles are distributed randomly inside the matrix
liquid without the appearance of an external magnetic field.
Adjacent particles are close to each other and gradually form
chain-like structures when an external magnetic field is applied
(Donado, et al., 2017; Wang, et al., 2020). There would be a
capacitance between two adjacent particles when every particle
seems to be an equipotential body. The equivalent capacitance of
an MRF comes from the actions of all micro-capacitance between
particles. The capacitance of a particle chain is the sum of the
capacitance between particles because the micro-capacitance is
connected in parallel, and a larger capacitance can be obtained.
The reciprocal of total capacitance of an MRF is equal to the sum

FIGURE 1 | Capacitance simulation results. (A) Random distribution; (B) Loose chain; (C) Tight chain.

FIGURE 2 | Schematic of the circuit device.
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of the reciprocal of the capacitance of each particle chain, and the
total capacitance will be smaller than the capacitance of a particle
chain.

The capacitance characteristics of an MRF containing several
particles were investigated using COMSOL Multiphysics
according to the mechanism mentioned above. The 2D
geometric model was created by the Model Wizard module of
the package. Three models of random distribution, loose chain,
and tight chain were created to correspond to the state of zero
magnetic field, low magnetic field, and high magnetic field,
respectively. The capacitance of the three models was
simulated and calculated using the physical field of
electrostatics of the AC/DC module. The area ratio of the
circle in the three models was consistent, which represented
the consistent particle volume fraction inside the MRF.

A simple ideal model was established to simulate the effect of
particle structures on the capacitance of MRFs qualitatively. The
spherical particle size was set to 3.14 μm according to a
commercial carbonyl iron powder (MRF-R35, Jiangsu Tianyi
Ultrafine Metal Powder Co., Ltd.). The magnetic conductivity
of the particles and the matrix liquid were defined, respectively.
The particle clearances in the loose chain and the tight chain are
1.54 and 0.5 μm respectively. A 20 V potential was applied to the
upper boundary of the model, the lower boundary was defined as
grounding, and a suspension potential boundary condition was
defined for each particle. The simulation results of the
distribution of electric fields are shown in Figure 1.

The capacitance values were obtained through the global
calculation of capacitance in COMSOL Multiphysics, and the
values were recorded. The capacitances of the three models were
calculated by the package. They are 13.734 pF of the random
distribution, 14.531 pF of the loose chain, and 18.567 pF of the
tight chain, respectively. The simulation results show that the
capacitance of an MRF under the action of a magnetic field is
larger than that of a zero field condition, and the capacitance
value increases with the increase of the magnetic field strength.

EXPERIMENT

The schematic of the self-made circuit device is shown in
Figure 2. 220 V 50 Hz AC was transformed by a transformer
(Zhengzhou Xinxing Electronics Co., Ltd.) to 24 V AC to provide
power to the amplifier (FPA1016, FeelTech Co., Ltd.). The
amplifier and a bench-type digit multimeter (Agilent Co., Ltd.)
were connected in series in the circuit, along with the MRFs. The
maximum frequency of the signal generator (FY2302, Zhengzhou
Feiyi Technology Co.) is 100 kHz, the full power sinusoid
bandwidth of the amplifier is also 100 kHz, and the accuracy
of the multimeter is 1 μA. The photo of the circuit device is shown
in Figure 3.

MRF samples with different particle volume fractions were
prepared, as shown in Table 1. The carbonyl iron powder (MRF-
R35, Jiangsu Tianyi UltrafineMetal Powder Co., Ltd.) was used as
magnetizable particles and the dimethyl silicone oil with a
viscosity of 20 centistoke was used as the matrix liquid. The
prepared MRFs sample is placed between two copper plates. The
diameter of the polar plates and the distance between them are
20 and 4 mm, respectively. Permanent magnets were used as the
external magnetic field. Different magnetic field strengths were
obtained by adjusting the gap between the permanent magnets.
The magnetic induction intensity between permanent magnets is
measured by using a Tesla meter (HT20, Shanghai Hengtong

FIGURE 3 | Photo of the circuit device.

TABLE 1 | MRF sample numbers.

Numbering Carbonyl
Iron Powder (%)

Dimethicone (%) Magnetic Field (mt)

A 1 99 150
B 5 95 150
C 10 90 150
D 1 99 0
G 1 99 100

FIGURE 4 | The dependence of capacitance of MRFs on frequency
under the action of different applied magnetic fields.
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Magnetoelectric Technology Co., Ltd.), and the magnetic field
direction is perpendicular to the plate surfaces.

During the experiments, the AC voltage in the circuit was set to
20 V, the frequency of the output sinusoidal wave was adjusted to
change from 0 to 100 kHz, and the corresponding current values
displayed by the digit multimeter in the circuit were observed and
recorded. The above experiments were repeated by changing the
magnitude of the applied magnetic induction strength and the
particle volume fraction, respectively. The recorded data were used
to analyze the dependence of MRF capacitance characteristics on
frequency with the controlled parameters.

RESULTS AND DISCUSSION

The current values of MRFs at 0–100 kHz are measures by a
desktop multimeter (34410A, Agilent Technology Co., Ltd.). The
capacitive values of the MRFs were calculated by the following
formula:

C � I

2πfU
, (1)

where I and U are RMS current and voltage respectively, and f is
the frequency of the supply power. Based on the theoretical
analysis of the conductivity mechanism of MRFs, the current
consists of resistance current, tunnel current, and capacitive
current. The resistance current can be omitted because of the
very low conductivity of the matrix fluid. It is difficult to
measure the tunnel current and the capacitive current,
respectively. Thus, the measured current in the experiment is
the sum of the capacitive current and the tunnel current. The
variation curve of capacitance with frequency is plotted and
analyzed.

Effect of External Magnetic Field
Three comparable experiments of the MRF samples with the
same particle volume fraction were carried out under the
condition of different magnetic induction intensity. The
samples were A, D, and G. The calculated dependence of MRF
capacitance on frequency is shown in Figure 4. It can be seen that
the capacitances of the MRFs have a similar trend with frequency
under different external magnetic fields. The trends are roughly
downward and have a large slope when the frequency is less than
25 kHz. Samples D and G have a rising range from about 25 to
35 kHz, and the decreasing trend of sample A becomes slow. The
capacitances of all the three samples are relatively stable in the
range from 35 to 75 kHz, and then decreases slowly as the
frequency increases . It can also be seen that capacitances of
MRFs increase with the increase in magnetic induction intensity
at the same frequency, which is consistent with the simulation
results.

The magnetizable particles align themselves to form chain
structures inside MRFs under the action of magnetic field. The
clearance between two adjacent particles decreases to increase
the capacitance of an MRF. Under the action of a strong
magnetic field, the particle gap becomes smaller and then
makes the capacitance larger. The current in the circuit
consists of capacitive current and tunnel current. The
capacitances in Figure 4 are calculated from the total

FIGURE 5 | Dependence of capacitance of MRFs with different particle
volume fractions on frequency.

FIGURE 6 | Effect of particle aggregation on capacitance. (A) Single chain structure; (B) Column-like structure.
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current. Tunnel current is the main reason for the variation of
capacitance with frequency. Theoretically, the tunnel current is
proportional to the square of the voltage and is independent of
frequency. Thus, the effect of tunnel current on capacitance
becomes weaker with the increase of frequency.

Effect of Particle Volume Fraction
Three groups of samples with different particle volume
fractions, A, B, and C, were used to carry out the
comparable experiments under a constant applied magnetic
field. The results of the variation of capacitance versus
frequency for three MRF samples are shown in Figure 5. It
can be seen that the capacitance of MRFs with different particle
volume ratios have different trends with frequency under the
same magnetic induction intensity. The capacitance of the
MRF with a particle volume fraction of 1% has an overall
decreasing trend and is relatively smooth in the range from
35 to 75 kHz. The capacitance of the MRFs with the large
particle volume fraction fluctuates greatly before about 40 kHz.
The capacitance of the MRF with a particle volume fraction of
5% shows a stable and slow decline when the frequency is
greater than 35 kHz, while that of the MRF with a particle
volume fraction of 10% undergoes an increase, flattening and
decreasing the processes when the frequency is larger than
40 kHz. It can also be seen that the capacitance of the MRF
with a larger particle volume fraction is lower than that of the
MRF with a smaller particle volume fraction at the same
frequency.

When the particle volume fraction is relatively small, the
particle structures are mostly independent single chains inside
the MRFs. As the particle volume fraction increases, the particle
structures become more and more complex to be column
structure and network structure (Zhu, et al., 2010a), which
leads to the capacitances of the MRFs being similar to the
random particle distribution model in the zero-field state, and
some adjacent particles will contact each other and destroy the
capacitive structure. These reasons lead to the negative
correlation between MRF capacitance and particle volume
fraction. The reason why the capacitance is not constant is
that the effect of tunnel current decreases with the increase of
frequency.

To study the effect of particle aggregation on the capacitance
of MRFs, the capacitances of MRFs with single chain structure
and column-like structure were further simulated and analyzed,
as shown in Figure 6. The capacitance is 21.437 pF when the
particle structure is an independent single chain and 17.254 pF
when the particle structure is column-like. The capacitance
decreases significantly from structures of single chain to
column-like. Figure 6 shows that the more micro-capacitances
formed between the particles in a column-like structure and these
micro-capacitances connect in series. The more the micro-
capacitances, the smaller the equivalent capacitance. Therefore,
when the particle volume fraction is large, the particles form a
column-like structure and induce the smaller capacitance
of MRFs.

CONCLUSION

The capacitance characteristics of MRFs were experimentally
analyzed in this paper. Considering the effect of external
magnetic field and the particle volume fraction, the
dependences of capacitance of MRFs on frequency were
summarized. The work provides an accurate reference for the
measurement of capacitance characteristics, and lays a
foundation for further study on the evolution process of the
particle structures inside MRFs under complex working modes.
The main conclusions are:

(1) The capacitance of an MRF is related to the particle
structures. The capacitance of the MRF with chain particle
structure is greater than that of the MRF with random
particle distribution.

(2) The dependence of capacitance of an MRF on frequency is
not constant. The reason is that the effect of tunnel current
decreases with the increase in frequency.

(3) The clearance between two adjacent particles decreases to
increase the capacitance of an MRF when an external
magnetic field is applied. The particle gap becomes smaller
and then the capacitance increases when the magnetic field
becomes stronger.

(4) The capacitance of MRF is negatively correlated with particle
volume fraction. The network particle structure and particle
contact will reduce the capacitance of MRF.
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Influence of magnetic fluid
evaporation on pressure
resistance of magnetic fluid seal

Wenjuan Yu1, Decai Li1,2*, Guobao Zang1, Deyi Wang1 and
Zhili Zhang1

1School of Mechanical Electronic and Control Engineering, Beijing Jiaotong University, Beijing, China,
2State Key Laboratory of Tribology, Tsinghua University, Beijing, China

Magnetic fluid seals have the advantages of zero leakage, long life, simple

structure and high reliability, and have become one of the most widely used

applications of magnetic fluids. In this paper, the effect of magnetic fluid

evaporation on the pressure resistance of magnetic fluid seals is studied. In

terms of theory, through theoretical calculation and simulation analysis, a

calculation method for the pressure resistance of magnetic fluid seals is

established. In terms of experiments, firstly, five groups of control groups

were set up to conduct evaporation experiments under the same conditions,

andmagnetic fluidswith different evaporation rateswere obtained; Secondly, the

performance of magnetic fluids with different evaporation rates was tested, and

the flow curves, viscosity-temperature curves, and magnetic-viscosity curves of

magnetic fluids were obtained respectively, and the effect of evaporation on the

performance of magnetic fluids was analyzed; Finally, magnetic fluid sealing

experiments with different evaporation rates were carried out. It is found that

evaporation increases the pressure resistance of static seal to a certain extent,

which is of great significance.

KEYWORDS

magnetic fluid, evaporation, seal, finite element, pressure resistant

Introduction

Magnetic fluid is a new type of nano-scale functional material, which is composed of

magnetic particles, surfactant and base carrier liquid, which has both the magnetic

properties of solid and the fluidity of liquid (Chi et al., 1993; Rosensweig, 2002; Li, 2003).

Magnetic fluid seal is a new type of sealing method, which has the advantages of zero

leakage, long life and high reliability (Chi et al., 1993; Chen et al., 2018; Yu et al., 2021). In

the practical application of the magnetic fluid sealing device, the magnetic fluid exists in

the gap between the pole teeth and the rotating shaft, forming several “O”-shaped sealing

rings, which achieves the sealing effect (Chi, 2011; Li et al., 2021; Niu, 2021).

With the increasing application of magnetic fluid seals, the requirements for the

pressure resistance performance of magnetic fluid seals are also getting higher and higher.

In recent years, some scholars have carried out many studies on the factors affecting the

pressure resistance of magnetic fluid seals. Zou et al. (2002) studied that centrifugal force

OPEN ACCESS

EDITED BY

Tongfei Tian,
University of the Sunshine Coast,
Australia

REVIEWED BY

Xufeng Dong,
Dalian University of Technology, China
Marcin Szczęch,
AGH University of Science and
Technology, Poland

*CORRESPONDENCE

Decai Li,
lidecai@mail.tsinghua.edu.cn

SPECIALTY SECTION

This article was submitted to Smart
Materials,
a section of the journal
Frontiers in Materials

RECEIVED 27 April 2022
ACCEPTED 05 July 2022
PUBLISHED 25 July 2022

CITATION

YuW, Li D, Zang G, Wang D and Zhang Z
(2022), Influence of magnetic fluid
evaporation on pressure resistance of
magnetic fluid seal.
Front. Mater. 9:930124.
doi: 10.3389/fmats.2022.930124

COPYRIGHT

© 2022 Yu, Li, Zang, Wang and Zhang.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Materials frontiersin.org01

TYPE Original Research
PUBLISHED 25 July 2022
DOI 10.3389/fmats.2022.930124

87

https://www.frontiersin.org/articles/10.3389/fmats.2022.930124/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.930124/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.930124/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2022.930124&domain=pdf&date_stamp=2022-07-25
mailto:lidecai@mail.tsinghua.edu.cn
https://doi.org/10.3389/fmats.2022.930124
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2022.930124


will lead to the decline of the rotary sealing ability of magnetic

fluids. He et al. (2019a) believed that under the condition of large

diameter and large gap, gravity will seriously affect the pressure

resistance performance of magnetic fluid seals. The results show

that magnetic fluid seal has a limit size that is directly proportional

to the magnetic field gradient in the sealing gap and is inversely

proportional to the ratio of magnetic fluid density to the

magnetization. When the diameter of magnetic fluid “O” rings

is much smaller than the limit size, gravity has almost no effect.

When approaching or even exceeding the limit size, gravity will

cause the pressure resistance of the magnetic fluid seal to

drop. Cheng et al. (2021) studied the effect of rheology on the

sealing starting torque, and used perfluoropolyether-based

magnetic fluids and diester-based magnetic fluids to conduct

dynamic sealing experiments, and found that magnetic fluids

with higher viscosity showed correspondingly higher starting

torque. Saurabh et al. (Parmar et al., 2021) studied the

influence of magnetic fluid volume, pole-piece thickness, radial

clearance and particle volume fraction of a fluid on the pressure

resistance of the seal combined with the finite element method,

and obtained the optimum volume of a fluid is 10 mm3 for the

optimum pole-piece thickness 3.5 mm and radial clearance

0.275 mm. Yuan et al. (Yuan et al., 2022) studied the magnetic

fluid seal with large shaft diameter, and believed that the radial

swing of the main shaft during the operation had a serious impact

on the sealing performance. Therefore, an axial-radial series

magnetic fluid sealing structure is designed to limit the swing

displacement of the main shaft, thereby maintaining the overall

pressure-resistant stability of the seal. Yang et al. (Yang and Li,

2016) designed a new type of stepped magnetic fluid seals in order

to improve the pressure resistance of magnetic fluid large-gap

seals. By comparing and analyzing the new seal and the traditional

seal structure by experimental method, it is found that the

divergent stepped magnetic fluid seal has better performance

and is an effective method to improve the large gap magnetic

fluid sealing ability. These studies have a certain effect on the

pressure resistance of magnetic fluid seals, but there is little

research on the effect of magnetic fluid evaporation on the seal

pressure resistance. The relationship between the evaporation of

the magnetic fluid in the sealing device and the sealing pressure

value is not clear. Since the magnetic fluid is inside the sealing

device, the evaporation rate of the magnetic fluid cannot be

controlled. There are many difficulties in studying the effect of

the evaporation of the magnetic fluid sealing.

In this paper, the magnetic fluid is evaporated separately

to obtain samples with different evaporation rates, and then

the rheological performance test and the sealing pressure test

are carried out. Including the viscosity change of the magnetic

fluid with different evaporation rates, the magnetic viscosity

curve of the magnetic fluid, the flow performance of the

magnetic fluid, etc. The analysis shows that the evaporation

of the magnetic fluid makes the viscosity of the magnetic fluid

increase and the fluidity worsens. For the rotary seal, the

torque will increase, which is not conducive to the dynamic

seal; but to a certain extent, the pressure resistance of the static

seal will increase.

Theoretical basis

Principle of magnetic fluid sealing

The main structure of the magnetic fluid seal is shown in the

Figure 1. The magnetic fluid seal is mainly composed of a pole piece, a

permanent magnet and a magnetic conductive shaft. There is a certain

gap between the pole piece and the shaft, and the surface adjacent to the

pole piece and the magnetic conducting shaft is provided with tooth

slots to form several pole teeth. The permanent magnet provides a

magnetic source, forms a magnetic circuit with the pole piece and the

magnetic conducting shaft, and adsorbs the magnetic fluid at the pole

teeth to form several liquid sealing rings. The sealing ring exists in the

gap between the pole piece and the rotating shaft to achieve the purpose

of sealing. Both static sealing and dynamic sealing can be achieved.

Dynamic seals include rotary seals and reciprocating seals (He et al.,

2019b; Chen, 2019; Matuszewski and Bela, 2021; Zhang et al., 2022).

Pressure calculation of magnetic fluid seal

Derivation of Bernoulli’s equation
According to the equation of motion of magnetic fluids

(Wang, 2019; Zhang et al., 2019)

ρf
zV
zt

+ ρfV V � ρfg − pp μ0M H

+ ηH
2V

1
3
ηH ( V) J

1
2ts

(Ω − ω)
(1)

And

FIGURE 1
Main structure diagram of magnetic fluid seal. 1-rotation
shaft, 2-shell, 3-sealing ring, 4-bearing, 5-pole shoe, 6-sealing
ring, 7-permanent magnet, 8-magnetic fluid, 9-end cover.

Frontiers in Materials frontiersin.org02

Yu et al. 10.3389/fmats.2022.930124

88

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.930124


pp � p + μ0 ∫
H

0
M dH − μ0 ∫

H

0
ρf
zM

zρf
dH (2)

In the formula: ρf is the density of themagnetic fluid;V is the velocity

of the magnetic fluid; ts is the relaxation time; g is the acceleration of

gravity; μ0 is the vacuum permeability;M is the magnetization of the

magnetic fluid; H is the magnetic field strength; J is the moment of

inertia around the axis of all solid-phase particles in the magnetic

fluid per unit volume;ω is the vortex velocity of the base carrier liquid

of the magnetic fluid; Ω is the rotational speed of the solid-phase

particles; p is the normal stress, that is, the pressure of the magnetic

fluid; ηH is the viscosity of the magnetic fluid in the magnetic field.

Suppose:

1) Magnetic fluid density is constant. Eq. 4 can be obtained from

the continuous Equation 3 of fluid motion.

dρf
dt

+ ρf∇ · V � 0 (3)
∇ · V � 0 (4)

2) The flow is a vortex flow. ∇× V � 0 or ω � 0 is obtained

according to the definition of ilrotary flow, and there is a

potential function to get V � −∇φv.

3) Magnetic fluid is intrinsic, and the change of external

magnetic field does not cause the rotation of magnetic

solid particles (Parmar et al., 2021). So we get Ω � 0.

Under the assumption of intrinsic properties, it is generally

considered that the magnetization of the magnetic fluid is

parallel to the external magnetic field, that is,

μ0M · ∇H � μ0M∇H (5)

And M � M(H,T), T is temperature, combined with Leibniz

formula, Eq. 5 becomes

(∇M)H � zM

zT
∇T (6)

Change gravity to gradient form, h is the height of the analysis

object to the reference point,

ρfg � −∇(ρfgh) (7)

According to the identity transformation, the simultaneous Eqs

1–7, the general form of the Bernoulli equation for magnetic

fluids is obtained as,

∇[ − ρf
zϕv

zt
+ 1
2
ρfV

2 + ρfgh + pp − μ0 ∫
H

0
MdH]

+ μ0 ∫
H

0

zM

zT
∇TdH

� 0 (8)

When the magnetic fluid is in steady isothermal flow, Eq. 8 can be

simplified as

pp + 1
2
ρfV

2 + ρfgh − μ0 ∫
H

0
MdH � const (9)

Determination of boundary conditions
By the general expression of boundary conditions (Li, 2010)

n0 · (τ1 − τ2) � −[(pp
1 + p1n) − (pp

2 + p2n)]n0 (10)

In the formula: the subscripts “1” and “2” represent the two sides

of the interface, “1” represents the magnetic fluid side, “2”

represents the sealed medium side; n0 is the unit normal

vector; τ is the surface stress; pn � μ0
2 M

2
n, where Mn is the

normal component of the saturation magnetization of the

magnetic fluid;

The formula for calculating the surface tension pc of the

contact surface is

pc � σ( 1
R1

+ 1
R2
) (11)

In the formula: R1 is the radius of curvature of the magnetic fluid

at the contact interface; R2 is the radius of curvature of the sealed

medium at the contact interface; σ is the surface tension constant,

the direction of the surface tension pc is always opposite to the

direction of the outer normal of the surface, and we get

n0 · (τ1 − τ2) � −pcn
0 (12)

Combining Eqs 10–12, we get

pp
1 + p1n � pp

2 + p2n + pc (13)

Derive the formula for sealing pressure
Suppose:1) consider that the magnetic field lines coincide

with the isomagnetic field lines; 2) ignore the gravity and surface

tension of the magnetic fluid itself.

Applying Bernoulli’s equation to the boundary surface, we

have

pp
1 − μ0 ∫

H1

0
MdH �pp

2 − μ0 ∫
H2

0
MdH (14)

Combined with the boundary condition (13), we get

pp
1 � p1, p

p
2 � p2 (15)

Substitute Eq. 15 into Eq. 14 to get

Δp � p1 − p2 � μ0 ∫
H1

H2

MdH (16)

Equation 16 is the formula for calculating the pressure difference

between the two sides of the magnetic fluid at a single pole tooth.

When the magnetic field strength in the sealing gap of the

magnetic fluid is very high and the magnetic fluid is in the

state of saturation magnetization, the Formula (16) can be

simplified as
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Δp � μ0Ms(H1 −H2) � μ0MsΔH (17)

In the formula, Ms is the saturation magnetization of the

magnetic fluid, and the total withstand pressure P of the

magnetic fluid sealing structure should be the sum of the

withstand pressures of all pole teeth.

Magnetic fluid sealing structure and
simulation calculation

Magnetic fluid sealing structure

Figure 2 shows the main structural of the magnetic fluid

sealing device used in the sealing experiment. Different from

the traditional structure, this sealing structure has three pole

pieces in total. The pole piece is cylindrical as a whole, with an

inner diameter of 30.2 mm and an outer diameter of 50 mm. Each

pole piece is connected by a thin wall with a thickness of 1 mm.

The integrated pole shoe structure has the advantages of easy

disassembly and assembly, low processing precision requirements,

and the pole teeth are not easily damaged. The permanent magnet

is installed at the thin wall, and the two permanent magnets are

cylindrical magnets. The circular plane is the polar surface, the

diameter of which is 6 mm and the thickness is 5 mm. The two

polar surfaces of the magnet correspond to the side walls of the

pole shoe. The polarity arrangement is N-S for S-N, or S-N for N-S.

The permanent magnets are installed at the thin wall, and the

cylindrical magnets used in the two permanent magnets have the

polarity arrangement of N-S corresponding to S-N, or S-N

corresponding to N-S. Bearings use deep groove ball bearing

61,906. The diameter of the rotating shaft is 30mm, the

unilateral gap with the inner ring of the pole shoe is 0.1mm,

and the material of the rotating shaft and the pole shoe is 2Cr13.

The material of the shaft and pole piece is 2Cr13. In this

experiment, only the four pole teeth of this sealing structure are

used, and the position shown in Figure 2 is the four pole teeth at

the left first-level pole piece. During the installation process, the

pole pieces and shell are installed last. After the magnetic fluid is

injected into the four pole teeth of the left pole piece, the pole piece

is installed from left to right into the shell equipped with the

rotating shaft, so that themagnetic fluid can be guaranteed to be all

at the left pole piece.

Simulation analysis of sealing structure

ANSYS software is used to simulate the static magnetic fluid

seal. The magnetic field distribution at the sealing gap in the

magnetic fluid sealing structure can be obtained, and then the

theoretical withstand pressures value can be calculated.

FIGURE 2
Magnetic fluid sealing device. 1-upper end cover, 2-sealing ring, 3-integrated pole shoe, 4-shell, 5-permanent magnet, 6-circlip, 7-bearing, 8-
lower end cover, 9-rotation shaft,10-thin wall, 11-magnetic fluid.

FIGURE 3
2Cr13 material B-H curve.
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Assumptions: 1) The permanent magnet is a ring-shaped

magnet, and the magnetization is uniform; 2) The magnetic

permeability of the magnetic fluid is the same as that of the air.

The material settings of each part: the permeability of the air

domain is set to one; the permanent magnet is a NdFeB magnet

with a grade of N38, its permeability is set to 1.138, and the

coercive forces on both sides are set to 1.089 × 106A/m and

-1.089 × 106A/m; the pole piece and the shaft are defined as

2Cr13 material, and the BH curve of the 2Cr13 material is shown

in Figure 3.

Through the intelligent size control technology in ANSYS, use

the SMARTSIZE command to divide the mesh and subdivide it to

0.1 for mesh division processing. Next, define the boundary

condition, that is, the infinite magnetic field is parallel to the

model boundary. Finally, themagnetic field is solved for themodel,

and the completionmark is iterative convergence. The distribution

of magnetic field lines is shown in Figure 4, and it can be seen that

most of the magnetic field lines pass through the pole teeth.

Select a path at the sealing gap, the radial distance from the

rotating shaft is 0.01mm, and parallel to the rotating shaft. Since

only the four pole teeth of the sealing device are used in the

experiment in this paper, only the magnetic induction intensity

value at the four pole teeth is obtained, The starting point 1 and

the ending point 2 of the path are shown in Figure 5. The

magnetic induction intensity distribution at the path is obtained

as shown in Figure 6.

It can be seen from Figure 6 that the magnetic field intensity

reaches the maximum value at the middle of the pole teeth, and the

magnetic field intensity is theminimumat themiddle part of the two

pole teeth. Through calculation, the sum of the difference between

the maximum magnetic induction intensity and the minimum

magnetic induction intensity at the pole teeth is 1.95T, and then

the theoretical withstand pressure value can be calculated.

Experimental method

Due to the particularity of the magnetic fluid seal, the

evaporation of the magnetic fluid cannot be directly judged

from the outside of the sealing device. In order to quantitatively

study the effect of different evaporation rates on the pressure

FIGURE 4
Magnetic line distribution.

FIGURE 5
Path selection diagram.

FIGURE 6
Magnetic induction strength distribution.
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resistance of magnetic fluid seals, the experiment is divided into

two parts. One is the magnetic fluid evaporation experiment, and

the magnetic fluid samples with different evaporation rates are

obtained; The second is the pressure test of magnetic fluid sealing,

and the pressure test is carried out on magnetic fluid samples with

different evaporation rates respectively.

Magnetic fluid evaporation experiment

This paper uses kerosene-based magnetic fluid to conduct

evaporation experiments, where the size of the magnetic particles

is 10 nm. (Yu et al., 2022). The kerosene-based magnetic fluid was

injected into four identical flat-bottomed test tubes in equal amounts,

and an evaporation experiment in the same environment was carried

out in a high and low temperature test chamber as shown in Figure 7.

Four kinds of kerosene-based magnetic fluids with different

evaporation rates were obtained, which were 0, 3, 6, 9, and 11%,

respectively. The calculation formula of the evaporation rate E in this

paper is, E = m/m0, where m is the mass of the magnetic fluid

evaporated, and m0 is the mass of the initial magnetic fluid.

Magnetic fluid sealing experiment

A magnetic fluid static sealing experimental platform is built,

and the schematic diagram of the experimental device is shown in

Figure 8. The air compressor is connected with the pressure

reducing valve through the pressure transmission pipe, and the

other side is connected with the throttle valve, which is used to

control the gas flow rate, and then connected with the pressure

inlet of the sealing device. A pressure sensor is connected to the

pressure inlet of the sealing device, which is transmitted to a

computer through a paperless recorder to record data. Among

them, the paperless recorder is produced by Hangzhou Meikong

Automation Technology Co., Ltd., and the model is MIK-R200T.

The pressure sensor has a range of 1 MPa and an accuracy of

0.25%. By adjusting the pressure reducing valve and the throttle

valve, the gas slowly enters the seal, the pressure in the seal will

change, and the pressure change is recorded by the pressure sensor,

and the actual pressure resistance value of the seal can be obtained.

The static sealing pressure test was carried out on kerosene-

based magnetic fluids with different evaporation rates. It is known

that when the magnetic fluid evaporates in the sealing device, the

quality of the magnetic fluid in the sealing gap will decrease. In

order to approximate the simulation, the filling mass of the

samples with different evaporation rates b is b � 0.3 × (1 − a)g.
The filling mass and corresponding filling volume of magnetic

fluid with different evaporation rates are shown in Table 1, and the

corresponding sealing pressure value is obtained.

Results and discussion

Magnetic fluid performance
characterization

The magnetization curve of the magnetic fluid was measured

using a vibrating sample magnetometer. The rheological curves of

the magnetic fluids were all measured with Anton Paar’s

MCR302 magnetorheological instrument. The temperature of the

test was constant temperature of 20°C, and 0.1 ml of the magnetic

fluid sample was taken and injected into the magnetorheology

between the rotor and the stator of the magnetorheological

instrument. In the gap, the shear motion inside the magnetic

fluid is formed by the relative motion of the rotor and stator

surfaces. Through the evaporation experiment, it is found that

when the evaporation rate of the kerosene-based magnetic fluid

reaches 11%, there is almost no fluidity, and the magnetic fluid

cannot be uniformly injected into the sealing structure for the sealing

pressure test, which is not for reference. Therefore, only four kinds of

kerosene-based magnetic fluids with evaporation rate of 0, 3, 6 and

9% are respectively characterized.

Magnetic fluid magnetization curve
Figure 9 shows the magnetization curves of the evaporation

rates of 0, 3, 6 and 9%. It can be seen that the saturation

magnetization of the magnetic fluid increases with the increase

of the evaporation rate. This is because a large amount of the base

carrier liquid evaporates during the evaporation process, and the

FIGURE 7
Kerosene-based magnetic fluid evaporation control group.
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volume fraction of the magnetic particles in the magnetic fluid

increases, resulting in an increase in the magnetization. The

density and saturation magnetization of magnetic fluids with

different evaporation rates are shown in Table 2.

Magnetic viscous properties of magnetic fluids
As shown in Figures 10A,B, the magneto-viscosity curves

with evaporation rates of 0 and 9% are respectively set with five

shear rates (25s−1, 50s−1, 75s−1, 100s−1) control group. It can be

seen from Figure 10A that the viscosity of the magnetic fluid with

the evaporation rate of 0% increases with the increase of the

magnetic field strength and finally tends to be flat, and has little

relationship with the shear rate. It can be seen from Figure 10B

that the viscosity of the kerosene-based magnetic fluid with an

evaporation rate of 9% first increases with the increase of the

magnetic field strength. When the magnetic field exceeds a

certain value, the viscosity of the magnetic fluid decreases.

This is most pronounced at lower shear rates.

Figure 11 shows the comparison of the magnetic viscosity

curves of kerosene-based magnetic fluids with evaporation rates

of 0, 6 and 9% when the shear rate is 100 s−1. It is not difficult to

see that the viscosity of the magnetic fluid with a larger

evaporation rate is larger. In the absence of a magnetic field,

the viscosity of the kerosene-based magnetic fluid with an

evaporation rate of 0% is 118.91 mPa s, the viscosity of the

kerosene-based magnetic fluid with an evaporation rate of 6%

is 564.62 mPa s, and the viscosity of kerosene-based magnetic

fluid with an evaporation rate of 9% is as high as 3387.4 mPa s.

Evaporation has a great influence on the viscosity of the magnetic

fluid, and also has an effect on the magnetic viscosity

characteristics of the magnetic fluid.

In addition, taking the shear rate as the independent variable

and the viscosity as the dependent variable, the change curves of

the viscosity of the kerosene-based magnetic fluid with the shear

rate of the evaporation rate of 0, 3, 6 and 9% were obtained. As

shown in Figures 12A,B, the results are obtained under the

condition that the magnetic field strength is 0 and 0.2 T,

respectively. Under the condition of no magnetic field, it can

FIGURE 8
Static sealing experimental device schematic.

TABLE 1 Injection amount of kerosene-based magnetic fluid with
different evaporation rates.

Evaporation rates 0% 3% 6% 9%

Injection quality/(g) 0.077 0.075 0.072 0.07

Injection volume/(ml) 0.05 0.048 0.044 0.038

FIGURE 9
Magnetization curves of magnetic fluids with different
evaporation rates.

TABLE 2 Different evaporation rate magnetic fluid density and
saturation magnetization intensity.

Evaporation rates 0% 3% 6% 9%

Density/(g/cm3) 1.539 1.556 1.641 1.864

Saturation magnetization (kA/m) 50.75 51.84 55.52 63.25
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be seen that when the evaporation rate is less than 6%, with the

increase of shear rate, the viscosity of the magnetic fluid remains

basically constant, and the phenomenon of shear thinning is not

obvious, but for a magnetic fluid with an evaporation rate of 9%,

when the shear rate is close to 100 s−1, it is clear that the viscosity

decreases with increasing shear rate. It can be obtained that the

greater the evaporation rate of the magnetic fluid, the more

obvious the shear thinning phenomenon will be. When the

magnetic field strength is 0.2 T, the viscosity of the magnetic

fluid with the evaporation rate of 0% remains stable regardless of

the shear rate. For the evaporated magnetic fluid, the viscosity

decreases with the increase of the shear rate. The greater the

evaporation rate, the more obvious the decrease in viscosity with

the increase of the shear rate. It can be obtained that in the

presence of a magnetic field, the evaporation of the magnetic

fluid has a great influence on the viscosity.

Magnetic fluid flow properties
Figures 13A,B show the relationship between shear stress

and shear rate of four different evaporation rates (0, 3, 6, and

9%) of kerosene-based magnetic fluids under the conditions of

magnetic field strength of 0 and 0.2T, respectively. It can be seen

that the trends of the four different evaporation rates of

kerosene-based magnetic fluids are consistent with or

without a magnetic field. When the shear rate is less than

100 s−1, the shear stress does not change significantly with the

shear rate. When the shear rate increases to a certain value, the

shear stress increases with the increase of the shear rate, and this

trend is most obvious in the kerosene-based magnetic fluid with

the larger evaporation rate. As shown in Figure 13A, when the

shear rate is 1000 s−1, the shear stress of 0% evaporation rate is

100.2 Pa, the shear stress of 3% evaporation rate is 131.8 Pa, and

the evaporation rate of 6% is 131.8 Pa. The shear stress reaches

412.4 Pa, and the shear stress with an evaporation rate of 9% is

as high as 1820.5 Pa, which is 18 times that of the unevaporated

magnetic fluid. This results in increased starting torque for

magnetic fluid rotary seals.

FIGURE 10
Magnetic viscosity curves of kerosene-based magnetic fluids with different evaporation rates. (A) is the magnetic viscosity curve when the
evaporation rate is 0%. (B) is the magnetic viscosity curve when the evaporation rate is 9%.

FIGURE 11
Magnetic-viscosity curves of kerosene-basedmagnetic fluids
with different evaporation rates at a shear rate of 100 S−1.
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Magnetic fluid seal pressure resistance

Through the calculation of the above pressure resistance

formula, combined with the maximum magnetic induction

intensity difference at the pole teeth obtained by simulation

analysis, and the saturation magnetization value, the theoretical

pressure resistance value of kerosene-based magnetic fluid with

different evaporation rates can be obtained, and the actual pressure

FIGURE 12
Variation of viscosity with shear rate for kerosene-based magnetic fluids with different evaporation rates under different magnetic field
strengths. (A) is the magnetic field strength at 0T; (B) is the magnetic field strength at 0.2T.

FIGURE 13
Flow curves of kerosene-based magnetic fluids with different evaporation rates under different magnetic field strengths. (A) is when the
magnetic field strength is 0T; (B) is when the magnetic field strength is 0.2T.
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resistance can be obtained through experiments. The comparison

between the theoretical withstand pressure value and the actual

withstand pressure value is shown in Figure 14.

It can be obtained that the actual withstand pressure value of

all samples is larger than the theoretical withstand pressure value.

This is because during the experiment, the magnetic fluid is

blown to the next pole piece to form a new sealing ring, which

increases a certain pressure resistance capacity, so the actual

pressure resistance will be larger than the theoretical pressure

resistance. In addition, it is not difficult to see that with the

increase of the evaporation rate of the magnetic fluid, the

pressure resistance value of the seal also increases.

According to the above analysis, although evaporation will

reduce the magnetic fluid in the sealing gap, it will also increase

the saturation magnetization of the magnetic fluid. According to

the magnetic fluid sealing theory, it can be known that the sealing

pressure value will increase accordingly, and the experiment also

proves the correctness of the theory.

Conclusion

1) By characterizing the magnetization properties of magnetic

fluids with different evaporation rates, it is obtained that the

magnetic fluids with higher evaporation rates have higher

saturation magnetization. To a certain extent, the pressure

resistance value of the magnetic fluid seal is increased.

2) Characterize the rheological properties of magnetic fluids

with different evaporation rates, including the flow curves

and magnetic viscosity curves of kerosene-based magnetic

fluids with different evaporation rates. The analysis shows

that evaporation has a great influence on viscosity. The

greater the evaporation rate, the greater the viscosity and

the worse the fluidity. This will increase the starting torque of

the magnetic fluid rotary seal.

3) Through the static sealing experiment of magnetic fluid with

different evaporation rates, the experimental withstand

pressure value is larger than the theoretical withstand

pressure value, because in the withstand pressure

experiment, the magnetic fluid is blown to the next stage

pole piece, which increases the number of sealing rings, the

withstand pressure increases accordingly. Although

evaporation will reduce the magnetic fluid at the sealing

gap, the experimental results show that the withstand

pressure will increase, which proves the correctness of the

theory and the feasibility of simulation.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further

inquiries can be directed to the corresponding authors.

Author contributions

DL was in charge of the whole trial; WY wrote the

manuscript and did laboratory analyses; GZ, DW, and ZZ

contributed to the revision of the manuscript.

Funding

Supported by National Natural Science Foundation of China

(Grant Nos. 51735006, 51927810, U1837206), and Beijing

Municipal Natural Science Foundation of China (Grant No.

3182013).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

FIGURE 14
Different evaporation rate kerosene magnetic fluid withstand
pressure.
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Magnetic fluid sealing status
estimation based on acoustic
emission monitoring
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The aim of the study was to analyze acoustic emission (AE) signals generated in

different magnetic fluid sealing processes to estimate the status of the seal.

Based on a magnetic fluid rotary sealing experimental setup, the AE sensor is

respectively attached to the shell at the corresponding position of the seal, and

the external pressure is applied to themagnetic fluid seal by a gas supply system.

As the pressure gradually increases, the magnetic fluid sealing rings under

different pole teeth are gradually broken, and processes such as pressure

transfer between the seal stages occur. These processes generate different

AE signals, which are collected by the sensors. The results show that the root-

mean-square values of AE signals generated at themoment of sealing failure are

different from those generated before and after. At the same time, by analyzing

the characteristic values of AE signals generated in the whole process, we can

infer the time when the rupture begins under different pole pieces and further

estimate the status of the magnetic fluid seal. For the first time, this research

demonstrates the experimental and data analysis procedures of AE technology

for magnetic fluid seals.

KEYWORDS

magnetic fluid, seal, acoustic emission, sealing failure, pressure transfer

1 Introduction

As a new type of functional material, magnetic fluid has unique properties with both

magnetism and fluidity (Odenbach, 2003; Kadau et al., 2016). Therefore, it has been

widely used in various fields like tilt measurement sensors (Medvegy et al., 2017) and

rotary seals (Huang and Rui, 2011; Wang et al., 2017; Parmar et al., 2018; Li et al., 2021).

Compared with traditional sealing, the biggest advantage of magnetic fluid seals is the

zero-leakage characteristics, so it plays a very important and irreplaceable role in many

fields.

To improve the pressure resistance and durability of the magnetic fluid seal, the

sealing gap should be very small, which is generally about 0.1–0.3 mm. Once injected into

the structure, it is difficult to estimate the working status of the magnetic fluid in the gap

and then predict the failure. This hinders the further application of magnetic fluid seals.

Therefore, it is imperative to find a non-destructive testing method to estimate the sealing

status of the magnetic fluid seal.
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For now, there are few related studies. In 1999, Odenbach S

used magnetic small angle neutron scattering (MSANS) to detect

the flow pattern of the concentrated magnetic fluids (Odenbach

et al., 1999). In 2010, A García-Arribas described a microfluidic

device for the determination of the concentration of magnetic

micro and nanoparticles, under a continuous flow of the carrier

fluid, by means of the Giant Magneto-Impedance effect (Garcia-

Arribas et al., 2010). These methods can be used to estimate the

status of the magnetic fluid but cannot be applied to the sealing

fields. In 2014, Weiming Gao used X-rays and CT to detect the

distribution of the magnetic fluid in the sealing gap, but the

results were not good enough (Gao, 2014).

AE method is a non-destructive monitoring method that can

provide real-time information about changes in the internal

structure of materials. This method can not only detect the

deformation and fracture of materials but also collect

information regarding the second type of acoustic emission

sources as well, such as friction and collision (Fan et al.,

2020). Thus, it has been well used in the field of mechanical

seals (Li et al., 2016; Yin et al., 2018; Yin et al., 2020). It is proved

that as long as sliding occurred between two rings, it becomes the

major contributor of AE signals (within particular frequency

bands) from a tribo-pair. So the RMS of AE signals can represent

the instant severity of friction.

Studies have been carried out to prove that such processes

such as bubble leakage, magnetic fluid barriers rupture, airflow,

and pressure transfer during the sealing failure (Pinkus, 1982;

Szczech, 2018; Szczech, 2019; Zhou et al., 2021; Guan and Yang,

2022; Sun et al., 2022). We believe these processes will

theoretically generate different AE signals compared to the

fully-sealed periods, which can be collected and analyzed. So,

we did this research, applied the AE technology to magnetic fluid

seals for the first time, and achieved some good results

accordingly.

2 Magnetic fluid rotary sealing theory

The magnetic fluid in the seal is in the magnetization

saturation in most cases. In addition, if the influence of the

gravitational field and the surface tension forces are ignored, the

critical pressure for one stage can be determined by:

Δpcr � ∫Hmax

Hmin

μ0MdH ≈ Ms(Bmax − Bmin). (1)

Here, Hmin and Hmax are the minimum and maximum

magnetic field strengths. μ0 is the permeability of the vacuum.

M is the magnetization of the magnetic fluid.Ms is the saturation

magnetization of magnetic fluid. N is the number of pole teeth.

Bmax and Bmin are the maximum magnetic flux density.

However, the critical pressure is limited when the seal has

only one stage, so most of the seal applications use a multi-stage

structure. The total sealing capability of the magnetic fluid seal

can be approximately expressed as follows:

pcr � ∑
N

i�1
Δpcri. (2)

Furthermore, Marcin Szczech had performed a series of tests

on a transparent model of a multistage magnetic fluid seal

(Szczech, 2018). He thought a leak in the magnetic fluid

would occur when applied pressure (ΔP) exceeded the critical

pressure of the first stage and would cause the second stage to be

pressurized. If the upstream pressure further increased, the fluid

in the second stage (as well as in the first stage) would spring a

leak, which would cause the next stage to be pressurized. These

processes would continually happen until all stages were loaded.

Oscar Pinkus figured out that three distinctive phases would

occur during the failure of a magnetic fluid seal, which was as

follows and shown in Figure 1 (Pinkus, 1982):

FIGURE 1
Phases in magnetic fluid sealing failure.
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Phase 1: When the ΔP exceeded the critical pressure of the

seal, bubbles of the sealed air began to percolate to the low-

pressure side. If the ΔPwas raised, the flowing rate of the bubbles

would increase as well.

Phase 2:WhenΔPwas raised further, the bubblesmerged into a

thin jet-like passage through which steady leakage took place.

Phase 3: When ΔP was raised still further, particles of the

magnetic fluid began to be hung out from the gap, until, at

FIGURE 2
Structure of the multi-stage seal used in the research.

FIGURE 3
Schematic diagram of the experimental setup.
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sufficiently high ΔP, the whole fluid film was ejected, and the seal

was destroyed.

3 Experimental setup and method

A multi-stage seal is used in this work. As shown in Figure 2,

the magnetic fluid seal consists of a rotary shaft, two pole pieces, a

permanent magnet, a shell, and some other parts. The material of

the permanent magnet is Nd-Fe-B with an N35 grade. The shell

was made of 304 stainless steel, of which permeability is

approximately equal to vacuum permeability. The magnetic

fluid was synthesized by our laboratory. The materials of the

pole pieces and the rotary shaft are 2Cr13 stainless steel with high

magnetic permeability. There are 30 pole teeth evenly distributed

on the rotating shaft at the corresponding position of each pole

piece, which means there are 60 pole teeth at all. The diameter of

the shaft is 50 mm. The gap height is 0.1 mm. The distance from

the gap to the outer surface of the shell is approximately 25 mm

where we put our AE sensor.

As shown in Figure 3, the experimental setup had the

following parts: gas (air) supply system, pressure signal

collection system, AE signal collection system, the magnetic

fluid seal, and the computer.

During the test, compressed air is delivered from a high-

pressure air cylinder. A pressure-reducing valve is installed at the

pressure inlet to create a stable high-pressure environment. Then,

the airflow rate is regulated by a throttle valve. The sealing region

is divided into 3 chambers by two pole pieces. The right chamber

(Pos.1) is connected to the pressure inlet, and the left chamber

(Pos.3) is connected to the atmosphere. Two sensors are

equipped to measure the air pressure. The sensor labeled as

P1 measures the air pressure in the right chamber (Pos.1). The

P2 sensor measures the pressure between seal stages 1 and 2

(Pos.2). The diameter of the pressure measuring hole is 1.5 mm

and simulations show that the hole has little influence on the

magnetic field distribution. The measurement range is from 0 to

100 kPa, and the measurement accuracy is 0.5%. The pressure

signal is sent to the acquisition card (National Instruments),

which communicates with the computer using LabVIEW

software.

A miniature sensor, PICO, produced by Physical Acoustics

Corporation, was employed in the AE measuring system. The

sensor was mounted to the shell at the corresponding position of

the seal, allowing the clear monitoring of AE signals from the gap

and concealing AE signals from other parts of the seal. The

signals were acquired by AE win software provided by the same

company. An AE wave was recorded every 1.3 ms for further

processing. Each AE wave contained 1,024 sampling points at a

sampling rate of 2000 kHz. In this experiment, the obtained

acoustic emission signal was continuous. Therefore, we used the

root mean square (RMS) to represent the energy of the AE signal.

The calculation formula is expressed as follows:

RMS �
��
1
M

√
∑
M

i�1
U2

i . (3)

During the research presented in this article, the rotational

speed of the seal keeps zero. Tests under dynamic situations will

be conducted in future work.

4 Results and discussion

In the earlier stages of the magnetic fluid seal, the air pressure

kept increasing. After the failure occurred the air pressure began

to decrease. The pressure curves obtained throughout the whole

period are shown in Figure 4A, which includes the first-stage-

sealed period, second-stage-sealed period, and full-failure period.

The AE RMS curves are shown in Figure 4B. To smooth out

short-term fluctuations, a moving average method was

implemented for AE signals.

It can be seen from Figure 4A, that before time t1, the air

pressure in the right chamber increased with time. The pressure

difference between the two sides of the fluid ring-free surface

under the first tooth also increased. When the pressure reached

the critical value, the magnetic fluid barrier ruptured, which led

to the flow of compressed air through the first tooth and brought

some pressure to the second tooth. Then, some of the blew-out

magnetic fluid moved back to the gap under the first tooth

because of the magnetic force. The magnetic fluid barrier

recovered in a short time. But soon it ruptured again. With

the right chamber’s air pressure keeping increase, the same

processes like rupture and recovery under other teeth

continuously happened. Until time t1, all the 30 barriers

under the first pole piece ruptured and the compressed air

flowed from the right chamber into the middle chamber,

which led to a rapid increase in pressure in the middle

chamber. It meant the seal turned to the second-stage-sealed

period from the first-stage-sealed period. After the big rupture,

the pressure difference between the two chambers decreased

because the pressure in the middle chamber increased with the

air inflow. Because of the self-recovering property of the

magnetic fluid, the first pole piece regained the ability to hold

some pressure. At time t2, another big rupture was observed.

Meanwhile, the air pressure in the right chamber continuously

increased. During the period from t2 to t3, all magnetic fluid

barriers under the first pole piece ruptured and recovered several

times, and the pressure increased slowly in the middle chamber.

After time t3, the inlet pressure reached the critical value of the

seal, all fluid barriers ruptured entirely. The leakage channels in

the magnetic fluid barriers connectingthe low-pressure side and

high-pressure side. At the same time, the pressures in different

chambers decreased rapidly.

It can be seen from Figure 4B, that throughout the whole period

of the magnetic fluid seal, the energy of the AE signals continually

increased before the rupture occurred and then decreased. In our
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FIGURE 4
(A) Pressure curves; (B) AE RMS curves.

FIGURE 5
(A) AE RMS curves; (B–D) Frequency distributions of AE RMS in different periods.
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case, AE signals came from three parts: the magnetic fluid seal, the

gas supply system, and the environment. After we set down the

outlet pressure of the air pump and the gas flow rate controlled by

the throttle valve, the gas supply system remained in a stable state

without any change during the whole process. At the same time, we

chose to complete the experiment in a noiseless environment, and

there were no sudden AE signals caused by human factors.

Therefore, the reason for the change of the AE signals could

only come from the process that occurred inside the magnetic

fluid seal. When the air pressure gradually increased and exceeded

the critical pressure, the magnetic fluid barrier under the pole piece

would rupture and the air would flow, which would lead to the

increase of the AE signals. For further research, we analyzed the

frequency spectrums of a few AE waves from different periods,

which were illustrated in Figure 5.

They imply that the AE power is concentrated on several fixed

bands. The frequency distribution of the AE waves at different times

had different modes. It can be seen from Figure 5B, that the AE

power tended to concentrate in the proximity of 510 and 30 kHz.

Then, the time series of RMS before filtering and after filtering (with

a band-pass filter of 510 ± 40 kHz and a lowpass filter) could

represent the dynamic fluctuations of AEs, as shown in Figure 6.

Different features were observed in the sequential status of the whole

sealing processes, as follows:

4.1 Fully-sealed period

Before time T1, the air pressure was not high enough to blow

the magnetic fluid out from the pole tooth. The seal was kept full

and no rupture occurred. The filtered RMS in the proximity of

510 kHz kept stable at a low value. The filtered RMS in the

proximity of 30 kHz stayed at a relatively high value, which was

obviously caused by the ambient noise.

4.2 First-stage-seal-failure period

During the period between time T1 and T2, because of the

increasing air pressure, some of the magnetic fluid barriers

ruptured and led to the flow of compressed air through the

teeth, as described before. So, the RMS began to increase

along with the increasing rupture level. The filtered RMS in

the proximity of 510 kHz had the same trend. While the

filtered RMS in the proximity of 30 kHz remained

unchanged. Therefore, we believed the AE signals in the

proximity of 510 kHz reflected the rupture under the first

pole piece.

4.3 Second-stage-fully-sealed period

Before time T3, the first pole piece regained the ability to hold

some pressure. The pressure difference between the middle and

left chambers wasn’t big enough to cause a failure so the seal in

the second stage remained full. The filtered RMS kept stable in a

relatively high value in the proximity of 510 kHz due to the

ruptures under the first stage and remained unchanged in the

proximity of 30 kHz.

4.4 Second-stage-failure period

At time T3, the first-stage seal failed again and a lot of air flew

into the middle chamber, which caused the ruptures under the

second stage. The filtered RMS in the proximity of both 510 and

30 kHz began to increase. Considering this, we believed the AE

signals in the proximity of 30 kHz contained the information of

the rupture under the second pole piece in addition to the

ambient noise.

FIGURE 6
Filtered RMS in the proximity of (A) 510 and (B) 30 kHz.
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4.5 Full-failure period

After time T4, all fluid barriers ruptured entirely. The

pressures in different chambers decreased and the filtered

RMS in the proximity of both 510 and 30 kHz decreased

as well.

Comparing the sealing status obtained by the analysis of the

pressure and AE signals, the processes are barely the same and

the latter is even more detailed. In our case, the increase of the

filtered RMS in high frequency can indicate when the first-stage

seal begins to fail, and the increase in the filtered RMS in low

frequency can indicate when the second-stage seal begins to fail.

Therefore, the way we estimate magnetic fluid sealing status

based on acoustic emission monitoring works.

5 Conclusion

In this article, the method using acoustic emission

monitoring to estimate the magnetic fluid sealing status has

been studied by experiments. The conclusions and

recommendations are as followed:

1). The power of AE signals is concentrated in several fixed

frequency bands with different modes at an acoustic timescale.

Therefore, we can obtain the different information carried by

corresponding frequency bands by performing spectrum

analysis on the RMS of AE signals. And the different

information can reflect the different statuses of the

magnetic fluid seal.

2). In this case, the increase of the filtered RMS in high

frequency which is in the proximity of 510 kHz can indicate

when the first-stage seal begins to fail. The increase of the

filtered RMS in low-frequency proximity of 30 kHz can

indicate when the second-stage seal begins to fail.

3). In further research, the effect of rotational speed, shaft

diameter, temperature, the structure of the seal, and other

factors on AE signals will be studied.
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Research on a Large Diameter
Magnetic Fluid Seal With Thin-Wall
Parts
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Magnetic fluid seal is a new type of sealing method, which has been applied in many fields.
For some fields, such as aviation and aerospace, high sealing performance, large shaft
diameter, and small design space are required, which brings difficulties to the sealing
design. Therefore, it is necessary to study a large diameter magnetic fluid seal with thin-wall
parts. In this article, the effects of seal clearance and shaft deflection on the magnetic field
distribution of magnetic fluid seal are analyzed by the finite element method. At the same
time, the force of seal shaft in the assembly process is also simulated. The influence of the
amount of magnetic fluid on the pressure resistance is analyzed. The low-temperature
starting torque and high-temperature pressure resistance of magnetic fluid seal are
experimentally studied, and the optimal injection amount of magnetic fluid is obtained.
The research content of this article can be used as a reference for the design of a large
diameter magnetic fluid seal with thin-wall parts.

Keywords: magnetic fluid, magnetic fluid seal, large diameter, thin-wall parts, finite element simulation

INTRODUCTION

Magnetic fluid (MF), also known as ferrofluid, is a new type of smart material. It comprises magnetic
particles with a diameter of about 10 nm, surfactants and base carrier liquid (Li et al., 2002; Li, 2010).
It is characterized by both magnetism and fluidity, which makes it irreplaceable in engineering
application.

Rheology is one of the hot topics of research on magnetic fluids; for example, magnetic fluids have
a magnetoviscous effect that other fluids do not have. Odenbach et al. systematically studied the
rheological properties of magnetic fluid. Under the constant shear rate, the viscosity of the magnetic
fluid increases with the increase of the magnetic field. They also proposed the influence of particle
size on viscosity and found that the larger the particle size of magnetic particles in magnetic fluid
under magnetic field, the higher the viscosity (Odenbach and Störk, 1998; Odenbach, 2000). Shah
et al. showed that magnetic particles with large particle size increase the yield stress of magnetic fluids
(Shah et al., 2012). Li et al. studied the thixotropic yielding behavior of magnetic fluids with different
particle volume concentrations for a long enough time (Li et al., 2019).

Magnetic fluid seal is one of the most successful applications of magnetic fluid, and magnetic fluid
seal has the advantages of zero leakage and long service life. The performance of magnetic fluid seals
is closely related to the rheological properties of the magnetic fluid itself. The study of the frictional
torque of the seal and the starting torque of the seal is one of the hot spots of magnetic fluid seal
research in recent years. Li Decai et al. studied the low-temperature large-diameter magnetic fluid
rotary seal and investigated the low-temperature starting torque of the magnetic fluid seal with an
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operating temperature of −40°C. The factors affecting the starting
torque of the seal were systematically studied (Li et al., 2001; Li
et al., 2004). Chung kyun kim et al. investigated the frictional
torque of magnetic fluid seal with different pole tooth shapes and
parameters (Kim and Kim, 1997). He xinzhi et al. showed that the
yield stress is one of the main factors affecting the pressure
resistance and starting torque of magnetic fluid seal (He et al.,
2015). Zhixin studied the variation of starting torque of the
magnetic fluid seal with the resting time. It was found
experimentally that the starting torque of the seal increased
with the increase of the resting time and then tended to
saturate (Li, 2002). They attributed the abovementioned
phenomenon to the magnetic fluid film under the magnetic
field in which the Cai et al. found that large magnetic particles
and low temperature environment would change the
microstructure of magnetic fluid and proposed a method to
reduce the large size particles in the magnetic fluid (Cai and
Xing, 2013). Chen et al. found that the magnetic fluid seal starting
torque would increase sharply with the decrease of temperature
through the experimental study (Chen et al., 2018). Cheng
Yanhong et al. studied the factors affecting the starting torque
of fluoroether oil-based magnetic fluid seals (Cheng et al., 2021).
Thus, it can be seen that the starting torque of magnetic fluid seals
is one of the key points of the seal research.

The magnetic fluid seal faces various design problems in the
environment of limited space. For example, how to design the
distribution of magnetic field strength, the influence of
installation accuracy and deformation of thin-walled parts on
the magnetic field, and the size of magnetic field force during the
assembly should be studied on the design basis. In this article, the
abovementioned problems are simulated by ANSYS Maxwell
software. The simulation results show that the large-diameter
thin-wall magnetic fluid sealing structure has guiding
significance.

THEORY

Theory of Pressure Resistance of Magnetic
Fluid Seal
Sealing is the most extensive and successful application of
magnetic fluid in engineering. It has outstanding advantages of
zero leakage, long service life, and high reliability, especially in
vacuum containers, vacuum pumps, and other vacuum sealing

effects. The basic structure of magnetic fluid seal is composed of
rotating shaft, pole shoe, permanent magnets, and magnetic fluid,
as shown in Figure 1.

Under the action of the magnetic field, the magnetic fluid
forms liquid rings similar to “O” rings in the gap between the pole
teeth and the shaft so as to play a sealing role.

The biggest difference between the magnetic fluid and other
fluids is its response to the magnetic field, which is also reflected
in the Bernoulli equation. The Bernoulli equation of general
fluid is

P + 1
2
ρV2 + ρgh � C. [1]

Rosensweig derived the Bernoulli equation of magnetic fluid
(Rosensweig, 1985; Li, 2010):

P + 1
2
ρfV

2 + ρfgh − μ0 ∫
H

0
MdH � C. [2]

Compared with the Bernoulli equation of general fluid,
magnetic fluid has one more magnetic energy product term,
so the flow characteristics of magnetic fluid are more complex
than those of the general fluid, and it also has irreplaceable
applications in engineering.

For the calculation of pressure resistance of magnetic fluid
seal, it is assumed that the gravity and magnetic force of magnetic
fluid are relatively small and can be ignored; The magnetic field
line can be approximately replaced by an arc, and the equal
magnetic field line coincides with the magnetic field line; the
surface tension of the magnetic fluid is ignored. At this time, the
pressure resistance of magnetic fluid single-stage seal is

ΔPmax � μ0∑n

i�1 ∫
Hmax

Hmin
MdH. [3]

Torque of Magnetic Fluid Seal
Unlike traditional contact seals, such as packing seals and
mechanical seals, magnetic fluid seals have no solid friction, so
their friction torque is low and there is no wear. However, under
the strong magnetic field or low temperature conditions, the
rheological properties of magnetic fluid will change obviously,
which affects the application of magnetic fluid seal. Therefore, it is
necessary to study the torque of magnetic fluid seal. Magnetic
fluids usually behave like H-B fluids under the action of a

FIGURE 1 | Magnetic fluid seal structure.
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magnetic field (Rosensweig, 1985; Yang et al., 2006; Hong et al.,
2007; Li et al., 2019), so we assume that:

τ � τs + k _γn, [4]
where τ is the shear stress, τs is the yield stress, _γ is the shear rate,
k is the consistency index, and n is the shear thinning exponent. k
and n are the fitting parameters that can be obtained by
experiments. The starting torque of the magnetic seal is

T � r1 · F � r1 · τ · S, [5]
where F is the minimum value of the force that allows the shaft to
rotate, r1 is the radius of the rotating shaft, and S is the area of the
contact surface between the shaft and the magnetic fluid. The
surface area S is given by

S � 2πNr1 · lt. [6]
From Eqs 4–6

T � r1 · (τs + k _γn) · 2πNr1 · lt,
� 2Nπr21Ltτs + 2Nπkr21Lt(r1ωLg

)
n

,

� 2Nπr21Ltτs + 2Nπkωr(2+n)1 Lt

Ln
g

, [7]

whereω is the speed of the shaft, Lt is the width of the pole teeth, Lg is
the width of the sealing gap, and N is the number of the pole teeth.

Force Calculation Method of Magnetic Fluid
Seal Rotating Shaft
Electromagnetic calculation is a part of the design of magnetic
fluid seal and one of the important bases for the normal operation
of equipment. There are two classical electromagnetic force
calculation methods, Maxwell stress method and the virtual
displacement method. For the virtual displacement method,
according to the principle of virtual work, the force on the
object in the Q direction is (Yan et al., 2003; Mingli et al.,
2007; Yang et al., 2009):

F � −zWm

zq
, [8]

where Wm is the magnetic field energy of the
system, Wm � ∫

v
∫B

0
H°dBdv

For Maxwell’s stress method, it usually starts from Maxwell’s
stress constant T.

f � ▽ · T. [9]
T is a second-order tensor in which the elements are

Tij � HiBj − δijwm,

δij � { 1 i � j
0 i ≠ j

, [10]

where δij is the Kronecker’s operator and wm is the magnetic co-
energy density.

Then, the combined force acting on the magnetic mass is

F � ∫
v
∇ · Tdv � ∮

s
TdS, [11]

where S is any one of the closed surface surrounding the magnetic
mass, S is usually set in the air around the magnetic mass, and for
a two-dimensional problem, this area fraction is reduced to a
closed curve, and the combined force F can be expressed as

F � ∮
l
[(BnHt)t + 1

2
( 1
μ0
B2
n − μ0H

2
t)n]dl, [12]

where t and n are the tangential and normal unit vectors of the
integration path, respectively.

MAGNETIC FIELD SIMULATION AND
ANALYSIS
Modeling and Magnetic Field Analysis in the
Ideal State
The key factor in the design of magnetic fluid seal is the magnetic
field design, which is directly related to the pressure resistance of
the seal. Ideally, the sealing clearance of the magnetic fluid seal is
0.1mm, which is guaranteed by the bearings installed on both
sides of the pole shoe. For a large-diameter magnetic fluid seal, the
installation accuracy of thin-walled shaft has a significant impact
on the pressure resistance of magnetic fluid seal. At the same time,
thin-walled parts are easy to deform during transportation,
assembly, and loading. Therefore, it is very necessary to study
the pressure resistance of thin-walled parts under deformation.

The design requirements of the seal are the radius of the shaft
r1 = 173 mm and the shaft width is 18 mm, and the seal pressure
resistance is not less than 0.08 MPa in the temperature range of
-55–70°C.

The magnetic field strength (H) and magnetic flux density (B)
at the seal gap can be obtained quickly and accurately by
simulation using ANSYS Maxwell. First, a simplified
calculation of the magnetic fluid seal structure is performed. It
is assumed that the magnetic permeability of the non-magnetic
material parts such as bearings, bearing seats, and end caps is 1;
the relative permeability of the magnetic fluid is much smaller
than the relative permeability of the material of the rotating shaft
and the pole shoe, so it is assumed that the magnetic fluid has a
permeability of 1; and themagnetic field provided bymultiple sets
of cylindrical magnets is assumed to be uniformly distributed.
Based on the abovementioned assumptions, the simulationmodel
can be simplified to Figure 2, and the three-dimensional problem
can be simplified to a two-dimensional problem. Since the
magnetic permeability of parts such as bearings is assumed to
be 1, which is always the same as that of the air domain, these
parts can be ignored in this analysis.

The following is a description of the finite element simulation
modeling: the material used for the pole shoe and the shaft is
2Cr13 with a relative permeability of 4,000; the permanent
magnet is N35 with a relative permeability of 1.1, and a
coercivity of 890 kA/m. The saturation magnetization strength
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of the magnetic liquid is 450Gs; each pole shoe has seven pole
teeth, and a total of 14 pole teeth are designed with a width of
0.2 mm and a height of 0.7 mm, and the distance between the two
adjacent pole teeth is 0.8 mm. Since the ratio of axial constancy to
the radial length is 0.052 for the seal structure analyzed in this
article, the seal structure is a large diameter thin-wall magnetic
fluid seal. At the sealing gap, we set the maximum length of the
element to 0.01 mm, we set the maximum number of passes to 10,
the percentage error to 1, and the optimal pass rate to 30%, the
maximum number of passes as 10, percent error as 1, and
refinement per pass as 30%.

First, the magnetic field in the ideal state of magnetic fluid seal
is analyzed, and the magnetic field strength of the model can be
obtained through calculation. The cloud diagram of magnetic
field intensity after analysis is shown in Figure 2, and the
distribution of magnetic field intensity under the polar teeth is

shown in Figure 3. Assuming that the magnetic fluid is in the best
working position when receiving the pressure, the coordinates of
the highest point and the lowest point are taken and the pressure
resistance of the seal as 0.28 MPa is calculated according to the
formula (Odenbach and Störk, 1998).

Analysis of Magnetic Field Forces During
Assembly
In the assembly of magnetic fluid seal, the two pole shoes and
permanent magnet are generally assembled before installation.
During installation, due to the magnetic force, the pole shoe and
the rotating shaft attract each other, resulting in eccentricity, which
eventually leads to the hanging of the pole teeth and the shaft during
installation, which will seriously lead to the deformation and damage
of the pole teeth. Therefore, it is necessary to explore the magnetic
force on the shaft sleeve during installation. The axial force of the
shaft sleeve can be calculated by changing the x-axis coordinate of
the shaft sleeve and using the energy gradient method or Maxwell
stress tensor. It can be seen from the calculation results that the force
received is quasi periodic, as shown in Figure 4, which is caused by
the polar tooth structure. According to the calculation results, the
maximum value is 1.436 kN.

In the practical application of magnetic fluid seals, most
magnetic fluid seals require custom designs, except for standard
parts from companies such as Ferrotec. In addition, most magnetic
fluid seals are small-diameter seals, somanual assembly is sufficient
to meet the assembly accuracy requirements. However, for large-
diameter thin-walled magnetic fluid seals, the abovementioned
study shows that the axial force during the assembly is up to
1.436 kN, which makes manual assembly impossible to ensure that
the process is free from scratches and knocks. In order to solve the
abovementioned problem situation, a large diameter fixture should
be designed to fit the assembly. The principle is to ensure the
coaxiality between the machine shoe and the rotating shaft in the
assembly by the clearance fitting surface of the upper and lower
fixture. The axial distance during assembly is adjusted by screws,
and the installation of sealing parts is completed under the premise

FIGURE 2 | Cloud diagram of magnetic field strength at 0.1 mm
sealing gap.

FIGURE 3 | Magnetic field intensity distribution in the sealing gap at 0.1 mm sealing gap.
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of ensuring the coaxiality, thus effectively avoiding scraping and
collision caused by the magnetic field force.

Analysis of the Effect of Different
Parameters on the Seal
The thin-wall parts are prone to deformation during machining,
especially for large-diameter thin-walled shafts. Therefore, it is
necessary to study the effect of different sealing clearances on the
pressure resistance and thus use it as a basis for designing the
tolerance of the pole shoes and the rotating shafts. This research
can play a key role in the design of thin-wall seals.

As can be seen from Figures 5, 6, the pressure resistance of the
seal decreases significantly with the increase of the seal clearance.
When the sealing gap is greater than 0.6 mm, the pressure
resistance of the seal is 0.0241 MPa, which is less than 1/10 of

that when the sealing gap is 0.1 mm. It can be considered that
when the sealing gap is greater than 0.6, the magnetic fluid seal
has no sealing ability and the seal fails. It is worth mentioning that
when the thin-walled rotating shaft is deformed due to the force,
the shape of the shaft will change, and the magnetic fluid seal gap
under the pole teeth will be uneven. Here, the change of magnetic
field strength caused by the shaft deformation is ignored, and the
maximum value of sealing gap at each level is taken to calculate
the pressure resistance. Similarly, this method can be used to
calculate the pressure resistance, when the bearing runout is large
or when the accuracy of the shape tolerance is low.

The sealing structure studied in this article has 14 pole teeth,
and the actual requirement of sealing is 0.08 MPa, and the sealing
medium is nitrogen or dry air. When the sealing gap is larger than
0.31 mm, the theoretical pressure resistance is 0.0791 Mpa, and
the sealing performance cannot meet the design requirements at

FIGURE 4 | Axial magnetic field force on the rotating shaft.

FIGURE 5 | Distribution of sealing magnetic field strength under different sealing gaps.
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all. When the seal gap is 0.1 mm, the theoretical pressure
resistance is 0.2854 Mpa, and this value is consistent with the
design experience. If the magnetic field design requires that the
pressure resistance should be 2.5 times larger than that of the
application, which means that the pressure resistance is not less
than 0.2 Mpa, it is known from the simulation results that the seal
gap should not be larger than 0.15 mm. The simulation results are
not only applicable to the design of the seal structure but also can
be used to analyze the pressure resistance after the deformation of
the thin-walled sleeve or to analyze the effect of the eccentricity of
the sleeve, that is, for the cumulative tolerance offset of the design
on the radius should not be greater than 0.05 mm.

If the shaft is subjected to radial forces, the shaft may also be
deflected, so it is necessary to study the magnetic field intensity
distribution when the pole shoe is not parallel to the shaft. By
calculation, for this sealing mechanism, the shaft and the pole shoe

will contact when the shaft is rotated by 0.66°, so this research studies
the change of magnetic field intensity distribution, when the rotation
shaft deflection angle is from 0° to 0.66°, and obtains the effect of
deflection angle on the seal pressure resistance.

As can be seen from Figure 7, the magnetic field intensity
under the right pole shoe increases significantly with the increase
of deflection angle, and the magnetic field intensity under the left
pole shoe decreases with the increase of deflection angle. In this
article, the three-dimensional problem is simplified into a two-
dimensional model, so the value of the minimum magnetic field
strength under each pole tooth should be taken after calculating
the sealing pressure resistance. Through calculation, the
relationship between different rotation angles and sealing
pressure resistance can be obtained in Figure 8. The results
show that the pressure resistance of the seal decreases with the
increase of the deflection angle of the rotating shaft. It should be
noted that the maximum deflection angle is 0.66°, and the
calculated sealing pressure resistance is 0.2045 Mpa. Compared
with the deflection angle of 0, the sealing pressure resistance is
0.02853Mpa, a decrease of 28.3%. However, this does not mean
that the deflection of the shaft has less influence on the seal.
Considering the bearing life and seal life, the design and assembly
should still minimize the deflection angle of the rotating shaft.

Under normal assembly conditions, an overfilling of magnetic
fluid should be injected to ensure a long life of the magnetic fluid
seal. However, excess magnetic fluid will increase the sealing
torque, a problem that is not significant in ambient temperature
environments. However, if there is a need for low temperature
sealing, such as in a −55°C environment, the start-up torque of the
magnetic fluid seal will increase significantly, which may cause
damage to the motor and other components. If there is a strict
requirement for the rotational torque of the seal, it is necessary to
study the relationship between the volume of the magnetic fluid
and the pressure resistance. In the seal gap, the distribution
interface of the magnetic fluid will coincide with isomagnetic
lines. To facilitate the calculation, the isomagnetic lines is reduced
to a circular arc, as shown in Figure 9.

FIGURE 6 | Relationship between the sealing gap and sealing pressure
resistance.

FIGURE 7 | Effect of different rotation angles of the shaft on the distribution of magnetic field strength.
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The abovementioned analysis results are calculated based
on the finite element magnetic field strength analysis.
According to the abovementioned curve, when the volume
of magnetic fluid reaches 0.6 ml, the pressure resistance
reaches 0.27 MPa, which is only a theoretical decrease of
3.5% compared to the pressure resistance of an excess of
magnetic fluid, as shown in Table 1 and Figure 10.
Therefore, it can be assumed that the volume of magnetic
fluid seal used in this study is at least 0.6 ml. It is worth
discussing that in the general assembly process of magnetic
fluid seal, it is usually necessary to inject an excess amount of

magnetic fluid and only a small amount of magnetic fluid is
adsorbed at the pole teeth. Also, due to different assembly
processes, the magnetic fluid may be adsorbed directly on the
permanent magnet, resulting in waste. Therefore, it is
necessary to explore a new magnetic fluid seal structure and
its assembly method.

EXPERIMENTAL ANALYSIS

Experimental conditions: after holding at −55°C for 2 hours,
conduct low temperature sealing pressure and low temperature
starting torque test. After heating to 70°C and holding for 2 hours,
the high-temperature pressure resistance test is conducted.

Experimental equipment: high- and low-temperature
environmental chamber.

Test method. Measure the length of the long rod connected to
the rotating shaft with an arm length of L. Hang a bucket on one
end of the long rod and add the weights slowly and sequentially to
the bucket. The weight m is measured after the rotating axis is
rotated. The starting torque is calculated according to the
following formula:

τ � m · g · L.
The graph below shows the relationship between the magnetic

fluid volume and the low temperature start-up torque of the
magnetic fluid seal at a low temperature of −55°C. The viscosity
and yield stress increase as the temperature decreases. Also, the
viscosity and yield stress of the magnetic fluid increase with

FIGURE 8 | Relationship between different rotation angles of the shaft
and the pressure resistance.

FIGURE 9 | Distribution of magnetic fluid under the polar teeth.

TABLE 1 | Relationship between the volume of magnetic fluid and pressure resistance.

V (ml) 0.076 0.152 0.190 0.272 0.362 0.443 0.522 0.600 0.678 0.755 Excess

△P (MPa) 0.007 0.037 0.102 0.169 0.215 0.243 0.260 0.270 0.276 0.279 0.285

FIGURE 10 | Effect of different volumes of magnetic fluid on the pressure
resistance of the seal.
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increasing magnetic field strength due to the response of the
magnetic fluid to the magnetic field. Therefore, for magnetic fluid
in large diameter magnetic fluid seal, the magnetic force in the
seal gap is very high. At a low temperature of −55°C, the viscosity
and yield stress of the magnetic fluid increase significantly. This
leads to a significant increase in the low temperature start-up
torque of the magnetic fluid seal compared to that at the room
temperature and high temperature. The relationship between the
magnetic fluid injection volume and the low-temperature start-
up torque of a large-diameter magnetic fluid seal was investigated.
The experimental results are shown in Figure 11. With a
magnetic fluid volume of 3 ml, the start-up torque of the seal
can be as low as 30 Nm at a sealing pressure of 0.08 MPa. The
pressure does not decrease after the seal is rotated. The results
show that the low-temperature starting torque of the large-
diameter magnetic fluid seal increases with the increase of the
magnetic fluid volume. It should be noted that the lubrication

performance of the magnetic fluid seal bearing is poor at low
temperature, which also affects the starting torque and rotating
torque. When the volume of the magnetic fluid is less than 3 ml,
the magnetic fluid seal will leak above 70°C. Therefore, in the
design, it is necessary to consider both the connection of reducing
the low-temperature starting torque and the high-temperature
seal failure. Large diameter magnetic fluid seal with thin-walled
parts are shown in Figure 12.

Since there is no rheometer dedicated to measure the yield
stress of magnetic liquids in −55°C, the calculation can be
performed by equation (7). The starting torque of the seal is
measured with a small rotational speed of the rotating shaft, ω ≈
0,N = 14, r1 = 173 mm, Lt = 0.2 mm, and T = 30 Nm. Thus, we
obtained the yield stress of the magnetic liquid in a strong
magnetic field after 2 hours of holding at −55°C. The yield
stress ts = 57 kPa.

CONCLUSION

Based on the principle of magnetic fluid seal, the influencing
factors of magnetic field distribution of a large-diameter thin-
walled magnetic fluid seal are studied by the finite element
method, and the low-temperature starting torque of magnetic
fluid seal is studied by the experiment.

1) The pressure resistance formula of magnetic fluid seal, the
torque of magnetic fluid, and the force on the rotating shaft of
magnetic fluid seal are analyzed.

2) Through the finite element analysis method, the magnetic
field force of the rotating shaft of large-diameter magnetic
fluid seal during the assembly is simulated and analyzed.

3) The influencing factors of magnetic field distribution in
magnetic fluid seals were analyzed by the finite element
method. The effects of seal gap and shaft deflection angle
on the magnetic field distribution in the magnetic fluid seal
gap were analyzed to help the tolerance design of the parts.

4) The effect of magnetic fluid volume on the pressure resistance
of magnetic fluid seal is analyzed.

5) The effect of the volume of the magnetic fluid on the low-
temperature starting torque and the pressure resistance of the
magnetic fluid seal was analyzed by the experiment.

FIGURE 11 | Magnetic fluid volume versus starting torque in −55°C environment.

FIGURE 12 | Large diameter magnetic fluid seal with thin-walled parts.
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Full-Scale Simulation of the
Fluid–Particle Interaction Under
Magnetic Field Based on
IIM–IBM–LBM Coupling Method
Wei Peng1, Yang Hu1*, Decai Li 1,2 and Qiang He2

1School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing, China, 2State Key Laboratory of
Tribology, Tsinghua University, Beijing, China

In this article, a full-scale computational model for fluid–particle interaction under a
magnetic field is developed. In this model, the fluid field is solved by the lattice
Boltzmann method, and the hydrodynamic force acting on the particle is computed by
the immersed boundary method . The numerical solutions of the magnetic field in the
fluid–solid domain are achieved by the immersed interface method with a finite difference
scheme, in which the normal and tangential jump conditions of the magnetic field intensity
are applied to modify the standard finite difference scheme. The magnetic stress tensor
along the fluid–particle interface can be calculated accurately. Unlike the widely used
point–dipole model, the magnetic force acting on the particle is determined by the stress
integration method. Numerical simulation of several numerical tests are carried out to
validate the proposed model. The numerical results demonstrate the validity of the present
model. Moreover, themagnetoviscous effect is studied by simulating themotion of elliptical
particles under the uniform magnetic field in shear flow.

Keywords: full-scale simulation, fluid-particle interactions, magnetic field, immersed interface method, immersed
boundary method, lattice Boltzmann method

INTRODUCTION

Fluid–particle two-phase flows under a magnetic field can be usually found in nature and engineering
applications, ranging from mineral screening (Ku et al., 2015), microfluidic control systems (Cao
et al., 2014), magnetorheological fluid (Climent et al., 2004), and other chemical and biological
applications. For the modeling of such flows, the two most important issues are to calculate the
interaction forces between the particles and fluid/magnetic fields accurately and efficiently.

Fluid–particle interaction is one of the research hotspots in the computational fluid community.
The existing models for fluid–particle interaction can fall into two categories: the Eulerian–Eulerian
models and the Eulerian–Lagrangian models (Chiesa et al., 2005; Patel et al., 2017). The
Eulerian–Eulerian models can capture the collective behavior of particles. However, it needs
complex constitutive equations, and it is difficult to predict the details of the flow. Alternatively,
the Eulerian–Lagrangianmodels easily obtain the detailed flowing behavior around the particles. The
Eulerian–Lagrangian models can also be classified into two types: the point source model and the
full-scale model (Luo et al., 2007; Hu et al., 2018). For the point source model, the empirical drag
force formula is utilized to compute the fluid-particle interaction force. However, the point model i
lacks enough accuracy for cases with dense or large-sized particles. For full-scale simulation, the fluid
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is governed by the Navier–Stokes equations, and the particle
motion is solved by the Newtonian laws. The interaction force
between the fluid and particle is determined by the no-slip
condition. From this point of view, the full-scale model is
most suitable for the study of flow mechanisms. Within the
framework of full-scale models, the fixed mesh methods,
which do not require time-consuming mesh generation, have
received considerable attention in recent years. Unlike the body-
fitted mesh methods, the governing equations of the fluid field are
discretized on a fixed mesh, and the boundary is tracked by a set
of Lagrangian points or captured by an implicit function. As a
result, the computational efficiency is greatly improved. Kang
et al. applied the distributed Lagrange multiplier/fictitious
domain method to solve flows with suspended paramagnetic
particles, in which the no-slip boundary condition on the
particle boundary is implemented by Lagrange multipliers
(Kang et al., 2008). Kang and Suh proposed the one-stage
smoothed profile method for simulation of flows with
suspended paramagnetic particles, in which the sigmoid
function was used to construct body force by ensuring the
rigidity of particles (Kang and Suh, 2011a). Kim and Park
presented a level-set method for the analysis of magnetic
particle dynamics on a fixed mesh (Kim and Park, 2010). Ke
et al. introduced an IBM to simulate the behavior of magnetic
particles in a fluid with an external magnetic field (Ke et al., 2017).
These works show the effectiveness of fixed mesh methods in
handling the fluid–particle interaction under a magnetic field.

In terms of calculation of magnetic force, the calculation models
can also be divided into the point–dipole model and the force
integration model. For example, Sand et al. developed a
point–dipole model to simulate the magnetic particle suspension
flow inwhich the single particle attraction force towards themagnetic
pole was computed by a simple Kelvin force formula, and the
interaction force between two nearby particles was computed by a
magnetic dipole model (Sand et al., 2016). Like the point source
model for fluid–particle interaction, the point–dipole model for
particle–magnetic field interaction also suffers from inaccurate
force estimation in nondilute flow or particle shape-dependent
conditions. To this end, some work based on the force integration
model has been done. In these models, the governing equation of the
magnetic field in the multimedia zone was solved firstly. Then, the
magnetic force acting on the particle can be obtained by integrating
the force density. The magnetic force density can be calculated by the
Helmholtz force density (Kang et al., 2008) or the virtual air gap
scheme (Kang and Suh, 2011b). It should be pointed out that the
fluid–particle interface is smeared out over several mesh cells in these
above-the-force integration models. However, the magnetic stress
force at the interface is treated as the continuous smoothed form,
which will cause the loss of numerical accuracy.

In this paper, we develop a fully resolved simulation method for
the fluid–particle interaction under a magnetic field. The LBM,
which is a simple and efficient flow field solver, is adopted. The
fluid–particle interaction is handled by the momentum-exchange-
based IBM. More importantly, we give a Maxwell stress integration
method to calculate themagnetic force based on the IIMwith a finite
difference scheme. According to the normal and tangential jump
conditions of magnetic scalar potential along the medium interface,

the discretized difference scheme is modified to ensure second-order
accuracy. Then, the Maxwell stress tensor at the interface can be
calculated accurately. The magnetic force acting on the particle can
be obtained by integrating the magnetic stress force along the
interface. Several numerical examples are simulated to validate
the present IIM–IBM–LBM coupling model. The numerical
results indicate that the present calculated stress force values
agree well with the numerical results obtained by the body-fitted
mesh. The circular particle sedimentation and motion of elliptical
particles in shear flow under the magnetic field are also studied.

MATHEMATICAL MODEL AND
NUMERICAL METHOD

In this study, LBM is used to simulate fluid flow, IBM is used to
simulate the interaction between fluid and particles, and IIM is
used to calculate magnetic field. In this section, we introduce the
numerical implementation procedures of LBM, IBM, and IIM.

Lattice Boltzmann Model for
Incompressible Fluid Flow
Using a standard uniform Cartesian grid with lattice space h, the
single relaxation time LB evolution equation with external force
term is as follows (Chen and Doolen, 1998):

fα(x + eαΔt, t + Δt) − fα(x, t) � −1
τ
[fα(x, t) − feq

α (x, t)] + FαΔt ,

(1)
where fα is the density distribution function. The dimensionless
relaxation time reads

τ � μ

Δtc2s
+ 0.5 , (2)

where μ is the coefficient of kinetic viscosity, feq
α is the

equilibrium distribution function, and Fα is the external force
term in discrete velocity space. Then, feq

α and Fα could be
separately written as

feq
α � ωαρf[1 + eα · u

c2s
+ (eα · u)2

2c2s
− u2

2c2s
] , (3a)

Fα � (1 − 1
2τ

)ωα[eα − u
c2s

+ eα · u
c4s

eα] · f , (3b)

where cs � c�
3

√ � h
Δt

�
3

√ is the lattice sound speed and f is the body
force. In the D2Q9 model, the discrete velocity eα and weight
coefficients separately reads

eα �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(0, 0), α � 0

c(cos[(α − 1) π
2
], sin[(α − 1) π

2
]), α � 1, 2, 3, 4

�
2

√
c(cos[(2α − 1) π

4
], sin[(2α − 1) π

4
]), α � 5, 6, 7, 8

,

(4a)
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ω0 � 4/9,ω1 � ω2 � ω3 � ω4 � 1/9,ω5 � ω6 � ω7 � ω8 � 1/36 .

(4b)
The density and macrovelocity are written as

ρf � ∑
α

fα , (5a)

u � ⎛⎝∑
α

eαfα + 1
2
fΔt⎞⎠/ρ . (5b)

Immersed Boundary Method for the
Fluid–Particle Interaction
The momentum exchange-based IBM proposed by Niu et al.
(2006) is used to calculate the interaction force between fluid and
solid particles. In Figure 1, the flow domain is covered with a
uniform Cartesian grid, and the fluid–solid interface is divided
into a series of Lagrange points Xl with the arc length ΔSl. The
relation between the body force f on the Eulerian nodes xi �
(xi, yi) and the force density f on the Lagrange points Xl �
(Xl, Yl) is expressed as

f (xi, t) � ∑
i

F(Xl, t)D(xi − X l)ΔSl , (6)

whereD (xi − Xl) is the two-dimensional discrete Dirac function.
In this study, the expression of D(xi − Xl) proposed by Peskin
(Peskin, 2002) is adopted:

D(xi − X l) � 1

h2
δ(xi −Xl

h
)δ(yi − Yl

h
) , (7)

where

δ(r) �
⎧⎪⎪⎨
⎪⎪⎩

1
4
(1 + cos(πr

2
)) |r|≤ 2

0 |r|> 2

. (8)

The calculation of the force density F(Xl, t) is the key problem
in IBM, and it is usually determined by the no-slip condition on
the boundary of the rigid particle. For the present momentum
exchange-based IBM, the no-slip condition is implemented by the
bounce-back rule. Firstly, the density distribution function
fα(Xl, t) at Lagrange points is obtained by an interpolation
method, i.e.,

fα(X l, t) � ∑
i,j

D(xi − X l)fα(xi, t)h2 . (9)

Then, the new distribution function fnew
α (Xl, t) could be

solved according to the bounce-back rule:

fnew
α (X l, t) � f−α(X l, t) − 2ω−αρ

e−α · Ud
B(X l, t)
c2s

, (10)

where Ud
B(Xl, t) is the velocity at Lagrange point and −α is the

opposite direction of α. Next, the force density F(Xl, t) of the flow
field acting on the boundary point is calculated as

F(Xl, t) � ∑
α

eα[fnew
α (X l, t) − fα(Xl, t)] h

Δt . (11)

Furthermore, we define

⎧⎪⎪⎨
⎪⎪⎩

Fpf
′ � −∑

l

F(X l, t)ΔSl
Tpf

′ � −∑
l

(Xl − Xp) × F(Xl, t)ΔSl . (12)

The hydrodynamic force Fpf and moment Tpf acting on the
solid particle can be obtained by removing the effect of internal
mass

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Fpf � Fpf
′ + ρf

ρp
Mp

dUp

dt

Tpf � Tpf
′ + ρf

ρp
Ip
dωp

dt

, (13)

where Xp is the centroid of the solid particle, ρp is the particle
density,Mp is themass of particle, Ip is the moment of inertia,Up

is the translational velocity, and ωp is the rotational velocity,
respectively.

Immersed Interface Method for Magnetic
Field Calculation
The magnetic field in the multimedia zone can be solved by the
Maxwell equations with the interface conditions. As shown in
Figure 2, we consider two types of methods to impose the
magnetic field: one is the given external uniform magnetic
field, and the other is the permanent magnetic field. The
Maxwell equations without current are expressed as follows:

FIGURE 1 | Configuration of the grids used in the IBM. Euler points
(circles) represent the flow field and Lagrange points (crosses) represent the
fluid–solid interface.
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{ ∇ · B � 0
∇× H � 0

, (14)

where B is magnetic induction and H is magnetic field intensity.
To solve the two Maxwell’s equations, the constitutive
relationships between magnetic flux density and magnetic field
(Eq. 15) are needed

{ B � μH
B � μ0(H +M) (for permanentmagnet) , (15)

where μ0 is permeability of vacuum, μ is relative permeability, and
M is the remanence of permanent magnet. At a current-free
interface between two media, the following two continuity
conditions are satisfied:

{ B1n � B2n

H1τ � H2τ
, (16)

where n and τ are the normal and tangential directions,
respectively. At the interface between permanent magnet and
other media, the normal component of B is still continuous across
the interface. However, the tangential component of H has a
jump discontinuity.

{ B1n � B2n

H1τ −H2τ � M2τ
. (17)

Due to the irrotationality condition of H field, the scalar
magnetic potential V is introduced:

H � −∇V . (18)
The equations for solving the magnetic potential V can be

obtained:

{∇ · μ(−∇V) � 0
−∇ · μ0(∇V −M) � 0 (for permanentmagnet) . (19)

The interface conditions for V could be obtained from
Formula 19 as follows:

{[[μ∇V · n]] � 0
[[∇V · τ]] � 0

(nonpermanent magnet) , (20)

{ [[∇V · n]] � M · n
[[∇V · τ]] � M · τ (permanent magnet) . (21)

In order to solve the magnetic field and compute magnetic
force accurately, the IIM is used. The basic idea of IIM is to adopt
the interface jump conditions to modify the finite difference
scheme near the interface. As a result, second-order solutions
can be achieved in the whole domain. A finite difference scheme
for Poisson equation (Eq. 19) can be written as

∑
k

γkVi+ik,j+jk � Cij , (22)

for use at the point (xi, yj). To sum over k involves points (not
more than six points selected near the interface) neighboring
point (xi, yj), so the value of each ik, jk is set to (−1, 0, 1). The
coefficients γk and indices ik, jk depend on (i, j). The
correction term Cij is nonzero only if the grid point is
irregular. For more details, please refer to LeVeque et al.
(1994).

The following formula is used to solve the magnetic field force.

Fm � ∮ n · σmdS . (23)

The Maxwell stress tensor is

σm � −1
2
μ0H

2I + BH , (24)

where I is the identity operator. Moreover, the magnetic field
force Fm is solved by the following formula (Blūms et al., 1997):

Fm � ∮( − 1
2
μ0n ·H2 + (n · B)H)dS,

≈ ∑
l

( − 1
2
μ0n(Xl) ·H(Xl)2 + (n(Xl) · B(Xl))H(Xl))ΔSl ,

(25)

FIGURE 2 | Interface problems of permanent magnetic field (A) and uniform magnetic field (B).
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where n is the normal vector. So, the magnetic field intensity at
the interface needs to be determined.

Here, we introduce a six-point interpolation method to
calculate from the correct side of the interface. In Figure 3,
for the point P on the interface, we find the nearest point (xi, yj)
in the Cartesian grid. So, the stencil for six points is
(xi−1, yj), (xi, yj), (xi+1, yj), (xi, yj−1), (xi, yj+1), (xi+i0, yj+j0) ,
and they transform them into interface coordinates as
follows. (ξ1, η1), (ξ2, η2), (ξ3, η3), (ξ4, η4), (ξ5, η5), (ξ6, η6).

Applying the Taylor expansion method for each point, we have

u(ξk, ηk) � u± + ξku
±
ξ + ηku

±
η +

1
2
ξ2ku

±
ξξ + ξkηku

±
ξη +

1
2
η2ku

±
ηη + O(h3) .

(26)
Ignoring the high order term O(h3), we can obtain a six-

variable linear equation for.

u±, u±ξ , u
±
η , u

±
ξξ , u

±
ξη, u

±
ηη. Once u±, u±ξ , u

±
η are obtained, we can

get V±, H±
ξ , H

±
η at point P on the interface.

Particle Dynamics
In this study, the dynamics of particle adopts Newton’s equation
of motion, and the equations controlling particle translation and
rotation are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛⎝1 − ρf
ρp

⎞⎠Mp
dUp

dt
� Fpf

′ + Fm + Fg

⎛⎝1 − ρf
ρp

⎞⎠Ip
dωp

dt
� Tpf

′ + Tm

, (27)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

dXp

dt
� Up

dθp
dt

� ωp

, (28)

where θp is the rotation angle, Fg is the gravity force, and Fpf
′ and

Fm are the hydrodynamics force and magnetic force acting on the
particle. To avoid the numerical instability due to the low-density
ratio, the following time-stepping scheme for Eq. 29 is utilized:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Up(tn+1) � ⎡⎣bUp(tn) + cUp(tn−1) +
Δt(Fpf

′ + Fm + Fg)
Mp

⎤⎦/a

ωp(tn+1) � ⎡⎢⎣bωp(tn) + cωp(tn−1) +
Δt(Tpf

′ + Tm)
Ip

⎤⎥⎦/a

,

(29)
where a � 3(ρp/ρf − 1), b � 2a − (ρp/ρf − 1), and c �
(ρp/ρf − 1) − a (Hu et al., 2015). We could easily obtain the
center of mass Xp(tn+1), the rotation angle θp(tn+1), the

FIGURE 3 | Selection of six points in the modified six-point method.
Select the Euler point 1 closest to the Lagrange point (P), and the sixth point is
the Euler point closest to the Lagrange point (P) except points 1 to 5.

FIGURE 4 | Model of free settlement of a single particle (A). Model of permanent magnet attracting magnetic conducting cylinder (B).
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translational velocity Up(tn+1), and the rotational velocity
ωp(tn+1) of particle at time tn+1 � tn + Δt.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Xp(tn+1) � Xp(tn) + 1
2
[Up(tn+1) + Up(tn)]Δt

θp(tn+1) � θp(tn) + 1
2
[ωp(tn+1) + ωp(tn)]Δt

. (30)

Then, the velocity Ud
B(Xl) at the boundary point can be

written as

Ud
B(Xl) � Up + ωp × (Xl − Xp) . (31)

NUMERICAL RESULTS AND DISCUSSION

In this section, the present IIM–IBM–LBM model is used to
simulate several problems with fluid–particle–magnetic
interaction.

Numerical Method Validation
Particle Dynamics Verification of IB–LBM
In order to examine the accuracy of the present IB–LBM, the free
settlement of a single particle is simulated, which has been used by
some scholars as a benchmark problem (Glowinski et al., 2001;
Hu et al., 2015). In Figure 4A, we use a fluid domain with a width
of 2 cm and a height of 6 cm, where the fluid density is
ρf � 1.0g/cm2. A circular particle with a diameter of 0.25 cm falls
freely from the position of 1 cm and 4 cm under the effect of gravity.
The particle density is set as ρp � 1.25g/cm2 and 1.5g/cm2, and the

corresponding kinematic viscosity is ] � 0.1cm2/s and 0.01cm2/s,
respectively.

A 200 × 600 grid is used for the numerical simulation. Figures
5A,B show the variations in vertical position and velocity of the
particle center with time when ρp � 1.25g/cm2 and ] � 0.1cm2/s,

FIGURE 5 | The position of the center of the particle for ρp � 1.25g/cm2, ] � 0.1cm2/s (A); ρp � 1.5g/cm2, ] � 0.01cm2/s (C), and the velocity of that for
ρp � 1.25g/cm2, ] � 0.1cm2/s (B); ρp � 1.5g/cm2, ] � 0.01cm2/s (D).

FIGURE 6 | The magnetic potential V of the permanent magnet
attracting the particle model is obtained by the IIM method.
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respectively. Obviously, the particle quickly reaches the terminal
velocity, and the velocity becomes small when the particle is close
to the bottom wall at about t � 0.8s. The results are in good
agreement with those of Hu et al. (Hu et al., 2015) and Glowinski
et al. (Glowinski et al., 2001). Similarly, we simulate the case with
ρp � 1.5g/cm2 and ] � 0.01cm2/s. As shown in Figures 5C,D, the
desired results are obtained.

Verification of Magnetic Field Calculation of IIM
To test the accuracy of IIM in terms of calculation of magnetic
field, the problem of a permanent magnet attracting a
magnetic conducting cylinder is studied. The results
obtained are compared with those calculated by COMSOL
in which the body-fitted mesh is used. As shown in Figures
4A,B, a circular permanent magnet with remanence M �
(0, 75000A/m) and a circular magnetic conducting object
with μr � 2.0 are centered at (2 cm, 1.5 cm) and (2 cm,
3 cm), respectively. Both circular solids are 0.8 cm in
diameter. The computational domain is a square with a
side length of 4 cm.

This numerical simulation is carried out in a 400 × 400
grid. Figure 6 displays the distribution of magnetic potential
V, and it can be seen clearly that the jump of the magnetic
field is in the normal direction across the interface. Figure 7
shows the magnetic field distribution. It could be observed
that the closer the permanent magnet, the stronger the
magnetic field intensity. Also, the contours of |H| across
magnetic conducting cylinder interface have a jump. We
can see that the present results agree well with those of
COMSOL (Figure 7). The horizontal and vertical
components of magnetic stress fm along the interface are
plotted in Figure 8, and the symmetrical distribution of them
can be found. The numerical results of the total magnetic
force acting on the magnetic conducting cylinder are shown

in Table 1. As expected, compared with the results obtained
by the diffusion interface method, IIM based on the non-
body–fitted grid technology can obtain the calculation
accuracy similar to that of COMSOL based on the body-
fitted grid technology.

Particle Sedimentation Under Permanent
Magnetic Field
The diagram of particle sedimentation under a permanent
magnetic field is shown in Figure 9. The computational
domain for the magnetic field is 8 cm wide and 8 cm high.
The computational domain for the flow field is 2 cm wide and
6 cm high. The circular particle with μrp � 2.0 and diameter of
0.25 cm is located (4 cm, 6 cm), and the circular permanent
magnet with diameter of 0.8 cm is located (4 cm, 1 cm). The
remanence of the permanent magnet is M � (0, 75000A/m). In
this study, the relative permeability μrf of the flow field is set
to 1.0.

FIGURE 7 | The permanent magnet attracts the magnetic field of the magnetic conducting cylinder model, which is calculated by COMSOL (A) and IIM (B).

FIGURE 8 | Magnetic stress fm along the interface of the circular
conducting magnet.
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A 800 × 800 grid is used for the present numerical
simulation. The flow field simulation is carried out on a
200 × 600 grid. Figure 10 shows the variations in vertical
position and velocity of the particle center with time when ρp �

1.25g/cm2 and ] � 0.1cm2/s, respectively. Due to the
coexistence of magnetic force and gravity force, the particle
settling velocity becomes larger compared with that without
the effect of a permanent magnet. The closer the particle is to
the permanent magnet, the greater the magnetic force and the
faster the particle velocity. When t � 0.5s, the acceleration
effect of magnetic force on particles is dominant. Figure 11
displays the variety of magnetic stress at the particle interface
at t � 0.4s, 0.5s, 0.6s. Similarly, we also study the case with
ρp � 1.5g/cm2 and ] � 0.01cm2/s and reached similar
conclusions (as shown in Figure 12).

Shear Viscosity of Suspension Containing
Elliptical Particles Under the Magnetic Field
It should be pointed out that the point–dipole model is suitable
for spherical-like particles. We also consider an ellipsoidal
particle immersed in the two-dimensional shear flows, as
shown in Figure 13. In order to verify the reliability of the
numerical method, we calculate an example of an elliptic
particle rotating in a simple shear flow when Reynolds
number Re � 1 and the ratio of major axis to minor axis of
ellipse α � 2. The curve of angular velocity changing with
angular rotation is obtained in Figure 14 and compared
with the exact solution calculated by Jeffery (Jeffery, 1922).
The simulation results of this paper agree well with Jeffery’s
exact solution.

TABLE 1 | The magnetic force on the magnetic conducting cylinder.

The position
of permanent
magnet center
in the
y direction
(cm)

IIM Comsol Diffuse interface method

Fmx /N Fmy /N Fmx /N Fmy /N Fmx /N Fmy /N

1.5 0.0084 −3.0857 −0.0068 −3.1410 −0.9100 −5.0882
1.25 0.0027 −1.0788 −0.0022 −1.0982 −0.2429 −1.8545
1.0 0.00095 −0.4015 −0.00081 −0.4081 −0.0731 −0.7075
0.75 0.00034 −0.1488 −0.00030 −0.1508 −0.0231 −0.2662

FIGURE 9 | Model of particle sedimentation under the action of
permanent magnet.

FIGURE 10 | Position (A) and velocity (B) of the center of the particle for ρp � 1.25g/cm2 and ] � 0.1cm2/s.
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The relation between angular velocity ω and angle θ of the
elliptic particle in shear flow obtained by Jeffery (Jeffery, 1922) is
as follows:

ω � G

m2 + n2
(m2 cos2 θ + n2 sin2 θ) , (32)

where the fluid shear rate G � 2U0/hf and m, n are the length of
long and short half axle.

Then, we study the shear viscosity of suspension containing
elliptical particles under the magnetic field. The computational
domain is 2 cm long and 1 cm wide, in which the velocities of the
upper and lower planes are U0 � 0.1cm/s and −U0, respectively.
The elliptical particle with length–width ratio AR � 2.0 and
relative permeability μrp � 2.0 is located at the center of the
computational domain. Under an external uniform magnetic

field Hb � (0, H0), the force acting on the paramagnetic
ellipsoid particle is zero, but the torque is not zero.

The shear stress at the fluid node is calculated as

σxy � −(1 − 1
2τ

)∑8

α�0(fα − feq
α )eαxeαy . (33)

To study the simple rheological properties of a suspension
containing elliptical particles under the external magnetic field,
the effective viscosity of the suspension is calculated:

FIGURE 11 | The magnetic stress fm in x-direction (A) and in y-direction (B) on the particle interface at t � 0.4s, 0.5s, 0.6s.

FIGURE 12 | Position (A) and velocity (B) of the center of the particle for ρp � 1.5g/cm2 and ] � 0.01cm2/s.

FIGURE 13 | An ellipsoidal particle in the two-dimensional shear flows
under uniform magnetic field.

FIGURE 14 | Comparison of Jeffery solution (Jeffery, 1922) and the
present simulation result.
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]e � �σxyh0/(ρU0) , (34)
where h0 is the distance between two plates andU0 is the speed of
the top plate. �σxy is the average shear force acting on the moving
plane wall (Huang et al., 2012).

A grid of 200 × 100 is used for the calculation domain, and the
left and right boundaries are subjected to the periodic boundary
conditions. We set the initial deflection angle of the ellipse
particle θe to pi/4. When the flow field becomes steady state,
the effective shear viscosity ]e of the suspension containing the
elliptical particle under the magnetic field can be obtained.
Through the present direct numerical simulation, the effective
shear viscosities under different magnetic field strength H0,
Reynolds number Re, and volume fraction φ of elliptical
particles in suspension are compared, as shown in Figure 15.
Obviously, the effective kinematic viscosity ]e increases with an
increase in Reynolds number Re and decreases with an increase in
volume fraction φ. Moreover, the effective kinematic viscosity ]e
increases with the increase of magnetic field strength H0.

CONCLUSION

The fluid–particle–magnetic interactions are modeled using the
IIM–IBM–LBM coupling method. The fluid flow simulations are
handled by the simple and efficient LBM. The particle motion and
the hydrodynamics interaction between the particle and the flow
field are computed by the momentum exchange-based IBM.
Especially, we use the IIM to solve the magnetic field and
calculate the magnetic force with the aid of the interface jump
conditions. Unlike the point-source model or point dipole model,
the hydrodynamics and magnetic forces acting on the particle are

calculated using an integration method, in which the flow details
and magnetic distribution around the particle are considered.
Two numerical examples are simulated to verify the numerical
accuracy of the present full-scale model. Moreover, particle
sedimentation under a permanent magnetic field and shear
viscosity of suspension containing elliptical particles under the
magnetic field are also studied by the present model. The
obtained results indicate that the present model has the
potential to treat the complex fluid–particle–magnetic
interactions.
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Structure design study of vacuum
magnetic fluid seal
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In response to the requirement of high vacuum and leakage rate of a small-

diameter low-speed device of an enterprise, a double magnet multistage

magnetic fluid sealing device is designed by analyzing the advantages and

disadvantages of four different vacuum magnetic fluid sealing devices. The

Ansys simulation software is used to analyze and calculate the magnetic field

strength and distribution of this magnetic fluid sealing device, discuss the

influence of the number of intermediate section pole teeth and the seal gap

size on the pressure resistance of the magnetic fluid seal, and summarize the

law. The proposed structure of the double magnet multistage magnetic fluid

sealing device is optimized and determined by the influence law of structural

parameters. Compared with traditional sealing forms, the advantages of the

sealing device proposed in this article can be summarized as low processing

difficulty, good reliability, and high pressure resistance. The reliability and

rationality of this magnetic fluid sealing device are demonstrated by Ansys

simulation results, which provide a reference for the structural design and

analysis of small-diameter low-speed vacuum magnetic fluid sealing devices.

KEYWORDS

magnetic fluid seal, structure design, finite element analysis, pressure resistance,
vacuum device

Introduction

With the rapid development of industrial equipment and machinery manufacturing,

the sealing device to protect the working medium from leakage or pollution is increasingly

important. The failure of the sealing device will cause the working medium to leak and

pollute the surrounding environment, whereas external impurities will also invade the

equipment to seriously affect the normal operation of the equipment, which will cause

huge economic losses and production waste (Szydło et al., 1999). With the development of

aerospace, military equipment, vacuum equipment, petroleum exploration, biomedical

and other industries, and society’s continued attention to resource conservation,

environmental protection, etc. (Radionov, 2015), these industries have increasingly

high requirements for the sealing performance of equipment, especially the leakage

rate and reliability. Traditional sealing forms have been difficult to meet these demanding

requirements; compared with mechanical seals, packing seals, centrifugal seals, and other

traditional sealing methods, magnetic fluid seals have many advantages (Jain et al., 2017),

and their scope of application is expanding.
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Magnetic fluid, also known as ferrofluid, etc., is a new type of

functional material (Li, 2003), mainly composed of a mixture of

nanometer-diameter strong magnetic particles, carrier fluids, and

surfactants. The magnetic fluid contains strong magnetic particles

with very small diameters, mostly below 10 nm. The chaotic

Brownian motion of these particles in the carrier fluid can

counteract the settling effect of their own gravity and weaken

the electromagnetic cohesion between the particles, making the

magnetic fluid appear as a stable gel, which does not easily produce

precipitation and cohesion. Magnetic fluid is similar to ordinary

colloids in the absence of an applied magnetic field and exhibits

magnetic properties in the presence of an applied magnetic field

(Li, 2016), which can be controlled by a magnetic field and thus

have many unique magnetic, rheological, optical, and acoustic

properties (Yang and Huang, 2017). Because magnetic fluids have

both the fluidity of liquids and the magnetism of solid magnetic

materials, they have high academic value and wide application

prospects. Magnetic fluid sealing is one of the most successful

applications thus far (Berkovsky et al., 1993), mainly used in the

field of vacuum sealing and low and medium pressure differential

gas sealing (Wang, 2019). When sealing gases, magnetic fluid

sealing technology can not only eliminate the frictional wear of

traditional sealing structures but also achieve “zero” leakage (Li,

2003), and because of the low viscous friction of a magnetic fluid,

its service life can reach more than 10 years.

In 2002, Gu Hong et al. (Gu et al., 2002) studied the effect of

saturation magnetization strength of magnetic fluid and the

amount of injected magnetic fluid on the sealing performance

of the magnetic fluid. In 2014, He Xinzhi et al. (He et al., 2014)

studied the effect of gravity on the sealing performance ofmagnetic

fluid with large diameters and large seal gaps. In 2020, Chen Yibiao

et al. (Chen et al., 2020) studied the variation law of temperature of

magnetic fluid and its effect on sealing performance. The above-

mentioned literature analyzes the influence of the properties of

magnetic fluids themselves on sealing applications. In 2007, Sun

Mingli et al. (Sun et al., 2007) applied Ansys software to simulate

and analyze the magnetic field distribution of a three-tooth, four-

slot magnetic fluid seal structure and optimize the pole tooth size.

In 2008, He Xinzhi et al. (He et al., 2008) designed and studied a

large-diameter magnetic fluid static sealing device. In 2016, Wang

Hujun et al. (Wang et al., 2016a) compared and studied the

pressure resistance performance of magnetic fluid seal gas and

liquid. In 2020, Lv Taotao et al. (Lv et al., 2020) applied Maxwell

analysis software for magnetic field analysis of large gap magnetic

fluid seal structures. Most of the literature focuses on the study of

large-diameter magnetic fluid seals, and there are fewer structural

designs and discussions for small-diameter magnetic fluid seals.

Based on the above analysis, the authors take a small-

diameter low-speed vacuum device of an enterprise as the

research object and design and build a model of a double

magnet multistage magnetic fluid sealing device. The authors

analyze and calculate the magnetic field strength and

distribution of this sealing device using Ansys simulation

software and discuss the influence of the number of pole

teeth in the intermediate section and the size of the seal

gap on the pressure resistance. It can provide a reference

basis for the structural design of a small-diameter low-speed

vacuum magnetic fluid sealing device. It also lays the

foundation for the subsequent physical processing of the

vacuum device.

Design of vacuum magnetic fluid
sealing device

Principle of magnetic fluid seal and
pressure resistance formula

As a new type of seal, the magnetic fluid seal uses a

polymagnetic structure to achieve a nonuniform magnetic

field distribution to confine the magnetic fluid in the seal gap,

forming a liquid “O” seal ring (Li et al., 2014) to achieve the

sealing effect.

The Bernoulli equation (Li, 2010; Chi, 2011) for magnetic

fluid can be simplified as

pp + 1
2
ρfV

2 + ρfgh − μ0 ∫
H

0
MdH � C (1)

where pp � p + μ0 ∫H

0
MdH − μ0 ∫H

0
ρf

zM
zρf

dH. p is the pressure

on the magnetic fluid; ρf is the density of the magnetic fluid; V is

the velocity of the magnetic fluid; g is the acceleration of gravity;

h is the height of the magnetic fluid film; μ0 is the vacuum

permeability, μ0 � 4π × 10−7N/A2; M is the magnetization

strength of the magnetic fluid; and H is the magnetic field

strength.

When the magnetic fluid sealing device is at medium or

low speeds, its pressure resistance is approximately equal to

that of the static seal, so the effect of centrifugal force can be

disregarded (Wang et al., 2016b). According to Eq. 1 and its

corresponding assumptions, the single-stage pressure

resistance formula (He et al., 2014) for magnetic fluid seals

can be introduced as

Δpi � μ0Ms(Himax −Himin) � μ0MsΔHi (2)

where Ms is the saturation magnetization strength of the

magnetic fluid and ΔHi is the difference between the

maximum and minimum magnetic field strength at the i-th

level of pole teeth.

For multistage magnetic fluid seals, the total pressure

resistance formula (Li et al., 2002) is

ΔP � μ0Ms∑
N

i�1
ΔHi (3)

where N is the total number of pole teeth in the magnetic

fluid seal.
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Selection of magnetic fluids

The magnetic fluid can be better bound by the magnetic field

in the seal gap thus ensuring the sealing effect, at a higher

saturation magnetization strength. At the same time, to avoid

the influence of gravity and temperature rise (Cheng, 2020), the

magnetic fluid used for sealing should preferably have a higher

saturation magnetization strength, a lower density, and a lower

evaporation volume. In this article, a certain ester-based

magnetic fluid prepared by the chemical coprecipitation

method group is used; the specific parameters are shown in

Table 1.

Overall structure design and selection

The vacuum side of the device contains gaseous sodium

fluoride corrosive gas, the requirements for vacuum and leakage

rate are very high, requires a magnetic fluid sealing device

operating temperature of 50℃, a rated speed of 750 rpm, a

spindle section shaft diameter of 15 mm. Theoretically known

magnetic fluid formed “O” seal ring less than 150 mm is a small

diameter (Li and Du, 2018), so the device is a small-diameter low-

speed vacuum magnetic fluid sealing device.

According to the actual installation space requirements of the

device, limiting the overall length of the magnetic fluid sealing

device remains unchanged, based on previous design experience

(Li, 2010), this article proposes four different vacuum magnetic

fluid sealing device structures as shown in Figure 1.

The structure shown in Figure 1A is a single magnet

multistage sealing structure with only one magnetic circuit,

which is simple and easy to use. However, because of the

pressure resistance requirement, there are many single-side

pole teeth and large magnetic flux, which require the use of

permanent magnets with large magnetic energy product, and

their corresponding volume and weight will be larger, and the

overall pressure resistance of the device will be reduced when the

number of pole teeth is too many. The structure shown in

Figure 1B is a multistage sealing structure with two magnets

and an isolation ring, in which the two magnetic circuits exist

independently and are separated by a nonconducting magnetic

isolation ring. The outer diameter of the isolation ring is the same

as the outer diameter of the pole shoes, but the precision of the

sealing structure is high, and adding the isolation ring will

TABLE 1 Physical parameters of magnetic fluid used in this article.

Physical parameters Density/[g/cm3] Saturation
magnetization strength/[kA/m]

80°C evaporation/[(g/cm2) · h]

Ester-based magnetic fluid 1.27 31.6 5.1 × 10−6

FIGURE 1
Structural design of vacuummagnetic fluid sealing device. (A) Singlemagnetmultistage sealing structure. (B)Doublemagnets plus isolation ring
multistage sealing structure. (C) Double magnets multistage sealing structure. (D) Three magnets multistage sealing structure.
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increase the overall weight. The structure shown in Figure 1C is a

double magnet multistage sealing structure, which is a

deformation of the structure shown in Figure 1B. Instead of

separating two independent magnetic circuits with an isolation

ring, two permanent magnets are connected in series in the

direction of homogeneous repulsion, thereby increasing the

length of the intermediate section of the pole shoe and the

number of corresponding pole teeth, making it common for

two permanent magnets, reducing the occurrence of magnetic

leakage, generating a strong magnetic field, and significantly

increasing the overall pressure resistance of the device.

However, because the permanent magnets are opposite to

each other, it is necessary to use permanent magnet materials

with good demagnetization resistance. The structure shown in

Figure 1D is a three-magnet multistage sealing structure, in

which three permanent magnets are connected in series in the

direction of two and two homogeneous repulsions to form three

independent magnetic circuits; however, this sealing structure is

difficult to process, the installation accuracy is difficult to ensure,

and the increase in permanent magnets will increase the overall

weight.

Based on the above analysis, after considering the processing

accuracy, installation difficulty, weight, and pressure resistance

requirements, the double magnet multistage sealing structure

shown in Figure 1C is selected, including the magnetic

conductive rotating shaft, two permanent magnets, two end

pole shoes, and one intermediate pole shoe.

Design and selection of key components

The size of the pressure resistance of the magnetic fluid

sealing device is affected by many factors, among which the size

and material of the permanent magnet, the structure of the pole

shoe, the shape and number of teeth of the pole teeth, and the size

of the seal gap are its main influencing factors (Zou et al., 1994),

which are also the focus of the sealing device design.

It is known that the pressure resistance of a magnetic fluid

sealing device is related to the magnetic field distribution in the

seal gap. The larger the parameters of remanent magnetism and

coercivity of permanent magnet, the larger the magnetic field

gradient in the seal gap and the larger the pressure resistance of

the magnetic fluid sealing device. Among several common

permanent magnet materials, Nd–Fe–B permanent magnet

material has the best value in terms of remanence, coercivity,

maximum magnetic energy product, etc. (Song and Chen, 1984);

moreover, its hardness is high and the economy is good, so

Nd–Fe–B is chosen as the permanent magnet material. The

permanent magnet adopts an integral ring structure, which

has little magnetic leakage and better magnetic stability.

Through calculation, an inner diameter of 18 mm, an outer

diameter of 30 mm, and a thickness of 8 mmwere determined for

a permanent magnet.

The pole shoe is an important part of the magnetic fluid

sealing device (Xu et al., 2019), and the material chosen is

2Cr13, a soft magnetic material with excellent magnetic

properties and good machinability. A groove is machined

on the outside of the pole shoe, and a seal is used to ensure a

static seal between the pole shoe and the nonconducting

magnetic housing. Moreover, to facilitate the installation

and positioning of the permanent magnet, a tab is

machined on the side of the pole shoe that contacts the

permanent magnet.

Because of the small shaft diameter of the spindle section

of the device, the inner diameter of the corresponding pole

shoe is also small. To facilitate processing and installation, the

pole teeth are designed on the magnetic guide shaft. The shape

and size of the pole teeth are very important for the pressure

resistance of the magnetic fluid seal. Compared with the three

common tooth shapes: triangular teeth, rectangular teeth, and

trapezoidal teeth (Cheng, 2016), rectangular teeth are easier to

process, performance can be easily guaranteed, and the

magnetic force lines are more concentrated under the

rectangular teeth. Thus, rectangular teeth are chosen for

the pole tooth shape; the tooth shape parameters of

rectangular teeth (Cheng, 2016) are Lt/Lg � 2, Ls/Lg � 8,

and Lh/Ls � 0.875. According to the domestic and

international design experience and the actual operation of

the equipment, this article takes Lg � 0.1mm, gets tooth width

Lt � 0.2mm, slot width Ls � 0.8mm, and tooth height

Lh � 0.7mm; the design is shown in Figure 2.

In this article, the number of intermediate section pole teeth

and the seal gap size of the magnetic fluid sealing device are

changed accordingly. The magnetic field distribution under

different structures is simulated and analyzed using the finite

element method.

FIGURE 2
Pole tooth morphology.
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Finite element analysis of magnetic
field of magnetic fluid sealing device

Because the vacuum magnetic fluid seal is an axisymmetric

structure, the magnetic field of the permanent magnet does not

change with time. To simplify the calculation, this article uses

Ansys simulation software to perform a 2D static analysis and

makes the following assumptions (Li, 2010; Li et al., 2002).

1) The permanent magnet is assumed to be magnetized

uniformly, and its uniformity is not affected by the

magnetic field.

2) The distribution of seal gaps in this sealing device is assumed

to be uniform.

3) The magnetic fluid is assumed to have approximately the

same magnetic permeability as the vacuum.

4) All errors generated during machining and assembly are

ignored.

Creating the physical environment

First, create the physical environment in Ansys simulation

software, and define the material properties of the two permanent

magnets, the three pole shoes, the rotating shaft, and the air as

follows: the vacuum permeability of air μr � 1.0 for material 1;

the Nd–Fe–B permanent magnets μM � 1.05; and coercive force

Hc1 � 890000A/m andHc2 � −890000A/m for materials 2 and 3,

respectively; define the B–H curves of the pole shoe and the

permeable spool material 2Cr13 as shown in Figure 3 for

material 4.

Importing the model

As an example, the number of pole teeth in each end is 13, the

number of pole teeth in the intermediate section is 19, and the seal

gap is Lg � 0.1mm. The model of the magnetic fluid sealing device

drawn in computer-aided design is imported into Ansys simulation

software for analysis. In the established two-dimensional model, the

y-axis is the rotation axis and the symmetry axis of the air domain,

permanent magnet, and pole shoe. A3 represents the air domain,

and since the magnetic fluid and vacuum permeability are assumed

to be approximately the same, themagneticfluid and air are assigned

to material 1. A8 and A9 represent the permanent magnets, which

are assigned to materials 2 and 3, respectively, two Nd–Fe–B

permanent magnets with opposite coercivity directions.

A10–12 and A2 represent the pole shoe and rotating shaft,

respectively, and are assigned to material 4, which is called

2Cr13. The structure of the introduction device is shown in Figure 4.

Dividing the grid

Setting the smart grid division accuracy level to 5, triangle or

quadrilateral grids are automatically generated on the plane by 2D

free meshes. The grid accuracy can be controlled by the number of

grids, edge lengths, and curvature in Ansys. It can be seen that the

grid at the pole tooth is more dense, which is convenient for

subsequent analysis of the magnetic field strength. After the

mesh division, the boundary condition of parallel magnetic lines

is selected to restrict the magnetic lines inside the boundary in order

to prevent the magnetic leakage phenomenon. After dividing the

grid and loading the boundary conditions, it is shown in Figure 5

shows the structure schematic.

FIGURE 3
B–H curve of 2Cr13.

FIGURE 4
Import structure diagram.
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Static solution

After the preprocessing is completed, the static analysis

can be further solved. The simulation analysis results are

converged, and the processing results can be viewed after

the successful solution as shown in Figure 6 and Figure 7.

As shown in Figure 6, the magnetic lines of force are

distributed. It can be seen that the magnetic lines of force start

from the permanent magnet and return to the permanent

magnet after passing through the pole shoe, magnetic fluid,

and rotating shaft, forming two closed magnetic circuits. In

the seal gap between the pole teeth and the pole shoe, the

magnetic lines are the most dense, and only a small amount of

magnetic lines are distributed in the air, which means the

magnetic flux at the gap is the largest and the magnetic field

distribution is more concentrated. At the same time, most of

the magnetic lines of force pass through the pole teeth, which

means that the pole teeth give full play to the role of

accumulating magnetic lines of force and firmly adsorb the

magnetic fluid at the seal gap, making the sealing device more

reliable.

As shown in Figure 7, the nodal magnetic flux density

clouds visually reflect the magnetic field strength of each part

of the device. It can be seen that the magnetic flux density in

the intermediate section of the pole teeth is higher than that on

both sides because the pole teeth in the intermediate section

are supplied by permanent magnets with opposite poles on the

FIGURE 5
Delineate the grid and load the boundary conditions.

FIGURE 6
Magnetic line distribution map.

FIGURE 7
Node magnetic flux density cloud.

FIGURE 8
Relationship between the number of intermediate section
pole teeth and pressure resistance.
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left and right sides. The pole teeth on both sides are supplied

by a single permanent magnet, and the magnetic flux density is

relatively small. The magnetic flux density is the highest in

parts where the pole teeth are close to the pole shoe, indicating

that the magnetic field is the strongest at the pole teeth, so the

structure of the magnetic fluid seal is reasonably designed. The

pressure resistance of the seal is verified by specific numerical

calculations below.

Simulation analysis of the device
under different structural parameters

Influence of the number of intermediate
section pole teeth on the pressure
resistance

The number of pole teeth directly affects the magnetic field

gradient and magnetic flux in the gap of the vacuum magnetic

fluid sealing device (Fan, 2019), which directly affects the effect of

sealing pressure resistance. Therefore, the reasonable design of

the number of teeth is of great significance to improve the

pressure resistance of the magnetic fluid seal.

In this article, we fix the size and material of two permanent

magnets, and the number of pole teeth on both ends is 13; we also

discuss the influence of the number of pole teeth in the

intermediate section on the pressure resistance. The number

of pole teeth in the intermediate section is from 2 to 22 for

simulation calculation, and the total difference in magnetic field

strength of multistage teeth is obtained. The pressure resistance is

calculated by substituting the data into Eq. 3.

The relationship between the pressure resistance and the

number of pole teeth in the intermediate section is shown in

Figure 8. It is not difficult to find that when the number of

intermediate section pole teeth increases from 2 to 15 and

from 16 to 19; the pressure resistance of the sealing device

increases with the increase in the number of teeth. When the

number of intermediate section pole teeth is 16, the pressure

capacity decreases slightly. It may be because of the

calculation error caused by simulation grid division, which

has little effect on the overall trend. When the number of

TABLE 2 Relationship between seal gap size and magnetic field strength and pressure resistance.

Seal gap/mm Sum of magnetic field
strength difference ∑N

i�1ΔHi/[A ·m−1]
Pressure resistance/Mpa

0.1 7299386 0.2899

0.15 4550040 0.1807

0.2 3159390 0.1255

0.25 2854130 0.1133

FIGURE 9
Magnetic field distribution under different seal gaps. FIGURE 10

Relationship between seal gap size and pressure resistance.
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intermediate section pole teeth increases from 19 to 22, the

pressure resistance of the sealing device decreases with the

increase in the number of teeth. This is because the maximum

magnetic energy product provided is certain when the size and

number of permanent magnets are fixed. The magnetic fluid in

the intermediate section reaches magnetic saturation, and the

magnetic field line distributed to each pole tooth decreases.

Then, the magnetic field strength difference under each pole

tooth decreases, resulting in a decrease in the pressure

resistance of the device.

Therefore, it is beneficial to set more number of pole teeth

within the allowed axial length to improve the pressure resistance

of the vacuum magnetic fluid sealing device but not too many,

generally not more than 20 pole teeth.

Effect of seal gap size on pressure
resistance

In the general magnetic fluid seal structure, the seal gap

refers to the gap between the top of the pole tooth and the shaft

or sleeve; for this vacuum magnetic fluid sealing device, the

seal gap refers to the gap between the top of the pole tooth and

the pole shoe. In general, the seal gap in the magnetic fluid seal

structure of less than 0.25 mm means a small gap (Yang,

2014). Because of the small diameter of the shaft, the

device is designed for small gaps. The number of pole teeth

at both fixed ends is 13, and the number of pole teeth in the

intermediate section is 19, which are taken as 0.1, 0.15, 0.2,

and 0.25 mm for simulation calculation. The total difference

of magnetic field strength of multistage pole teeth is obtained,

which is substituted into Eq. 3 to calculate the pressure

resistance, shown in Table 2.

In Ansys simulation software, a number of key points are

taken from the bottom up along the positive direction of y-axis

at the seal gap. These points are connected to form a path

through the seal gap, and the distribution of magnetic lines is

mapped to this path to obtain the magnetic field intensity

values and their distribution at the corresponding points in

the seal gap. The simulation results of the magnetic field under

different seal gaps are shown in Figure 9. It can be seen that the

magnetic field strength is highest at the tip of the pole tooth

and lowest at the groove on both sides of the pole tooth for the

seal gap from 0.1 to 0.25 mm. At the same time, the difference

in magnetic field strength between the tip and the groove

decreases as the seal gap increases. The tip effect exists at the

shoulder of the shaft, where many magnetic lines of force are

gathered and the magnetic field strength is the highest.

Because of the large number of pole teeth of the device, the

magnetic lines of force gathered at the shoulder of the shaft do

not have much influence on the final result, which further

reflects the rationality of the seal structure design.

The relationship between the pressure resistance and the

seal gap size is shown in Figure 10. The pressure resistance at a

seal gap of 0.15 mm decreases by approximately one-third

compared with that at a seal gap of 0.1 mm and decreases even

more at a seal gap of 0.2 and 0.25 mm. This reflects that for

small gap magnetic fluid sealing devices, the pressure

resistance of magnetic fluid seal decreases with the increase

in the seal gap, under the condition that other parameters

remain unchanged.

Conclusion

In this article, a double magnet multistage magnetic fluid

sealing device meeting the requirements of industrial

applications is designed by analyzing the advantages and

disadvantages of four different structures of vacuum magnetic

fluid sealing devices under the condition of a fixed overall length

of the sealing device. The proposed structure of the double

magnet multistage magnetic fluid sealing device is optimized

and determined by the design of key parts, simulation of the finite

element of the magnetic field, and the calculation of sealing

pressure resistance under different structural parameters. The

proposed optimized structure is that the number of polar teeth at

both ends is 13, the number of polar teeth in the intermediate

section is 19, and the sealing clearance is 0.1 mm.

Compared with the traditional single magnet magnetic fluid

sealing device, the advantages of the proposed device can be

summarized as follows:

1) The processing difficulty of the three pole shoes and the

installation difficulty of the whole device are both reduced by

designing the pole teeth on the magnetic guide rotating shaft.

2) The overall withstand voltage capability of the device is

greatly improved using two permanent magnets with the

same pole and opposite pole to form two magnetic circuits.

Ansys simulation results show that the proposed structural

design of the device is reliable and reasonable, and the

theoretically calculated withstand voltage value can reach

0.2899 Mpa, which meets the working requirements. This

article lays a foundation for the subsequent physical

processing of vacuum devices and also provides a reference

for the structural design and analysis of small-diameter low-

speed vacuum magnetic fluid sealing devices.
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Status Recognition of Magnetic Fluid
Seal Based on High-Order Cumulant
Image and VGG16
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1School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing, China, 2Key Laboratory of Vehicle
Advanced Manufacturing, Ministry of Education, Measuring and Control Technology (Beijing Jiaotong University), Beijing, China,
3State Key Laboratory of Tribology, Tsinghua University, Beijing, China

Amagnetic fluid seal is often used in complex working conditions with harsh environmental
requirements. Timely and accurate identification of the seal status can help avoid the major
economic losses and even casualties caused by the seal failure. However, research on the
recognition of magnetic fluid seal status is still at the exploratory stage internationally.
Aiming at the problem of inclusion of other components and Gaussian noise when using
acoustic emission nondestructive testing technology to detect the magnetic fluid seal
status, a new recognition method based on the combination of high-order cumulant image
and VGG16 convolutional neural network is proposed to identify the magnetic fluid seal
status in this paper. In this method, high-order cumulant images are used for the denoising
and feature selecting of detected signals, and the VGG16 convolutional neural network is
trained to automatically learn image features to classify and recognize high-order cumulant
images representing different sealing states. Experiments show that the accuracy of image
recognition using VGG16 is significantly higher than that of other methods. The
VGG16 method can identify the magnetic fluid seal state accurately and effectively,
with strong robustness and Gaussian noise suppression ability.

Keywords: magnetic fluid seal, high-order cumulant image, state recognition, convolution neural network (CNN),
VGG16

1 INTRODUCTION

Amagnetic fluid seal is a new sealing method that is often applied to important parts that have strict
requirements on sealing performance (Hasegawa et al., 2016; Mitamura and Durst, 2017), such as
movable parts of spacesuits, X-ray diffractometer, radar waveguide components, and the main pump
shaft of a sodium cooled fast reactor, etc. The operating conditions of these components are
complicated. Seal failure can not only cause significant economic losses but also serious
environmental pollution and even casualties. It is therefore necessary to accurately identify the
seal status when using magnetic fluid to seal components so that timely preventive measures can be
taken to ensure the safe operation of seals.

To date, there is no mature identification method of magnetic fluid seal status, and relevant
research is mainly focused on the exploration of magnetic fluid seal performance and failure
mechanisms. For example, Chen et al. (Chen et al., 2020) used pressure sensors to measure magnetic
fluid seal signals and simulated the seal status. Parmar et al. (Parmar et al., 2020) tested the
performance of a two-stage magnetic fluid seal under variable speed and radial clearance. Gao, (2014)
used X-ray and CT image brightness to detect the existence of magnetic liquid in sealing clearance.
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Wang, (2018) achieved real-time monitoring of magnetic fluid
leakage by using a pressure detection device. The above research
provides a good beginning for monitoring the status of the
magnetic fluid seal, but the detection technology has certain
limitations and is destructive to the seal. In this paper,
acoustic emission nondestructive testing technology is used to
detect the seal status without destroying the original structure of
the seal.

In recent years many recognition methods for acoustic signals
have been developed, mainly including K-means clustering
(Glowacz, 2019), fully integrated empirical mode
decomposition (Delgado-Arredondo et al., 2017), support
vector machine (Shi et al., 2018), and convolutional neural
network (CNN) (Zhang D. et al., 2020), etc. In this research
field, a recognition method based on CNN that automatically
extracts signal features is one of the present research hotspots.
Han et al. (Han et al., 2020) used CNN to effectively identify the
two-dimensional time-domain waveform image features of
signals. Chen et al. (2015) used CNN to identify frequency
spectrum images of timing signals and achieved high accuracy.
In addition, studies have shown that the convolutional neural
network model of VGG16 has better performance in the practical
application of abstract image recognition (Qassim et al., 2018;
Theckedath and Sedamkar, 2020). Therefore, the recognition
process can be more efficient by converting one-dimensional
signals into images and inputting them into the VGG16 model.
Among the many methods of transforming one-dimensional
signals into two-dimensional images, high-order cumulant
image processing has the characteristics of suppressing
Gaussian colored noise and depicting signal phase information
and has more advantages than traditional images such as time-
spectrum graphs (Shao et al., 2008).

In this paper, a state recognition method based on a high-
order cumulant image and VGG16 convolutional neural network
is proposed, which provides a new approach to effectively
identifying the magnetic fluid seal state. In this method, the
acoustic signal of the magnetic fluid seal is collected by an
acoustic emission experiment, and the magnetic fluid seal
states can be detected without damage. The high-order
cumulant image processing method for detecting acoustic
signals is introduced theoretically, and the generated image
samples are input into the VGG16 convolution neural
network. Finally, by comparing the NIN, GooLeNet, and
ResNet models, we found that the VGG16 model can
effectively identify the magnetic fluid seal state and that the
network performance is significantly better than other models.

2 RELATED THEORY

2.1 Higher Order Cumulant Image
High-order cumulant is a new signal processing technology,
which has the advantages of suppressing Gaussian colored
noise and extracting phase information (Shao et al., 2008;
Wang et al., 2014). It is gradually being applied to signal
filtering, signal detection, and target classification and
recognition. High-order cumulant image is a grayscale image

transformed from a sealed acoustic signal through high-order
cumulant calculation and data mapping, which is used as the
input sample data of VGG16 and other convolutional network
models, and it can contain richer feature information while
suppressing various noises. Figure 1 shows a schematic
diagram of the high-order cumulant image transformation
process.

As shown in Figure 1, the key Cto generating high-order
cumulant images lies in high-order cumulant calculation and data
mapping processing. The calculation formula of high-order
cumulant is as follows:

ckx(τ1, τ2,/, τk−1) � cum{x(t), x(t + τ1),/, x(t + τk−1)} (1)
Where x(t) is the random signal, k is the order, τ1, τ2,/, τk−1 is
the delay.

In a Gaussian stochastic process with zero mean, the third-
order and higher-order cumulants are equal to zero, that is, the
third-order and higher-order cumulants can suppress the
influence of additive Gaussian noise in the signal theoretically.
Therefore, the third-order cumulant with less computation is
used in this paper, and the calculation formula is as follows:

c3x(τ1, τ2) � cum{x(t), x(t + τ1), x(t + τ2)}
� E{x(t)x(t + τ1)x(t + τ2)} (2)

Where τ1 and τ2 are the delay quantities. E is the expected value.
The one-dimensional acoustic signal is calculated by the third-

order cumulant and the two-dimensional matrix is obtained. The
delay τ1 and τ2 are the independent variables in the calculation
process. The initial values of matrix elements are normalized and
rounded after being multiplied by the gray value of the maximum
level. The calculated result P is the gray value at the
corresponding pixel position (m, n), and the calculation
formula is as follows:

p(m, n) � round( x − xmin

xmax − xmin
× 255) (3)

Where, x represents the initial value of matrix elements, and
round represents the rounding. After the above calculation, high-
order cumulant images of acoustic signals can be obtained.
Different images represent different magnetic fluid seal states,
which can be identified as input of the VGG16 convolutional
neural network.

2.2 VGG16 Convolutional Neural Network
2.2.1 Convolutional Neural Network
Convolutional Neural Networks (CNN), a feedforward Neural
network, are widely used in image recognition, text recognition,
and speech recognition. Typical CNN is mainly composed of an
input layer, convolution layer, activation function, pooling layer,
full connection layer, and output layer, among which, the
convolution layer, pooling layer, and full connection layer are
relatively key components. The convolutional layer is mainly used
to extract the features of the input image, the pooling layer is
mainly used to reduce the size of the feature image, and the full
connection layer is mainly used to classify the feature vectors
obtained.

Frontiers in Materials | www.frontiersin.org August 2022 | Volume 9 | Article 9297952

Dai et al. High-Order Cumulant Image and VGG16

136

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Many excellent CNNmodels have evolved based on the classic
network structure of CNN, such as VGGNet, NIN, GoogLeNet,
and ResNet (Alzubaidi et al., 2021). VGGNet is mainly divided
into VGG16 and VGG19 according to different network layers.
All the convolution layers of VGGNet use the same small
convolution kernel (3 × 3), such connection mode makes the
number of network parameters smaller, and the use of a multi-
layer activation functionmakes the learning ability of the network
stronger. In the NIN model, multi-layer perceptron is used for
filtering operation, and global average pooling is introduced to
replace the last full connection layer, which effectively improves
the parameter inflation problem and nonlinear mapping ability of
the network model. The core of GoogLeNet is the Inception
structure. Inception Module uses multiple parallel and small
dense convolution and pooled connections. In addition, the
auxiliary classifier adopted by GoogLeNet solves the problem
of gradient disappearance. Resnet-50 was one of the first
networks to adopt batch regularization by designing deeper
network layers to improve network generation. These CNN
models gradually reduce the error rate of image classification
while improving the universality and robustness of the model. In
particular, VGG16, with its simplicity and practicability, has been
widely used in image classification. VGG16 model is used to
identify the seal states with the high-order cumulant images of
acoustic signals in this paper.

2.2.2 VGG16 Model
VGG16 is a CNN model capable of image recognition with high
accuracy. Proposed by the Visual Geometry Group of Oxford
University in 2014, VGG16 is an ideal choice for image
recognition problems of high-order cumulants with abstract
characteristics. The structure of the VGG16 model is very
regular, and the main components are the repeatedly stacked
convolutional layers and pooling layers, as well as the full
connection layer and output layer at the bottom of the model
(Simonyan and Zisserman, 2008). The convolution layer achieves
the purpose of extracting image features by convolution
operation in two ways: “local perception” and “parameter
sharing”. The convolution kernel size Fw,h of the convolution
operation is 3 × 3, the step size S is 1, and the effective filling size
P is 1. Then the size of the feature image output after l

convolution operation is Ml
w,h, and the calculation formula is

as follows:

Ml
w,h �

Ml−1
w,h − Fw,h − 2P

S
(4)

It can be found from the above formula that although the
convolution operation of this model increases the number of
channels, it does not change the size of the image. Therefore,
pooling is required after several convolutional operations. After
pooling, the size of feature images is reduced to half of the
original, which can greatly reduce the computing
requirements. The pooling method of this model is maximum
pooling. The size of the pooling box is 2 × 2 and the step size is 1.
ali,j represents the pixel value at position (i, j) on the feature map
of layer l, al′

i′,j′ represents the new eigenvalue at the corresponding
position, and Max pool(·) represents the maximum pooling
function. The calculation formula of the new eigenvalue is as
follows:

al′i′,j′ � Max pool(ali,j) (5)
The full connection layer and output layer at the bottom of the

model are responsible for sample classification (Liu et al., 2018).
Figure 2 shows the schematic diagram of the
VGG16 convolutional neural network. The input size of the
224 × 224×3 image enters the convolution layer, after two
convolution operations and the ReLU function, the size
becomes 224 × 224×64, and then a Max pooling layer is
connected. In this way, after repeatedly stacking convolutional
layers and pooling layers, three fully connected layers are
connected, and the probability distribution of sample
recognition is obtained by the softmax activation function.

3 EXPERIMENT RESEARCH

3.1 Signal Acquisition of Magnetic Fluid Seal
In this study, the signal acquisition experiment was carried out in
the State Key Laboratory of Tribology, Tsinghua University.
Taking the magnetic fluid seal as the research object, acoustic
emission nondestructive testing technology was used to collect

FIGURE 1 | Schematic diagram of high-order cumulant image transformation process in the magnetic fluid seal state.
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signals during the failure process of the magnetic fluid seal under
static conditions. Magnetic fluid seal mainly uses the response
characteristics of the magnetic fluid to the magnetic field. Under
the action of the magnetic field, the magnetic fluid filled the
magnetic loop, forming several liquid ring seals. These magnetic
fluid ring seals will remain well sealed under the action of the
magnetic field. However, when the external instability worsens,
the liquid film of some annular sealing rings will appear multiple
times of rupture and self-recovery, until each magnetic fluid
annular sealing ring flows at the same time, and the sealing ring
generates an air gap resulting in seal failure. Based on the failure
principle of the magnetic liquid seal, combined with the
application of acoustic emission in liquid film seal monitoring
and two-phase flow pattern identification (Zhang Y. et al., 2020),
this paper adopts acoustic emission nondestructive testing
technology to monitor magnetic liquid seal status. Figure 3 is
the schematic diagram of the magnetic fluid seal signal
acquisition experiment.

In this experiment, the magnetic fluid seal selected is a two-
stage pole shoe seal structure, each stage of the pole shoe is
distributed under 30 pole teeth, the distance between the pole
teeth is 0.1mm, and the distance between the magnetic liquid film
and the shell is about 25 mm. The acoustic signal acquisition
equipment is THE PICO acoustic emission sensor of PAC. Two

acoustic emission sensors are respectively glued to the ends of the
two pole boots of the seal, and the coupling agent is applied on the
contact surface to avoid acoustic signal loss between the sensor
plane and the rotating shaft surface. The acoustic emission sensor
transmits the collected acoustic signal through the preamplifier to
the AE-WIN software provided by PAC. The software records a
short acoustic emission wave with a specified sampling rate and
number of sampling points at specific time intervals, and the data
contained in each short acoustic wave are saved as a sample. In
this experiment, the short-time wave recording period is T_w =
1.3 m s, the sampling rate is F_S = 2MHz, and the sampling
number of each sample is N = 1,024. A total of 401,185 acoustic
signal samples were collected in the whole seal failure experiment.
The pressure signal was used as a reference for analysis, and
500 acoustic signal samples of no leakage, micro leakage, and
complete leakage in the magnetic fluid seal state were selected.

3.2 High-Order Cumulant Image of the
Magnetic Fluid Seal Signal
The collected one-dimensional acoustic signal samples are
processed by high-order cumulant image processing on
Matlab, and the third-order cumulants of the three kinds of
acoustic signal samples are calculated respectively. The maximum

FIGURE 2 | Schematic diagram of VGG16 convolutional neural network.

FIGURE 3 | Schematic diagram of magnetic fluid seal signal acquisition experiment. (A) Device of magnetic fluid seal signal acquisition experiment, (B) Principle of
magnetic fluid seal signal acquisition experiment.
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delay is 25 (−25≤ τ1, τ2 ≤ 25), and the delay is dimensionless.
After calculation, the third-order cumulant matrix was obtained,
which was normalized and mapped to obtain 500 grayscale
images of high-order cumulant representing the three sealing
states of no leak, micro leak, and complete leak. Figure 4 shows
the grayscale images of high-order cumulants in different
magnetic fluid seal states.

3.3 Recognition Based on VGG16 for
Magnetic Fluid Seal
In this section, the model was built based on python and the deep
learning framework Tensorflow2.6.0, and the software

environment was Pycharm. To verify the superiority of the
VGG16 convolutional neural network in the recognition of
magnetic fluid seal, other convolutional network models,
including NIN, GooLeNet, and ResNet50, are also used for
comparative experiments.

The experimental samples were high-order cumulant
grayscale images, including 500 samples in each of the three
sealed states: no leakage (NL), micro leakage (ML), and complete
leakage (CL). The three types of samples were randomly divided
into training and testing in a ratio of 4:1, i.e., 400 training samples
and 100 testing samples were included respectively. Among them,
the validation set is divided into the training set of each category
according to the ratio of 1: 9, which is used to evaluate the

FIGURE 4 | High-order cumulant grayscale images in different magnetic fluid seal states. (A) No Leakage, (B) Micro Leakage, (C) Complete Leakage.

FIGURE 5 | Confusion matrix charts of the seal state identification results obtained by different CNN models. (A) VGG16, (B) NIN, (C) GooLeNet, (D) ResNet50.
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accuracy of the current model after the completion of each epoch,
while the testing set is used for the final model evaluation.

After the samples were divided, they were input into four
convolutional neural network models (VGG16, NIN, GooLeNet,
and ResNet50) for training and testing. The gray image is
processed by multi-channel to adapt to the original image
input format of the model. The cross-entropy loss function
was adopted in the training process, the optimization
algorithm was Adam (Adaptive Moment), the learning rate
was set as 0.0001, and the confusion matrix was introduced to
visualize the testing results. Figure 5 is the comparison diagram
of the confusion matrix of the testing recognition results of
different CNN models.

In the confusion matrix, the row corresponds to the prediction
class, the column corresponds to the real class, the diagonal unit
corresponds to correct classification, and the non-diagonal unit
corresponds to wrong classification. The number is displayed in
each cell. It can be seen from the confusion matrix in Figure 5
that the four convolutional neural network models, VGG16, NIN,
GooLeNet, and ResNet50, all have good recognition effects on the
grayscale image samples in this experiment. To verify the
superiority of the VGG16 model in the recognition of
magnetic fluid seal status, evaluation indexes such as
Accuracy, which are commonly used in image recognition
tasks, are introduced for comparison, and the calculation
formula is as follows:

Accuracy � TP + TN
Total

(6)

Where, TP is True Positive, indicating the number of Positive
predictions. TN is True Negatives, which is the amount of
Negatives needed to predict correctly, and Total is the total
number of predicted samples. Accuracy can be used to
evaluate the classification results of the model, but it is not
always effective in some cases, such as the imbalance between
positive and negative samples. Therefore, it is necessary to
introduce Precision 、 Recall and F1 − Score.

Precision� TP
TP + FP

(7)

Recall � TP
TP + FN

(8)

F1 − Score� 2TP
2TP + FP + FN

(9)

Where, FP is Flase Positive, indicating the number of Positive
errors; FN is Flase Negatives to represent the number of Negatives
for misprediction. Precision refers to the ratio of true samples and
Recall refers to the ratio of true samples. F1 − Score can be used to
weigh the values of Precision and Recall. The larger F1 − Score is,
the more convincing the recognition effect of this model is. Table 1
shows the comparison table of the comprehensive evaluation of
experimental results of different CNN models.

It can be seen from the experimental results that the
VGG16 model has a recognition rate of 98.67%, which is
significantly higher than the NIN, GooLeNet, and
ResNet50 convolutional network models. In addition, the
comprehensive evaluation index of the VGG16 model for all
kinds of samples is above 97%, indicating that the model is
stable for the identification of samples with different magnetic
fluid seal states.

CONCLUSION

In this paper, a method based on a high-order cumulant image
and VGG16 convolution neural network is proposed to identify
the magnetic fluid seal state. The main innovations of this study
are as follows:

1) The signal acquisition experiment of magnetic fluid seal status
adopts the acoustic emission technology, which minimizes the
damage to the seals to the greatest extent and realizes the
nondestructive testing of the magnetic fluid seal components.

2) High-order cumulant image processing is carried out on the
acoustic signals collected in the experiment. One-dimensional
acoustic signals are transformed into two-dimensional high-
order cumulant images, which retain the original signal
characteristics to the maximum extent and suppress
Gaussian-colored noise.

3) The comparison experiment proves that the VGG16 model
can effectively recognize the high-order cumulant image of the
magnetic fluid seal state, providing a new method for the
recognition of the magnetic fluid seal state.

TABLE 1 | Comparison table of the comprehensive evaluation of experimental results of different CNN models.

Model State Precision (%) Recall (%) F1-score (%) Accuracy

VGG16 No Leakage 100 100 100 98.00% (294/300)
Micro Leakage 97 97 97
Complete Leakage 97 97 97

NIN No Leakage 100 100 100 94.67% (284/300)
Micro Leakage 100 83 91
Complete Leakage 87 100 93

GooLeNet No Leakage 100 99 100 87.00% (261/300)
Micro Leakage 70 100 83
Complete Leakage 100 64 78

ResNet50 No Leakage 100 99 100 86.67% (260/300)
Micro Leakage 97 95 96
Complete Leakage 95 98 97
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In the next step, based on the characteristics of magnetic fluid
seal status, the VGG16 convolutional neural network model will
be improved to further enhance the recognition accuracy of seal
status and the generalization of the model. In addition, the
universality of the identification method of magnetic fluid seal
status in this study can be explored and improved through
repeated experiments on seals with different structures and
working conditions.
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Magnetorheological (MR) foam is a newly developed porous smart material that

is able to change its properties continuously, actively, and reversibly in response

to controllable external magnetic stimuli. Unfortunately, the stiffness or also

known as storage modulus of MR foam is still rather low and insufficient, in the

range of below 100 kPa only, due toweak interparticle interaction betweenCIPs

and the foam matrix, which consequently restricts the potential of MR foam to

be used in future sensor applications or in other semi-active devices. Therefore,

the aim of this research is to enhance the structural and storage modulus of MR

foam by adding silica nanoparticles as an additive. Consequently, MR foam

samples with different compositions of silica nanoparticles in the range of

0–5 wt% were prepared via an in situ method. The rheological properties were

tested under an oscillatory shear mode with the absence and presence of

magnetic fields using a rheometer, with the input parameters of strains between

0.001% and 10% and range of magnetic flux density between 0 and 0.73 T for a

magnetic field sweep test. The rheological findings show that with the addition

of silica nanoparticles, particularly at 4 wt%, have enhanced the storage

modulus of MR foam by 260%, which attributed to the highest stiffness from

45 to 162 kPa. Meanwhile, the change of storage modulus under the influence

of magnetic fields (0 T–0.73 T) somehow showed small increment, about

Δ1 kPa for each concentration of silica nanoparticles in MR foams, due to

non-magnetic behavior of silica. The morphological characteristics of MR

foams were described by an elemental analysis carried out by a using

variable pressure scanning electron microscope (VPSEM) equipped with

energy dispersive x-ray spectroscopy (EDX). The micrographs demonstrated

large open-cell pores for MR foam, while MR foam with silica nanoparticles

exhibited more closed-cell pores, associated with the enhancement of its

storage modulus. It indicates that the silica nanoparticles have encouraged

well dispersion of the particles in the foam matrix, which improved and

strengthened the microstructure of MR foams through formation of silane

coupling bonds of silica in the filler-matrix structure. Overall, incorporation of

silica nanoparticles as an additive in the MR foam could provide advantage in
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enhancing the structure and mechanical properties of MR foam, for various

future smart devices.

KEYWORDS

magnetorheological foams, carbonyl iron particles, silica nanoparticles, storage
modulus, porosity, silane coupling

1 Introduction

Nowadays, the progression of advance technologies such as

soft robotics, soft grippers, soft actuators, and sensor devices have

been developing, which leads to the innovation of advance

materials that can be stimulated rapidly and sensitively under

the influence of external stimuli. Since the last decade,

magnetorheological (MR) foam has emerged as a newly

developed smart soft solid material that can change its behavior

continuously, actively, and reversibly under the influence of a

magnetic field (Gong et al., 2013). It is attributed to the embedded

magnetic particles in the foam as a matrix phase. In comparison

with other MR solid material, such as MR elastomer (Umehara

et al., 2018), MR foam has a unique porous and cellular structure

that forms chemically by trapping gases in the liquid phase during

the foaming process (Cain et al., 2013). Its porous structure has not

only entitled the material to be low in density and physically

lightweight (Davino et al., 2012) but also contributes to a great

cushioning effect to absorb vibrations and shock impact (Linde

et al., 1972). In fact, embedding magnetic particles in the structure

of foam has emphasized the material to be evolved from a rigid

system to a controllable one as MR foam has responded well to the

tunable magnetic field stimuli (Schümann et al., 2015). In recent

years, one of the challenging problems which arises in this domain

application has been mentioned by Yin et al. (2017), who stated

that soft robotic grippers are always lacking in variable stiffness

and thus limits the function of the gripper to be adjustable into

desired stiffness according to the operational object. Therefore, the

indicated features of MR foam have been intriguing and growing

appeals among researchers as its flexibility and controllable

stiffness corresponding to the applied magnetic fields would

result in its potential for future soft robotic gripper material.

The improvement is also in line with the development of

material’s technology in which researchers attempt to provide

an adjustable material for soft robotic grippers (Zaidi et al., 2021),

since the improvement of finger-like operating mechanism is

crucial to move and handle various objects conveniently during

the operations (Meng et al., 2020).

In order to address more potential applications of MR foam,

researchers have examined the rheological properties of the

material in terms of capability to store more energy upon

applied shear stress before fracture. In addition, the

enhancement of the storage modulus of MR foam has become

a significant concern in order to broader its stiffness range for

various purposes (Muhazeli et al., 2020). Theoretically, the

storage modulus, G′, is a term for the amount of energy

stored in a viscoelastic material before distorting, which refers

to the stiffness of the material (Boczkowska et al., 2012; Zhang

et al., 2019). There are several methods introduced to enhance the

properties of MR foam, including storage modulus for wider

spectrum of technology advancement such as increasing CIP’s

content (Muhazeli et al., 2019), using particles coating (Scarpa

and Smith, 2004), dual-matrix method (Ge et al., 2015), and

incorporating additives into MR materials (Saiz-Arroyo et al.,

2011). Previous studies have stated that by reinforcing higher

composition of magnetic filler (CIPs) into the MR foam, the

magnetic responsiveness of the MR foam could be enhanced as a

result of the increased magnetic saturation of the material. In

addition, under the influence of magnetic field excitations, MR

foam has broaden its range of storage modulus from a low to

higher level, making it suitable to be potential components in soft

robotics sensor technology (Rizuan et al., 2021). Unfortunately,

the reported storage modulus of MR foam thus far is insufficient,

since the application of soft robotic material requires stiffness of

more than 100 kPa (Zaidi et al., 2021). For example, in the

previous study carried out by Gong et al. (2013), a flexible

MR foam with 60 wt% of CIPs exhibited the storage modulus

up to 72 kPa. Meanwhile, Rizuan et al., 2021 incorporated more

CIPs of about 75 wt% in the MR foam, which enhanced the

storage modulus up to 75 kPa, by about 3% increment only.

These findings in return have restricted the potential of MR foam

to be used in stated applications or in other semi-active devices. It

is noted that the ability to store energy is a key aspect for the

elastic materials to sustain greater applied stress elastically,

especially under different magnetic field values and dynamic

frequencies (Scarpa and Smith, 2004). Therefore, improvement

in the storage modulus of the MR foam has become a significant

concern in order to enhance the strength of the material upon

deformation for the MR foam to become more advantageous and

widen its potential for various purposes.

On the other hand, introducing additives into MR solid

materials has become a more practical approach in providing

significant enhancement toward the corresponding properties,

with simpler procedure and a cost effective approach

(Tamaddoni moghaddam and Naimi-Jamal, 2017; Zainudin

et al., 2020). In fact, incorporating additives into MR elastomers

(MRE) include, but not limited to, graphite (Li et al., 2009; Tian

et al., 2011; Shabdin et al., 2019), cobalt ferrite (Aziz et al., 2019),

carbon nanotubes (CNTs) (Kumar and Lee, 2019), and silica (Abd

Rashid et al., 2021), and the additives have been proven to result in

the enhancement toward specific properties of the material. These

additives have their own roles and purposes to enhance some
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properties of MRE such as conductivity, MR effect, and magnetic

interaction depending on the amount and type of additives that

were being incorporated (Ahmad Khairi et al., 2019). In 2009, Li

et al. introduced 25 wt% of graphite into the mixture of 55 wt%

CIPs and 20 wt% silicon rubber (MRE), and it was observed that

the graphite has increased the conductivity of MRE as well as

reduced its resistance by more than 85% (Li et al., 2009).

Meanwhile, a study by Tian et al. who stated that the addition

of 23.81% micron-sized graphite particles in the MRE has

increased the storage modulus up to 1 MPa, particularly under

the influence of 400 mT of the applied magnetic field as compared

to the sample without additive (Tian et al., 2011). Nevertheless,

Shabdin et al. added 20 g of graphite into the mixture of 12.5 g of

CIPs, 22.5 g of silicon rubber, and 5 g of silicon oil, and the result

showed that the MR effect of the MRE was increased by about 3%

as compared to the non-additive sample (Shabdin et al., 2019).

However, the composition of CIPs and addition of graphite as an

additive need to be controlled as adding more would lead to

brittleness of MRE, which would accelerate the deformation of the

material (Zainudin et al., 2020). On the other hand, Aziz et al.

introduced Ni–Mg–cobalt ferrite nanoparticles, with an average

size of 35–80 nm into an MRE, and the result revealed that the

MRE with Ni–Mg–cobalt ferrite nanoparticles exhibited 43%

higher storage modulus as compared to the MRE without the

additive (Aziz et al., 2019). However, cobalt ferrite nanoparticle

have been stated to induce extreme toxicity to human and

biological systems that may cause cell death and DNA damage.

Thus, the used of cobalt ferrite–based additives have been

restricted for wider applications. Meanwhile, CNT, which is

known to possess high elastic and strong bond due to its multi-

layer nature, has been used in MRE generally to enhance the

storage modulus and lower the loss factor of the MRE (Eatemadi

et al., 2014). Similarly, Kong et al. have proven that a significant

increment in the storagemodulus ofMRE, particularly from 600 to

1200 kPa, has been achieved by theMREwith the rising percentage

of the CNT from 1 to 6 wt% added into the composite, respectively

(Kong et al., 2018). Unfortunately, CNTs involve a very complex

synthesis process that is highly toxic to human body and

environment (Eatemadi et al., 2014).

Nevertheless, silica nanoparticles are commonly used as an

additive to enhance material’s properties due to its non-toxic

property, significantly low density, simpler fabrication process,

great nucleating agent for crystallinity growth, and high thermal

stability (Anuar et al., 2018; Khaidir et al., 2020). Abd Rashid

et al., 2021 studied the addition of silica nanoparticles in the

range of 0 per hundred rubber (phr) to 20 phr in the ethylene

propylene diene monomer (EPDM)–based MRE, and the MRE

showed good interfacial bonding between the filler and matrix

phases; in addition, it led to the improvement of particle’s

dispersion. As a result, the initial storage modulus of the MRE

was observed to be increased from 0.29 to 0.45 MPa with the

addition of silica nanoparticles from 0 to 11 wt%, respectively, as

the adhesiveness of silica has improved the interactions between

the CIPs and the EPDM matrix (Abd Rashid et al., 2021). It is

notable as well that the increment in the rheological properties of

MRE was parallel with the enhancement of the tensile strength

and elongation break of the MRE. Specifically, the enhancement

in tensile strength of the MRE was stated by about 20%, from

52 to 62 shore A with the silica content added from 0 to 11 wt%

(Abd Rashid et al., 2021).

On the other hand, the used of nanosized particles have also

given advantages for it to be used in polymer composite to improve

hardness, mechanical stiffness, and thermal stability (Anuar et al.,

2018; Khaidir R. E. et al., 2019, Khaidir et al., 2019 R., 2020). This is

because the nanoparticles have a relatively high surface area

attributed to the nanoscale dimensions; hence, the nanoparticles

can mix well with the polymer chains at the molecular level and

improve mechanical and thermal properties (Saha et al., 2008).

Furthermore, the nanosized particles can fill the voids between

the micron-sized CIPs and thus offer higher MR effect as a result

of enhance stiffness or storage modulus of the MR material (Bastola

and Hossain, 2020). For example, Nikje and Tehrani, 2010 showed a

great improvement in elastic modulus of rigid polyurethane (PU)

foam from 3.7 MPa to 6.3 MPa after 1 wt% of n-(2-aminoethyl)-3-

aminopropyltrimethoxy-silane (AEAP)-silica nanoparticles was

added into the PU foam. Meanwhile, Saiz-Arroyo et al. stated

that the silica nanoparticles has the ability to disperse well in the

polymer matrices (Saiz-Arroyo et al., 2011). In fact, by adding silica

content from 0 to 3 wt% in the low-density polyethylene (LDPE)

foam, the elastic modulus of the composite foam could be enhanced

by 51% (Saiz-Arroyo et al., 2011). These studies somehow show the

ability of silica nanoparticles that act as additive to enhance the

storage modulus of a polymer-based material. However, there has

been no study related to the used of silica nanoparticles to enhance

properties of the MR foam, particularly at low stiffness of the

material. Therefore, a new fabrication sample of MR foams with

the addition of silica nanoparticles as additive will be introduced with

the range of silica nanoparticles from 1 to 5 wt%, in order to enhance

the storagemodulus as well as other rheological properties of theMR

foam. It is expected that the addition of silica nanoparticles could

result in the enhancement of the filler–matrix interactions in theMR

foam which, simultaneously correspond to the improvement in the

foam’s properties physically, mechanically, and rheologically.

Consequently, with enhanced stiffness of the MR foam with the

addition of silica nanoparticles has the ability to store more energy;

thus, it could grasp and move the object more securely as compared

to the low stiffness of the MR foam.

2 Experimental method

2.1 Sample preparation

Figure 1 shows the synthesis process of flexible MR foam

samples that were prepared by the in situ polymerization

method. The two main components needed to produce the
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polyurethane foam are polyol and isocyanates that acted as a

chemical reactant and agent, respectively. In particular, polyether

polyols (PPG)–based triol with a molecular weight of 6000 g/mol

and the density of 1.03 g/ml together with the 4,4′-methylene

bis(phenyl isocyanate) benzene that has the density of 1.00 g/ml

were purchased from Smooth-On. Inc., United States.

Meanwhile, the reinforced magnetic particles were carbonyl

iron particles (CIPs) that was purchased from CK Materials

Lab Co. Ltd., Seoul, Korea. It was an OM-typed with an average

size of 3–5 μm and exhibited the density of 4.5 g/cm3. As for the

additive silica nanoparticles (SiO2), it was derived from rice husk

via using the solid state method, having the average size of

700 nm and was collaboratively received from UTHM, Johor.

The MR foam was prepared by mixing the fixed concentration

of CIPs, 75wt%, into the total weight of main components of foam,

polyols, and isocyanates (20 g). Upon the in situ fabrication of MR

foam, the CIPs was added into the 50wt% of polyols, which was

about 10 g, and it was stirred at a speed of 550 rpm for about 30 s by

using aMultimixHigh SpeedDispersed (HSD)mechanical stirrer in

order to ensure well mixing of the mixture. Then another 50 wt% of

isocyanates (10 g) was poured into the mixture of polyols and CIPs,

and it was continuously stirred for another 20 s. Then the final

mixture of the materials was immediately poured into a cylindrical

open tube as a mold, and the foaming process of MR foam took

place taking the shape of the mold. The mold was prepared with a

dimension of 20 mm in diameter and 15 cm in thickness. Prior to

the addition of silica nanoparticles to the MR foam, the additive

varied from 0 to 5 wt% respective to the total of MR foam. Thus, the

calculation for each material was carried out, as shown in Table 1.

In order to prepare MR foams with silica nanoparticles, the

additive was firstly grounded with CIPs using a mortar and pestle

to ensure the homogeneous mixing of the particles, as illustrated

in Figure 1. Then the solid mixture of the particles was poured

into the polyols (10 g) and was stirred for about 30 s, at a speed of

550 rpm. The isocyanates with the amount of 10 g was then

added to the mixture, stirred for another 20 s, and the final

mixture was immediately poured into the cylindrical mold as the

foaming process would take place shortly. The foaming process

would occur vigorously and the samples would solidify instantly.

All samples were left for 24 h at room temperature of 25 °C to

ensure that the samples were fully hardened before the samples

were being cut for testing and characterization procedures.

2.2 Sample characterization and
rheological testing

The rheological properties of MR foams were analyzed and

evaluated by using a MCR302 modular compact rheometer (MCR)

from Anton Paar, Germany. The rheometer was equipped with a

controllable parallel plate (PP20/MRD/T1/P2) that has a patented

Toolmaster™ technology with a diameter of 20 mm and a constant

1 mm gap setup measured by Trugap™ feature that recognizes the

real measuring gap. In this current work, MR foams underwent an

oscillatory shear mode test to investigate the effect of different

concentrations of silica nanoparticles to the viscoelastic properties

of the MR foam, especially in terms of storage modulus and the MR

effect. The variation of the final properties of MR foams would be

FIGURE 1
The synthesis process of MR foam with the addition of silica nanoparticles.
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further analyzed by varying input parameters of 0.001%–10% sweep

strains, with different constant current input from 0 A to 4 A and

constant 1 Hz frequency to evaluate the elasticity and deformation

value of the MR foam through the determination of the linear

viscoelastic (LVE) range. The current input of 0 A, 1 A, 2 A, 3 A, and

4 A are approximately equivalent to 0 T, 0.17 T, 0.35 T, 0.53 T, and

0.73 T, respectively. The magnetic flux density, B (T) were

manipulated during current sweep test or also known as the

magnetic field–dependent test to analyze the absolute MR effect

of the MR foam with different composition of silica nanoparticles.

Upon the rheological test, each sample was cut into 1-mm-thick and

20-mm-diameter sections. All samples were tested under room

temperature and each of the samples was tested with 30 interval

points for every measurement.

Nevertheless, the morphological characteristics of MR foams

were observed through variable pressure scanning electron

microscopy (VPSEM), by using the JSM-IT300LV model from

JEOL Ltd, Tokyo, Japan. VPSEM provided a high resolution of

3.0 nm at 30 kV and unsurpassed low kV performance; thus, it has

the ability to identify fine pore images of the MR foam. In this

work, the MR foam samples were cut into 1-mm thickness with a

diameter of 20 mm each and primarily coated with platinum using

the sputter coating method before being analyzed under VPSEM.

The SEM micrograph were characterized on the cross-sectional

part to observe the pores and strut structures of the MR foam.

Notably, the images were taken under ×50 to ×

2000 magnifications, and all testing were carried out at room

temperature of 25 °C. Equipped with the energy dispersive X-ray

spectroscopy (EDX) in the VPSEM, the EDX would provide

mapping information on the element compositions in MR foams.

3 Results and discussion

3.1 Storage modulus of MR foams

3.1.1 Strain dependent test
A strain sweep test was conducted under the oscillatory shear

mode with a controlled range of shear strains from 0.001% to

10% and a fixed frequency of 1 Hz. In this research, the effect of

silica as an additive toward the improvement of storage modulus

of MR foams was mainly observed, and the change in the linear

viscoelastic (LVE) region of MR foams were determined. The

LVE region gives rigidity information of the MR material by

indicating the range which the material could withstand, given

shear strain before the structure begin to deform permanently

(Kang et al., 2020). Moreover, it is crucial to determine the limit

value of the LVE region in order to ensure that further testing

including frequency sweep and magnetic field sweep can be

performed within specified strain without destroying the

sample. As for solid-based materials, it does not flow; thus,

the stiffness or storage modulus, G′, would be considered to

describe the elasticity of the material rather than its viscosity.

Therefore, as shown in Figure 2, the storage modulus, G′, of MR

foams with the addition of silica in different concentrations were

plotted, corresponding to the applied shear strains and with

respective to the off-state and on-state conditions.

In particular, Figure 2 presents the changed in the storage

modulus of MR foams that have been embedded with silica

nanoparticles as an additive, in the range of 0–5 wt%

concentrations. The samples were tested under different

applied magnetic flux density of 0 T (off-state) and 0.73 T

(on-state). It can be seen that all samples showed constant

storage modulus, G′, along with the increasing applied strains,

especially from 0.001% to 0.1%. This shows that the elastic region

of the overall samples was in the stated range, where the structure

would be returned to its original position even after the removal

of applied strains. Thus, the graphs show no change in the value

of the storagemodulus (linear). However, it was observed that the

graphs started to show its downturn after the strains were

increased more than 0.6%. This phenomenon corresponded to

the deformation phase of MR foams caused by the applied strain

beyond its elastic limit of the samples. In the deformation phase,

the samples would continue being stretched but was unable to

return to its original position, indicating the transition of the

samples from elastic to plastic deformation. Hence, it explained

the drop values of storage modulus, G′, as lesser energy can be

stored by the samples upon further deformation of the samples.

TABLE 1 Materials composition in flexible MR foam with addition of silica nanoparticles.

No of
Samples

Isocyanates (g) Polyols (g) CIPs (g) Silica Total weight
(g)

(wt%) (g)

A 10 10 15 0 0.00 35.00

B 10 10 15 1 0.35 35.35

C 10 10 15 2 0.70 35.70

D 10 10 15 3 1.05 36.05

E 10 10 15 4 1.40 36.40

F 10 10 15 5 1.75 36.75
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Overall, the LVE region of MR foam samples would be

determined by using the Agire-Olabide’s method where the

point deviates by at least 10% after the downturn slope

(Yunus et al., 2019). The slanting lines (dash lines) were

drawn on the graphs indicating the drop point of the LVE

limit for each MR foam, especially with different

concentration of silica nanoparticles from 1 to 5 wt%. Based

on the graphs, it was observed that the LVE regions have started

to reduce when silica nanoparticles were added to the MR foam

samples. In fact, during the off-state condition, the pure MR

foam exhibited the lowest storage modulus but a slightly longer

LVE region, between 0.001% and 3.03% of applied strains. Then

when silica nanoparticles were added to MR foams up to 5 wt%,

the storage modulus increased regularly but a shorter range of

LVE regions were noted correspondingly. For instance, the MR

foam with 4 wt% of silica nanoparticles presented the highest

storage modulus, but in return, the LVE region become shorter,

in between 0.001% and 0.62% particularly at the off-state

condition. In addition, all MR foams at the on-state condition

exhibited further shorter LVE regions as compared to the ones at

the off-state conditions, as shown in Figure 2B. The shorter LVE

regions indicated that the samples have become stiffer with the

addition of silica nanoparticles and even stiffer under the

influence of a magnetic field (on-state condition). A similar

trend has been reported by Abdul Rashid et al., who stated

that MRE samples with the addition of silica nanoparticles as an

additive possessed shorter LVE region as compared to the MRE

without silica (Abd Rashid et al., 2021). These results implied that

the LVE limit of MR foams are dependent on the concentration

of silica nanoparticles in the matrix phase. In fact, it is a common

phenomenon in a polymer composite as the addition of filler

particles or additives in the polymer matrix would lead to the

deterioration of the material’s structure as the shorter elastic

region would be acquired, known as the Payne effect (Mohd

Nasir et al., 2021). Thus, it explained the shorter LVE region of

MR foams with higher concentrations of silica nanoparticles.

Nevertheless, based on the finding of the LVE region for all MR

foams, the selected constant strain value for other testing

procedure is about 0.6% to ensure that all testing samples

were in the LVE region; hence, the testing samples were still

in the elastic region.

Generally, the viscoelastic materials that are subjected to

shear stress would be undergo shear deformation. When the

shear stress has exerted onto the material, some amount of

energy would be stored and can be retrieved after each cycle.

Meanwhile, the rest of the energy would be dissipated as heat and

could not be retrieved. Hence, the stored energy in the material is

referred as stiffness and also known as storage modulus, G′, the
amount of energy could be stored by the material upon

deformation. Based on the graphs in Figure 2A, it shows that

the addition of silica nanoparticles has caused increment in the

storage modulus of MR foams, particularly at the off-state

condition from 1 to 4 wt%. The values were then increased

slightly at the on-state condition when 0.73 T was applied to

FIGURE 2
Change of storage modulus of MR foams with different concentrations of silica nanoparticles during (A) off-state (0 T) and (B) on-state (0.73 T)
conditions.

TABLE 2 | Initial storage modulus, G9
0, value of MR foam with different

composition of silica nanoparticle at the off-state and on-state
conditions.

Magnetic flux
density, B
(T)

Composition of nanoparticle silica (wt%)

0 1 2 3 4 5

Storage modulus, G9
0, value (kPa)

0.00 45 76 95 116 162 145

0.17 46 81 97 119 165 159

0.35 47 82 98 127 169 160

0.53 51 87 99 128 170 167

0.73 52 88 102 129 173 172
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all the samples, indicating the stiffer MR foams and more energy

could be stored by the samples elastically. In fact, Table 2

summarizes the values of storage modulus of MR foams with

different concentrations of silica nanoparticles, and at both

conditions of off-state and on-states, respectively. It can be

observed that at 0 wt% of silica nanoparticles, the storage

modulus of MR foam was noted around 45 kPa, particularly

at zero magnetic field. This value has been very slightly increased

when the magnetic flux density was applied to the MR foam from

0.17 T to 0.73 T. The increment values were noted to be around

1–4 kPa only and this finding is in a good agreement with the

study stated by Rizuan et al., 2021 in which the storage modulus,

G’ of MR foam increased slightly, around 1 kPa–5 kPa when the

magnetic field was between 0.0 T and 0.73 T. In comparing with

the off-state condition, the CIPs are distributed randomly in the

polymer matrix of PU foam in the absence of the magnetic field

causing the low initial storage modulus values (Li et al., 2020b).

Meanwhile, with the presence of the magnetic field, the result

showed the increment in the storage modulus of MR foam during

the on-state condition which was attributed to the enhancement

in the interparticle magnetic forces between the CIPs, as toward

the applied magnetic field simultaneously. Nevertheless, by

comparing MRE to MR foam, the slight increment in the

storage modulus of MR foams is due to the porous structure

of foam itself, where the CIPs were embedded in the struts of

foam and were separated by the pores, causing the CIPs are quite

farther between the pores. When the magnetic field was induced

to the MR foam, CIPs would tend to attract to one another in the

strut walls thus slightly increased the storage modulus of MR

foams. Meanwhile in an MRE, the CIPs are distributed in a

smaller area of the rubber matrix and no foaming process

occurred in an MRE during curing thus, interparticle of CIPs

are much closer resulted in stronger magnetic forces between the

particles when the magnetic field was applied, thus explaining the

greater storage modulus increment as compared to MR foams.

The similar trend was observed for other MR foams that were

incorporated with different concentrations of silica

nanoparticles.

In contrast, when 1 wt% of silica nanoparticles were added to

the MR foam, the corresponding storage modulus has been

significantly increased from 45 to 76 kPa, at the off-state

condition. Despite at zero magnetic field influence, the

increment in the storage modulus of MR foams have

continued to enhance to 95 kPa, 116 kPa and 162 kPa for

silica nanoparticles of 2, 3 and 4 wt%, respectively. In MR

foam, silica nano-particles would act as a cross-linker and not

as a chain extender, in which silica nano-particles

would strengthen the matrix-fillers interaction by cross-linking

interactions. This would increase the interfacial bonding between

the filler and polymer matrix that subsequently enhanced the

modulus of MR foams. There has been a study conducted by

Burgaz and Kendirlioglu (2019) regarding the interactions

between the PU foam and silica nanoparticles. The study

stated that the silica possessed the hydrophilic behavior in

which it encourages the silanol functional groups of silica to

have a bond via H-bonding interactions with ether oxygens of

polyol, or also known as the silane coupling agent (Burgaz and

Kendirlioglu, 2019). Since silica used was in nanosized particles,

it has a larger surface area, which provides a better dispersion in

the polymer matrix thus creating more silane coupling agents in

the matrix phase (Nikje et al., 2009). The silane coupling agents

that are presented in the MR foam would hinder the relaxation of

mobility of particles in the polymer segment thus, making the

particles difficult to move (Nikje et al., 2009). This has explained

the stiffer progression of MR foams with the addition of silica

nanoparticles as compared to the one without silica.

Nevertheless, at the on-state conditions 0.17–0.73 T that were

applied to the MR foam, the storage modulus somehow showed a

slight increment, particularly in the range 1–5 kPa indicating the

non-magnetic behavior of silica nanoparticles to respond to the

applied magnetic fields. Therefore, the increment in the storage

modulus of MR foams is due to the CIP’s responsiveness toward

the increasing values of magnetic field strength. As magnetic

polarization of CIPs in MR foams become stronger with

magnetic fields, the respective chain-like structures of MR

foam enhanced thus explaining the increased value of storage

modulus (Chuah et al., 2015).

Nevertheless, it was observed that when the concentration of

silica nanoparticles was added up to 5 wt%, the storage modulus was

noted lower than the 4 wt% of silica nanoparticles in theMR foam. In

fact, the value of storagemodulus has dropped from 162 kPa (4 wt%)

to 145 kPa (5 wt%), particularly at the off-state condition. This

finding might be due to the agglomeration of silica nanoparticles

in the polymer matrix when silica was added excessively. Generally,

silica is known as an inorganic material that act as a nucleating agent

for the polymer-matrix materials that at every addition or increasing

its composition, it increases the crystallinity of the polymer composite

via the interparticle connection that build between the silica particles

and matrix polymer by silane coupling agent (Saiz-Arroyo et al.,

2011). Hence, when excessive silica nanoparticles were added, the

crystallinity of the material increased which might lead to the

formation of particle’s aggregation in the foam matrix phase. This

resulted in the imbalance distribution of silica nanoparticles that

affected the dimensional stability of foam’s cellular structure and

finally caused reverse effect of stiffness enhancement in theMR foam.

Therefore, the storage modulus of MR foam with 5 wt% silica

nanoparticles has decreased indicating the excessiveness of the

additive added more than 4 wt%. Somehow, at presence of

magnetic fields (on-state condition), the storage modulus with

5 wt% silica nanoparticles still increased slightly attributed to the

CIPs that responded to the applied magnetic field, as discussed in

previous paragraph.

3.1.2 Magnetic field–dependent test
The magnetic field–dependent test of MR foams

with different composition of silica nanoparticles was
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conducted under the fixed strain of 0.6% and a

constant frequency of 1 Hz. The chosen strain of 0.6% lies

under the LVE region in which the amount of given strain

is within the range of elastic limit. Correspondingly, the

absolute MR effect were extracted and presented, as shown

in Figure 3.

Figure 3 shows the relationship between the storage modulus,

G′ of MR foams with different compositions of silica

nanoparticles under the influence of different magnetic flux

density, B. Overall, it could be observed that as the magnetic

flux density increased, the storage modulus of MR foams

increased, up to 0.8 T. The increment of the storage modulus

of all MR foams are due to the responsiveness of the CIPs in the

foam’s structure toward the applied magnetic fields that

subsequently caused changes in the stiffness of the material,

reversibly and continuously, and it is also known as MR effect

(Plachy et al., 2018; Li et al., 2021). The MR effect analysis is one

of the important resultant parameters to measure the

responsiveness of MR foams in terms of the changeable

storage modulus under the influence of applied magnetic

fields, and the output would be advantageous for the material

to be applied in controllable actuator and soft robotic sensors

(Kang et al., 2020). The change in the behaviors of MR foam

under the influence of magnetic stimuli can be expressed by the

absolute MR effect. The absolute MR effect, ΔG, can be calculated
by using Eq. 1 below:

ΔG � (G′ − G′
0) (1)

where ΔG is the difference between the maximum storage

modulus, G′, and initial modulus, G′
0 at the maximum and

zero applied magnetic field, respectively. The absolute MR

effect of MR materials may vary depend on several factors

such as frequency rates, magnetic field strength, composition

of magnetic fillers, type of magnetic materials, and particle sizes.

In this characterization, the magnetic flux densities varied in the

range of 0 T–0.8 T.

In particular, the initial storage modulus of MR foam without

the silica nanoparticles is about 40 kPa and the value was

increased slightly to 46 kPa when the magnetic flux density

was applied at 0.8 T. Hence, the difference or absolute MR

effect of the MR foam was about 6 kPa. This finding is in

consistent with a study done by Rizuan et al., 2021, who

stated that the pure MR foam with 75 wt% of CIPs has the

increment of 6 kPa in modulus when the magnetic field was from

0 to 0.8 T. Figure 4A shows the illustration of MR foam

indicating the distribution of CIPs and silica nanoparticles

over the composite area, particularly at the off-state condition.

The large surface area of nanosized silica particles in the MR

foam has created more silane coupling agents formed between

the O-H functional group of silica with ether-oxygen of polyol

via H-bonding interactions. These bonds have enhanced the

interparticle interactions between the CIPs and silica

nanoparticles to the matrix structure of MR foam. Thus, the

silica nanoparticles should be observed over the CIPs surfaces

and in the matrix phase of MR foam. However, there are gaps

between the particles as no magnetic field was induced to the MR

foam, and the stiffness of the material is completely dependent on

the composite foam that embeds both CIPs and silica

nanoparticles. At the on-state condition or when there was

induction of the magnetic field, the storage modulus of the

MR foam increased, indicating the magnetic interactions

between the CIPs and its responsiveness toward the magnetic

field stimuli. This phenomenon somehow caused shrink of the

MR foam slightly due to reducing gap between the attraction of

FIGURE 3
Change of storage modulus, G′, of MR foams with different composition of silica nanoparticles under the influence of different magnetic flux
density, B.
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the particles, especially among the CIPs (Wang et al., 2020). The

phenomenon can be illustrated in Figure 4B showing stronger

interaction between particles-matrix phases with applied

magnetic fields. Indeed, as shown in Figure 3, the storage

modulus of MR foam with 1 wt% of silica nanoparticles has

increased by 7 kPa, from 89 kPa at the off-state condition to

96 kPa at the on-state condition. Similar small increasing trend of

8, 9 and 11 kPa in the absolute MR effect, ΔG were observed for

other MR foams with silica nanoparticles of 2, 3 and 4 wt%

respectively, and it showed the stiffer MR foams with the strength

of magnetic fields. Even though the changes are found to be small

for each MR foam, the increasing value of storage modulus

somehow showed the structural transformation of MR foam

with induction of the magnetic field (Alekhina et al., 2019). In

fact, MR foam that under the influence of the magnetic field

would cause the magnetic domain of the CIPs were aligned

according to the direction of magnetic fields (Rizuan et al., 2020).

Thus, the stiffness of MR foams increased in line with the

increasing value of storage modulus, particularly with greater

strength of magnetic fields as stronger magnetic interactions

would be taken place between the CIPs (Li et al., 2020a).

However, in terms of silica nanoparticles that were added

into MR foams in different concentrations, the value of storage

modulus at zero magnetic field showed a significant increment.

As observed in Figure 3, the initial storage modulus, G0’ of each

MR foam increased with the increased of silica nanoparticles,

particularly from 1 wt% to 4 wt% samples. These findings

indicated the stiffer MR foams at the initial state or with

absence of the magnetic field as more silica nanoparticles were

embedded in the foam structure. Then as magnetic fields were

induced to MR foams, for instance at 0.8 T, the increased in

storage modulus from one MR foam sample to another were

noted very slightly, about 1 kPa increment showing the non-

magnetic behaviour possessed by the silica nanoparticles toward

the applied magnetic field. In fact, these findings were in

agreement with the work done by Abd Rashid et al. (2021)

who stated that a small increment were observed for the initial

storage modulus of MRE samples, between 0.03 and 0.06 MPa for

different concentrations of silica nanoparticles, about 3 to 6wt%.

Indeed, the small increment in the storage modulus of MR foams

indicated the improvement of particles-matrix interaction when

silica nanoparticles were added in the structure of MR foam.

Hence, the changed in the storage modulus of MR foams

increased simultaneously with the increasing composition of

silica nanoparticles. This positive trend also has been

discussed in previous section of strain sweep test as adding

more silica nanoparticles resulted in the significant

enhancement of storage modulus of MR foams, particularly at

the initial state and not under the influence of applied magnetic

fields.

On the other hand, the absolute MR effect, ΔG of MR foam

with 5 wt% of silica nanoparticles showed a decrement from 11 to

10 kPa. The graph in Figure 3 also showed the position of storage

modulus with 5 wt% of silica nanoparticles was quite lower

compared to the MR foam with 4 wt% silica, at both off- and

on-state conditions. A similar pattern was reported by Saiz-

Arroyo et al. (Saiz-Arroyo et al., 2011) where the rigid

polyurethane foam has showed a decreasing pattern of elastic

modulus with 5 wt% of silica nanoparticle. It was reported that

the aggregation of the silica nanoparticle could occur when it was

FIGURE 4
Schematic illustration of particles–matrix interactions in MR foam, at off- and on-state conditions. (A) Weak interactions of particles–matrix
phases due to existence of interparticle gaps during the off-state condition. (B) Strong interactions of particles–matrix phases due to the behavioral
of CIPs attracting toward each other during the on-state condition, thus reducing the interparticle gaps, (C) Agglomeration occurred due to
excessive silica nanoparticles in the struts of foam, causing decrease of CIPs to attract toward each other.

Frontiers in Materials frontiersin.org09

Khaidir et al. 10.3389/fmats.2022.959489

150

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.959489


added excessively in the foam structure (Saiz-Arroyo et al., 2011).

Similar phenomenon might occur to the MR foam when silica

nanoparticles was added excessively with 5 wt%. As regards,

when the magnetic field was induced to the MR foam, the

CIPs were still attracted to one another, but the gap between

the CIPs might become distanced hindered by the aggregation of

silica nanoparticles that might be taken place in the strut

structure of MR foam. Figure 4, particularly (C) illustrates the

mechanism of fillers-matrix interactions in the MR foam,

including the CIPs and silica particles showing the

agglomeration of the silica in the struts of foam causing the

decrement of attraction between the CIPs during the on-state

condition.

3.2Morphological characterizations of MR
foams

Figure 5 shows the micrograph ofMR foams with (A) theMR

foam without silica additive and (B) the MR foam with 4 wt% of

silica nanoparticles. Generally, the structure of MR foam includes

cell pores that are enclosed by struts as shown in both Figures

5A,B. It was observed that the MR foam (Figure 5A exhibited

more open cell pores correspond to the typical structure of

flexible foam while MR foam with silica nanoparticles are

observed to have more closed cell pores (Figure 5B) (Scarpa

et al., 2004). The resultant structure of MR foam is mainly due to

the particle’s dispersion including the silica nanoparticles that

play a significant role in controlling the cell size of the pores

during the polymerization process. The process includes gas

formation, cell nucleation growth and cells distribution that

would lead to the stabilization of the foam structure

(Tamaddoni Moghaddam et al., 2019).

In general, the magnetic particles are embedded in the struts

and cell walls of MR foam during foaming process. The

distribution of the particles is separated by the pores of the

foam matrix, in which would affect the rheological properties of

the MR foam. As shown in Figure 5A, significant numbers of

non-uniform sized of open-cell pores with large cavities like

tunnel have been observed. The formation of pores began with

the bubbles of carbon dioxide, CO2 that were formed via reaction

of isocyanate groups with water, thus releasing CO2 during the

gas formation process. Then the bubbles started to grow from the

expansion of the blowing gas and merged into coalescent pores

structure during the 2nd stage, cell nucleation growth process. In

this case, the nucleation growth of pores in MR foam occurred

where gas bubbles from the neighboring phase diffused and

created randomly large bubbles, resulted in more open-cell

pores structure. This resultant open-cell pores structure of MR

foam also similar and has been discussed by Rizuan et al., 2021

where the porosity and deep cavities MR foam with 75 wt% of

CIPs were characterized. The presence of deeper cavities was

influenced by the coalescent of more bubbles, subsequently

forming connecting not only deeper but large cavities in the

structure of MR foam. Hence, the distribution of the particles is

more scattered and significant distance between CIPs were

observed due to the existence of large pores. Referring to the

result of strain dependent test that has been discussed in previous

sub-section, MR foam basically exhibited low storage modulus,

about 45 kPa correlated to the nature porosity of MR foam which

would affect its ability to withstand higher applied load. The

addition of silica nanoparticles is expected to alter the resultant

structure of MR foam and simultaneously enhanced the storage

modulus of MR foam, accordingly.

In fact, MR foam with 4 wt% of silica nanoparticles possessed

improved storage modulus, around 162 kPa and the respective

micrograph as shown in Figure 5B, the MR foam looks more

closed-cell pores structure with smaller size cavities. At first, the

gas bubbles (CO2) were released through the reaction between

isocyanate groups of PU foam that in contact with water. Then

FIGURE 5
Micrograph of (A) MR foam and (B) MR foam with 4 wt% silica nanoparticles.
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on the second stage of cell nucleation growth process, silica

nanoparticles in the MR foam began to act as nucleation sites for

the silane coupling bond to form via H-bonding, that improved

the bonding between particles and matrix phase (polyol). In

addition, the advantage of nano-sized silica particles is its large

surface area where nucleation growth of bubbles becomes more

intense, and a greater number of silica nanoparticles could create

more silane coupling bonds in the matrix phase. Thus, the

mixture turned out to be more viscous and aided bubbles

nucleation process resulted in closed-cell pores formation and

less porous structure in theMR foam. The growth of bubbles then

stopped upon foaming process end, creating porous structure of

MR foam. Hence, the distribution of particles including CIPs and

silica are more compact due to reduced gaps between smaller

FIGURE 6
Micrograph of (A) non-agglomerated particles in MR foam with 4 wt% of silica nanoparticles and (B) agglomerated particles in MR foam with
5 wt% of silica nanoparticles.

FIGURE 7
Mapping analysis of (A)MR foamwith addition of silica nanoparticles and respective elements of (B) iron, Fe; (C) carbon, C; (D) silicon, Si; and (E)
oxide, O.
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pores and adjacent struts would become nearer. The

morphological structure also become more compact and

denser causing the MR foam became stiffer and as a result the

storage modulus of the material has been enhanced. This

phenomenon corresponds to the significant increment in the

storage modulus of MR foam with more silica nanoparticles. In

fact, when the magnetic field was induced to the MR foam,

stronger magnetic forces between the CIPs are acquired due to

closer gap between the particles in the struts of MR foam,

resulting stiffer composite material. Nevertheless, the

increment storage modulus of MR foam with magnetic fields

are smaller indicating non-magnetic behavior owned by the silica

nanoparticles which are unable to respond to the magnetic field

stimuli.

However, the excessive silica nanoparticles in the MR foam,

particularly with 5 wt% somehow resulted in negative impact

toward the structural and properties of MR foam. Figure 6A

showed the micrograph of non-agglomerated particles in the

foammatrix when 4 wt% of silica nanoparticles were added to the

MR foam. The CIPs and silica nanoparticles were well distributed

and embedded in the structure of polymer foam matrix.

However, the agglomeration of particles was observed in the

MR foam with 5 wt% of silica nanoparticles as shown in

Figure 6B. It is attributed to the excessive silica nanoparticles

where the amount of polymer that is available to build up bonds

with the silica is limited during the polymerization process

(Davino et al., 2012), causing agglomeration of silica in the

matrix phase. The aggregation of silica nanoparticles also

would affect the dimensional stability of the cellular structure

of MR foam, thus explaining a decrement in the storage modulus

of the material, as has been highlighted in previous section.

Figure 7 depicts the EDX mapping analysis of MR foam with

the addition of silica nanoparticles and the analysis showed

presence of iron (Fe), carbon (C), silicon (Si) and oxygen (O)

correspond to the CIPs (Fe), silica nanoparticles (SiO2) and

carbon for matrix phase. In addition, it was observed that the

silica nanoparticles have been well distributed entire the

composite area as presented in Figure 7D, including the silica

on the surface of the CIPs and in matrix phase of MR foam. This

finding also corresponded to the schematic illustrated in

Figure 4A.

4 Conclusion

In this work, MR foams with fixed 75 wt% of CIPs have been

fabricated with different composition of silica nanoparticles in the

range of 0–5 wt%., with the increment of 1 wt% The samples were

run to investigate the effects of silica nanoparticles toward the

enhancement of the viscoelastic properties, particularly storage

modulus and morphological of MR foams. It was identified that

under the influence of applied strains, MR foam with 4 wt% of silica

nanoparticles demonstrated significant increment in storage

modulus, about 260% increase as compared to the MR foam

without the addition of silica nanoparticles. In fact, under the

influence of magnetic fields from 0 T to 0.73 T, the absolute MR

effect of the MR foam was enhanced by about 11kPa, attributed to

the responsiveness of the CIPs toward the induced magnetic stimuli

showing stiffer MR foam at the on-state condition. Similar findings

for other MR foams were observed as the corresponding storage

modulus increased with the increased of silica nanoparticles,

simultaneously with applied magnetic fields. The findings

somehow showed the stiffer MR foams with more embedded

particles in the matrix structure, including CIPs and silica

nanoparticles (1–5 wt%), at the off-state condition. The

enhancement is attributed to the presence of silica nanoparticles

that has strengthened the filler-matrix bonding by the formation of

silane coupling bond between silica to the PUmatrix and CIPs. The

stiffness of each MR foam was further increased at the on-state

condition due to stronger magnetic interaction of the CIPs and

toward the applied magnetic fields. However, the MR foam with

5 wt% of silica nanoparticles showed drop in storagemodulus due to

the agglomeration of particles in the cellular matrices. Meanwhile,

the change in modulus, ΔG, from one to another MR foam with

increment of 1 wt% of silica nanoparticles showed small increment

as well, about 1 kPa particularly at the on-state condition showing

the non-magnetic properties of silica additive toward the applied

field. Furthermore, themicrograph images have shown the open-cell

pores structure with large cavities in the structure of the MR foam

while less porous and closed-cell pores structure were observed for

MR foamwith silica nanoparticles. The silica nanoparticles alsowere

well distributed entire the MR foam indicating the homogeneity

properties of the material.
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A comparative study of magnetic
seals by ferrofluids,
magnetorheological fluids and
magnetic powders

Zhenghao Li and Decai Li*

State Key Laboratory of Tribology, Tsinghua University, Beijing, China

Magnetic seals as a class of non-contact sealing technology have been a

research focus. In these seals, magnetic materials, usually ferrofluids or

magnetorheological fluids are attracted in sealing gaps as sealing medium.

Recently, a novel sealing method using nano-micron sized magnetic powders

has been raised up as well. However, the working performance of these

magnetic seals has not been studied thoroughly and comparatively yet.

Here, we provide a comparative study of magnetic seals by ferrofluid,

magnetorheological fluid and magnetic powder theoretically and

experimentally. The formulas of pressure capability are derived based on

their different properties. A modified empirical formula of magnetic powder

seals is proposed, taking the frictional effect into consideration. The magnetic

field distribution is calculated by the finite element method. Finally, a test bench

for static magnetic seals is established. The pressure capability and leakage rate

of three materials are measured by sealing experiments. The differences in

mechanism of pressure transfer and the ability of self-recovery are discussed.

This research summarizes the characteristics of different magnetic seals, and

provides a guidance for sealing medium selection and structure design.

KEYWORDS

ferrofluid, magnetorheological fluid, magnetic powder, seal, pressure capability,
leakage rate

1 Introduction

Magnetic seals are a class of non-contact sealing technology using magnetic materials

as sealing medium. In these seals, a magnetic circuit is established by a magnetic source

and magnetically conductive parts to generate a magnetic field gradient in sealing gaps,

and the magnetic medium is attracted there firmly by the magnetic force. Compared to

traditional sealing technology, magnetic seals possess unique advantages such as low

leakage rate, simple structures and long lifetime (Parmar et al., 2020; Zhou et al., 2020; Liu

et al., 2022). Ferrofluids (FFs) and magnetorheological fluids (MRFs) are commonly used

as sealing medium, while a novel sealing method using nano-micron magnetic powders

(MPs) has been presented recently as well (Li and Li, 2022a).
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FFs are colloidal liquid composed of magnetic nanoparticles

coated with certain surfactants and dispersed stably in a carrier

fluid (Zang et al., 2022). Because of their special characteristics

such as superparamagnetism and biocompatibility, FFs have

been applied in hyperthermia, information storage, optical

sensors and so on (Das et al., 2019; Huang et al., 2021).

Specifically, FF seals are used in high demand conditions for

its zero leakage, high reliability and low resistance torque. Fan

et al. (2021) designed an FF seal for an aerospace air cylinder and

solved the problem of leakage and service life. However, the

performance of FF seals is restricted by their limited pressure

capability per stage and intolerance of high temperature

(Matuszewski, 2019). MRFs are composed of soft

ferromagnetic or paramagnetic particles (about 1–10 μm)

dispersed in a carrier fluid. Their rheological properties are

magnetically controllable, and may change from Newtonian to

Bingham behavior under an external magnetic field (Choi and

Han, 2012). Therefore, they are widely used in automobiles,

polishing machines, etc. (Wang and Meng, 2001) Liang et al.

(2018) presented a dynamic sealing technique for external gear

pumps by MRF seals in the clearance between the gear and

housing. The volumetric loss of gear pumps was reduced without

greater friction or higher manufacturing precision. But the

stability and the friction torque of MRF seals have always

been a concern in applications (Kubík et al., 2019). MPs have

been recently adopted in magnetic seals. Generally, nano or

micron-sized Fe3O4 particles coated with proper surfactants or

lubricants are prepared by the chemical coprecipitation method

or the high energy ball-milling method. Due to the absence of

carrier fluid, MP seals have wider temperature tolerance and

better stability against sedimentation. Li and Li. (2022b) derived

the simplified formula of pressure capability of MP seals based on

the principle of virtual work, and proposed a method of

designing the pole tooth structure. But the leakage rate of MP

seals is rather high compared to FF seals, and the prediction of

the pressure capability still needs to be modified (Li and Li,

2022c).

In conclusion, previous researches have investigated the

properties of FFs, MRFs, and MPs, and applied them in a

wide range of sealing conditions. However, the working

performance of seals by these materials has not been studied

thoroughly and comparatively.A lack of guidance to select the

proper magnetic medium according to different sealing

requirements still exists.

In this research, a comparative study of FF, MRF, and MP

seals is provided theoretically and experimentally. The formulas

of pressure capability are derived based on their different

properties. Taking the frictional effect into consideration, a

modified empirical formula of MP seals is proposed. Then the

distribution of magnetic field intensity is calculated by the finite

element method. Further, a sealing prototype is designed and

manufactured, and a test bench is established for magnetic seals.

The pressure capability and leakage rate of all magnetic seals with

various widths of pole teeth are measured by sealing experiments.

The differences in mechanism of pressure transfer and the ability

of self-recovery are discussed. This research summarizes the

characteristics of different magnetic seals, and gives a

guidance for sealing medium selection and structure design.

2 Materials

The FF and the MP used in this research are prepared in our

lab. The FF is prepared by the chemical coprecipitation method

and uses motor oil as the carrier fluid. The volume fraction of

Fe3O4 is around 7%. The MP is prepared by the high energy ball-

milling method. Fe3O4 nanoparticles with an average size of

100 nm are ball-milled with low density polyethylene for 6 h. The

mass ratio of Fe3O4 nanoparticles to low density polyethylene is

6:1. The MRF is Model A172 purchased from Bohai New

Material Corp., with 72 wt% of carbonyl iron inside and

synthetic hydrocarbon as the carrier fluid. The magnetic

particles in the FF and the MP are characterized by a

transmission electron microscope (TEM). As is shown in

Figure 1, the average particle sizes of the FF and the MP are

approximately 10 nm and 200–300 nm, respectively. The Fe3O4

particles in the FF maintains great dispersibility, while the

particles of the MP agglomerate after dissolution and

desiccation. The magnetic properties of three materials (M-H

curves) are measured by a vibrating sample magnetometer, as is

shown in Figure 2. All these materials approach magnetic

saturation under the magnetic field of 15,000 Oe, where the

magnetization intensity of the FF, MP and MRF is 25.03,

64.81 and 144.79 emu/g, respectively. The MRF has the

strongest magnetization intensity, and the FF has the weakest.

3 Theoretical basis

The main pressure capability of magnetic seals comes from

the gradient of the magnetic field intensity in sealing gaps. For

incompressible Newtonian steady-state flow and an irrotational

flow field, the FF follows the Bernoulli equation (Rosensweig,

2013).

p + 1
2
ρfv

2 + ρfgh − μ0 ∫
H

0
MdH � C (1)

Where p is the pressure, ρf is the density, v is the velocity, h is the

height of FFs, μ0 is vacuum permeability,M is the magnetization

intensity,H is the magnetic field intensity and C is a constant. It is

assumed that in static FF seals, the gravity and surface tension of

FFs are neglectable, so

p1 − μ0 ∫
H1

0
MdH � p2 − μ0 ∫

H2

0
MdH (2)
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Δp max � μ0 ∫
Hmax

Hmin

MdH ≈ μ0Ms(H max −H min) (3)

whereHmax and Hmin are the maximum and minimummagnetic

field intensity in the sealing gap, respectively, and Ms is the

saturation magnetization of the FF. Eq. 3 indicates two methods

of increasing pressure capability, by improving the magnetic

properties of FFs or the magnetic field.

In MRF seals, chain-like structures are formed along the

magnetic field direction, and the yield stress increases

significantly. Therefore, an extra portion of pressure capability

comes from the elasto-plastic property of MRFs (Zhang et al., 2018)

Δp � μ0 ∫
H2

H1

MdH + 2τ0
b

δ
(4)

where τ0 is the yield stress of MRFs, δ is the height of the sealing

gap and b is the width of the pole tooth. The equations above are

based on the Bernoulli equation, which neglects the viscosity of

the fluid. In fact, the viscosity of FFs is relatively low. For

example, four types of commercial FFs from Ferrotec Corp.

have viscosity from 0.6 to 1.2 Pa·s at 25°C (Szczech, 2018).

Therefore, the friction in static FF seals is usually neglected.

On the other hand, the influence by the viscosity ofMRFs under a

magnetic field is represented by the yield stress.

For MP seals, the Bernoulli equation no more applies to the

powdery state of the sealing medium, but the MPs in sealing gaps

can be assumed to follow the principle of virtual work. For a virtual

displacement of MPs, the virtual work by the pressure equals the

overall change of the magnetic energy approximately. Therefore,

the pressure capability is derived as (Li and Li, 2022b)

Δp max � 1
2
((λHμHH2) max − (λHμHH2) min)r��r (5)

where λH � ∫B

0
H · dB/(12BH), μH is the permeability at the

magnetic field intensity H and �r is the radius of the central

sealing gap. However, the pressure capability is likely to be

overestimated by Eq. 5 due to the uniformity and loose packing

problems during the loading process. Moreover, this equation

neglects the friction between MPs and the structural parts, which

results in evident errors especially when the friction coefficient is

large. The friction ismainly determined by the rheological properties

of the MPs as well as the normal force between MPs and pole teeth.

FIGURE 1
TEM images of (A) the FF and (B) the MP.

FIGURE 2
M-H curves of the FF, MRF, and MP at room temperature.
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Therefore, a modified empirical formula is proposed as a

combination of the magnetic part and the friction part

Δp � α · Δ(λHμHH2) + β · �M(Hr2 +Hr1)b�r (6)
where α is an empirical coefficient related to the magnetic force

and energy and β is an empirical coefficient related to the friction

between MPs and the sealing structure. These two coefficients

may be obtained by fitting sufficient amount of experimental

data. �M is the average magnetization intensity of MPs in the

sealing gap, Hr2 and Hr1 are the magnetic field intensity of the

outer and inner diameter of MP rings, respectively. Hr2+Hr1
represents the average magnetic field intensity in the sealing gap,

which together with �M is a main determinant of themagnetic force

on MPs. Meanwhile, b and �r are related to the contact area of MPs

and the sealing structure. Compared to the former formula, Eq. 6

shows a better consistency with the sealing experiments below.

4 Methods

4.1 Structure design

Figure 3 shows the schematic diagram of the sealing

prototype. The red circuit indicates the magnetic circuit,

which is composed of a permanent magnet, two pole pieces

with pole teeth on them, an inner sleeve and the magnetic

medium. A certain type of magnetic medium is attracted in

the sealing gaps between the inner sleeve and pole teeth. It is

difficult for magnetic medium of poor fluidity to fill in the gaps

uniformly, such as MPs. For the convenience of loading the

magnetic medium, pole teeth are designed on the external surface

of the pole pieces. In Figure 3, the sealing area is enlarged on the

right, and key structural parameters are marked. In total, five

pairs of pole pieces are manufactured and used. Four of them

have one pole tooth per pole piece, with the height of pole tooth

Lh = 2 mm and the width Lt = 0.5, 1.0, 1.5, 2.0 mm, respectively.

One pair have five pole teeth per pole piece, with Lh = 2 mm, Lt =

0.5 mm and the interval between adjacent pole teeth Lm =

2.5 mm. The sealing gap is δ = 0.3 mm.

The blue line in Figure 3 indicates the flow path of the sealed gas

through themagnetic seal. The gas in the gas chamber is compressed

slowly, and flows via two holes in the shell. For magnetic seals with a

leakage rate, the gas passes through themagneticmedium and enters

the atmosphere. Other paths are sealed by rubber rings. Through-

holes are made on the gas chamber, the shell and the inner sleeve, so

that the pressure on the first and second sealing stages can be

monitored simultaneously to study the mechanism of pressure

transfer among stages.

4.2 Numerical simulation

The structure of magnetic seals is a magnetostatic system

with no electric currents. The solving of magnetic parameters is

FIGURE 3
Schematic of the sealing prototype (1-gas chamber, 2-shell, 3-sleeve, 4-bearing, 5-key, 6-rubber ring, 7-cover, 8-shaft, 9-inner sleeve, 10-pole
tooth, 11-permanent magnet, 12-pole piece).
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on the basis of Magnetic Flux Conservation and Ampere’s Law.

With reference to electric circuits, the equivalent magnetic circuit

of the sealing structure from Figure 3 is plotted in Figure 4. Rσ
represents the total magnetic resistance of the leakage path of the

magnetic flux through the air, the shaft and the shell, etc. This

schematic diagram illustrates the transfer of the magnetic circuit

and the loss of magnetic energy, and provides a visual guidance to

the magnetic and structural design. With the definition of the

demagnetizing curve of the magnet and magnetizing curves of

other parts, magnetic parameters of the whole field can be

calculated.

The finite element method is usually used in the simulation

of magnetic field distribution. To simplify the modeling and

calculating process, an axisymmetric model is applied, and only

the magnetic source and magnetically conductive parts are

modelled. These materials are defined by their magnetic

properties (B-H curves), while others are considered to have

a permeability equal to vacuum. A rectangular air domain of

80 mm width and 110 mm height is established. The

axisymmetric boundary condition is applied on the

symmetric axis, and the magnetic insulation boundary

condition is applied on the air boundaries. The initial

magnetic scalar potential is zero. The minimum meshing

number in sealing gaps is 10. The tolerance set while solving

the model is 0.001. After meshing and calculation, the

distributions of magnetic field lines and magnetic field

intensity in sealing gaps are plotted.

4.3 Experimental setups

To study the sealing performance of different magnetic seals,

a sealing test bench is established in Figure 5. Key components

include a sealing prototype, an air compressor, pressure sensors,

FIGURE 4
Equivalent magnetic circuit of the sealing structure. (Fm is the magnetomotive force of the magnet, and Rm, Rp, Rt, Rm, Rs, Rσ are the magnetic
resistance of the magnet, pole piece, pole tooth, magnetic sealing media, shaft and magnetic flux leakage path, respectively.)

FIGURE 5
Test bench for magnetic seals (1-power supply, 2-data
acquisition card, 3-computer, 4-air compressor, 5-pressure
sensor, 6-sealing prototype, 7-ball valve, 8-regulator valve).
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valves, a computer, etc. During one experiment, a pair of pole

pieces are first assembled on the shaft. The magnetic medium is

injected or smeared on each pole tooth circularly, as is shown in

Figure 6. Then the shaft is pushed in the shell and fixed. After the

assembly of the sealing prototype and connection of electric and

gas circuits, the gas is compressed by a compressor. The pressure

FIGURE 6
Pole teeth loaded with magnetic sealing medium (A) FFs, (B) MRFs and (C) MPs.

FIGURE 7
(A) Distribution of magnetic field intensity and magnetic induction lines, (B)magnetic field intensity and (C)magnetic induction in sealing gaps
along the axial direction.
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as well as the flow rate is adjusted by a regulator valve and two

ball valves before the gas chamber. The pressure on both stages of

the magnetic seal is monitored and collected by pressure sensors.

To test the pressure capability, the pressure in the gas chamber is

elevated slowly until a sudden pressure drop occurs. For the

leakage rate, the air in the gas chamber is first pressed to a certain

value (20 kPa for example), and then the ball valves are turned

off. The pressure drop in the next five minutes is used to indicate

the leakage rate quantitatively. For each sealing condition, the

experiments are repeated three times.

5 Results and discussion

5.1 Numerical simulation

Magnetic field distributions of different pole pieces are

simulated separately. Each solution reaches convergence

within limited steps. The results of pole pieces with five pole

teeth are illustrated in Figure 7. With pole teeth acting as a

concentration of magnetic lines, a large gradient of the magnetic

field intensity exists under each pole tooth. The maximum

magnetic field intensity in the sealing gaps is about 3.5 × 105

A/m, and the minimum is 7.6 × 104 A/m. However, the magnetic

field under different pole teeth is not exactly the same. Sealing

stages far from the permanent magnet have a slightly weaker

magnetic field than those near the magnet. The possible reason is

the magnetic resistance of pole pieces and the shaft in a longer

magnetic circuit. In comparison, the distributions of the

magnetic field intensity in sealing gaps for single pole teeth of

different widths are plotted in Figure 8. The maximum magnetic

field intensity varies from 5.1 × 105 to 6.1 × 105 A/m. The

simulation results show that the maximum magnetic field

intensity of the single pole tooth is larger than that of five

pole teeth. The magnetic energy provided by the permanent

magnet is divided among several stages. In other words, with the

magnetic source fixed, increasing the number of pole teeth will

lower the pressure capability of a single sealing stage.

5.2 Pressure capability

For FF and MP seals, a sudden pressure drop occurs at the

moment of sealing failure, and the maximum pressure is

regarded as the pressure capability. Pressure capability of

different pole pieces is plotted in Figure 9. N is the number of

pole teeth per pole piece and Lt is the width of pole teeth. The

error bars represent the standard errors of three repeated

experiments of the same sealing condition. In general, MP

seals possess much larger pressure capability than FF seals.

The main reason is the difference in the magnetization

intensity. The saturation magnetization of MPs mainly

depends on the mass ratio of Fe3O4 to lubricants, and it can

reach to more than 60 emu/g with good dispersibility. On the

contrary, to avoid sedimentation while working, the volume

fraction of Fe3O4 in FFs is usually lower than 10% in practice

(Parmar et al., 2018). As a result, according to Eq. 3., the pressure

capability is restricted by FFs’ magnetization intensity.

Table 1 shows comparison between simulation and

experimental results of different sealing structure. Because the

FFs in the sealing gaps do not reach complete magnetic

FIGURE 8
Magnetic field intensity in sealing gaps along the axial
direction for single pole teeth of different widths.

FIGURE 9
Pressure capability of FF andMP seals of different pole pieces.
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saturation, the integral form in Eq. 3 is adopted. For FF seals with

different widths of the single pole tooth, the largest pressure

capability 29.55 kPa appears at Lt = 1.0 mm, which is consistent

with the trend of the maximum magnetic field intensity.

Generally, a narrow pole tooth concentrates the magnetic flux

better, so the magnetic field intensity is higher. However, an

excessively narrow pole tooth leads to the magnetic saturation of

the steel, and the magnetic field intensity decreases consequently.

By using pole pieces of five pole teeth, the pressure capability

almost doubles. The increasing range is moderate, partly because

of the separation of the magnetic source. On the other hand,

more sealing stages require more FFs and installation volume.

Possible reasons for the differences between simulation and

experimental results include the loss or redistribution of FFs

during the assembling of sealing parts, the dimension error by

manufacturing, the pressure elevating process and so on.

For MP seals with the single pole tooth, the simulation

prediction based on the previous formula Eq. 5 is compared

with experimental results in Table 2. Obviously, a large deviation

exists between simulation and experimental results with the

present setup, and the difference decreases as the pole teeth

become wider. On the one hand, Eq. 5 overestimates the pressure

capability of MP seals, probably because the MPs are not packed

densely or distributed uniformly in the circular direction in

sealing gaps. On the other hand, pressure capability increases

with the width of pole teeth, which is clearly different from FF

seals. This indicates a greater influence on the pressure capability

by the friction between MPs and structural parts than the

magnetic field intensity. The increase by the frictional effect

surpasses the decrease of the magnetic field intensity with wider

pole teeth. This phenomenon cannot be fully explained by Eq. 5

from the previous study, probably because the frictional effect is

intensified with narrow sealing gaps or certain types of MPs of

strong friction and interparticle forces. Therefore, Eq. 6 has an

additional term to describe the frictional effect. The frictional

term includes the rheological and magnetic properties of MPs,

the average magnetic field intensity in radial direction and the

contact area. The magnetic term and the frictional term are

combined by corresponding empirical coefficients, which can

be obtained by fitting sufficient amount of experimental data.

Based on the experimental data above, the empirical coefficients

are solved as α = 2.0 × 10−2 and β = 5.5 × 10−2 N/(A·m)2.

However, the empirical formula and coefficients require further

verification by a number of experiments. For example, pole

teeth with multiple widths and heights should be manufactured

and tested.

Furthermore, the pressure capability of five pole teeth is

higher than that of single pole teeth with Lt = 0.5 mm, but lower

than single pole teeth with Lt = 2.0 mm. The main reason is the

difficulty in the MP loading process. Due to the poor fluidity of

MPs than FFs, they can hardly be distributed on pole teeth

uniformly circularly. The problem is even more serious for

multiple pole teeth, because the interval between pole teeth is

narrow. If there is one loading deficiency on a pole tooth, the

whole sealing stage loses its pressure capability. So in fact, only

limited sealing stages work to resist the pressure difference. The

standard errors of experimental results also show an uncertainty

of the MP loading process.

TABLE 1 Comparison between simulation and experimental results of different FF sealing structures.

Number of pole
teeth per pole
piece

Width of pole teeth
(mm)

Experimental result (kPa) Simulation result (kPa) Relative error (%)

1 0.5 21.42 ± 1.81 32.72 34.5

1 1.0 29.55 ± 1.51 36.61 19.3

1 1.5 23.93 ± 0.91 33.56 28.7

1 2.0 20.35 ± 1.75 30.09 32.4

5 0.5 63.50 ± 3.17 77.30 17.9

TABLE 2 Comparison between simulation based on previous formula and experimental results of different MP sealing structures.

Number of pole
teeth per pole
piece

Width of pole teeth
(mm)

Experimental result (kPa) Simulation result based
on previous formula
(kPa)

Relative error (%)

1 0.5 64.30 ± 13.06 290.93 77.9

1 1.0 111.61 ± 8.12 352.19 68.3

1 1.5 146.70 ± 13.98 305.31 52.0

1 2.0 187.26 ± 7.62 257.54 27.3
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An evident phenomenon of an MRF sealing failure is not

observed in experiments. Unlike FFs or MPs, which have a

sudden pressure drop and bursting out, MRFs cannot be

pushed out of sealing gaps, and the pressure does not

decrease suddenly, even when the pressure is far higher than

the theoretical value. Instead, small bubbles are observed as the

pressure elevates, and some carrier fluid runs away. In other

words, a specific value of pressure capability does not exist, and

the pressure difference only affects the leakage rate of MRF seals.

As a result, the experimental results of MRF seals are not

compared with Eq. 4.

5.3 Leakage rate

A significant characteristic of FF seals is their almost zero

leakage, which is verified by the experiments. But for MP seals, the

leakage rates can be rather large, and are affected by structural

parameters. In this research, the pressure is first elevated to 20 kPa,

then the inlet air is cut off. The pressure drop in the next five

minutes is measured to represent the leakage rate quantitatively, as

is shown in Figure 10. The leakage rate decreases with the increase

of the width of the pole tooth. The form of MPs in sealing gaps is

similar to porous media. While the packing structure remains

unchanged, a wider pole tooth leads to a thicker powder ring, and

the resistance of the leaking air increases. As a result, the leakage

rate is lowered. As for multiple pole teeth, the leakage rate is even

higher thanwider single pole teeth. It confirms the inference above,

that some sealing stages do not perform normally due to the

loading difficulty.

At an initial pressure of 20 kPa, MRF seals are nearly leakage-

free like FFs. However, as the pressure rises, air leaking happens

gradually. Figure 11 indicates the pressure changing curves of

MRF seals at an initial pressure of 100 kPa. For pole pieces with

five pole teeth, sealing still operates well and almost no leakage

occurs. But for pole pieces with the single pole tooth, the leakage

is evident and the leakage rate is higher when the pressure

difference is larger. Besides, a wider pole tooth decreases the

leakage rate to a great extent. It is reported by former literature

that MRFs tend to form chain-like structures under a strong

magnetic field, and MRFs preform solid-like characteristics as a

result. When the pressure is low, the chains are pushed modestly,

and magnetic particles and the carrier fluid remain great

dispersibility, so the leakage rate is low. But when the

pressure is high, an excessive deformation or even breakage of

chains is likely to happen. The carrier fluid is deformed at the

same time, because themagnetic particles are dispersed inside. As

a result, small pores as leakage paths appear and expand inMRFs,

instead of being pushed out of sealing gaps like FFs.

5.4 Mechanism of pressure transfer and
self-recovery

To study the mechanism of pressure transfer, pole pieces

with single pole teeth at Lt = 1.0 mm are taken as an example,

and the pressure of the inlet air remains constant. The pressure

in the first and second sealing stages is monitored by two

pressure sensors, respectively. As is shown in Figure 3, the

first stage indicates the pressure in the gas chamber before the

left pole piece, which is monitored by a pressure sensor

connected to the gas chamber. The second stage indicates

the pressure between the left and the right pole piece, which

FIGURE 10
Pressure drops of MP seals of different pole pieces.

FIGURE 11
Pressure difference curves of MRF seals of different pole
pieces.
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is monitored by the other pressure sensor connected to the

shell. In other words, the pressure difference between the first

and the second stage is resisted by the left pole piece, and that

between the second stage and the atmosphere is resisted by the

right pole piece. A simultaneous monitoring on both stages

reveals the mechanism of pressure transfer.

In Figure 12A, FF seals have several obvious phases of

pressure transfer. First, the first stage resists all pressure

difference, and the second stage remains zero. Then several

sudden increases of pressure in the second stage occur,

probably because the first stage is broken through. After that,

the first stage is self-recovered, until the pressure is high enough

to break both sealing stages. However, after the first sealing

failure, the pressure in the gas chamber is down to about 10 kPa,

and the FF seal can still resist limited pressure. The pressure

capability is lower, because some FFs are burst out. After the

second sealing failure, the first sealing stage can hardly resist a

pressure difference due to an excessive loss of FFs.

In Figure 12B, the inlet air of MRF seals is cut off after 50 s.

When the pressure is rather low, only the first stage resists a

pressure difference, and the second stage remains zero. But then

the pressure of the second stage starts to elevate. The speed is fast

but then slows down. A possible reason is that, when the pressure

increases, small pores emerge as leaking paths. As the pressure of

the second stage increases, former deformation of the magnetic

particle chains partly recovers under the influence of the

magnetic force, and the pores are self-closed, so the pressure

becomes stable. The self-recovery behavior is also observed in

Figure 11, where the leakage rate decreases with the descending

pressure, and the pressure keeps stable in the end.

As for MP seals, the pressure distribution is average basically.

The pressure of the second stage increases with the first stage

from beginning, because the porous structure of MPs has an

unavoidable leakage rate. Meanwhile, after the sealing failure,

MPs are pushed out and cannot redistribute due to their poor

fluidity. MP seals do not possess the ability of self-recovery.

6 Conclusion

This research provides a comparative study of magnetic seals

by FFs, MRFs, and MPs. The formulas of pressure capability

based on their different properties are derived. A sealing

prototype is designed and manufactured. The magnetic field

distribution is calculated by the finite element method. Finally, a

test bench for magnetic seals is established, and the pressure

capability, leakage rates as well as the mechanism of pressure

transfer and self-recovery ability are studied. For rotating seals,

this procedure is still fundamental and referable, but the

influence of the centrifugal force and elevating temperature

should be considered. The friction causes the rising of

temperature, especially at a high speed or long working time.

Consequently, the magnetization intensity of magnetic materials

decreases. The characteristics of the three magnetic seals are

summarized as follows:

(1) FF seals have almost zero leakage and high lifetime, which

makes them the only feasible solution for specific sealing

environment. Loading and supplementation of FFs are easy

because of their well fluidity. However, their pressure

capability is the lowest (about 10–20 kPa per stage), and

the pressure transfer among stages needs time. To enhance

the pressure capability, FFs of high saturation

magnetization and narrow pole teeth are preferred. FF

seals are suitable for sealing conditions of zero leakage,

low pressure difference (typically one atmospheric

pressure) and modest temperature. Potential applications

include the sealing of silicon crystal growing furnaces,

robot joints and so on.

(2) MRF seals do not have an evident phenomenon of sealing

failure. Instead, their leakage rate rises with the elevation of

pressure. After the pressure drops, the pores inside MRFs

disappear, which indicates the ability of self-recovery.

However, under a high pressure difference, the

FIGURE 12
Pressure curves of two sealing stages of (A) FF, (B) MRF and (C) MP seals.
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dispersibility of MRFs is broken, and the leakage rate is

rather large. To lower the leakage rate, wide pole teeth are

suggested. MRF seals are suitable for sealing conditions of

high pressure (several atmospheric pressure or higher) or

sudden strong impacts, and tolerance of limited gas leaking.

Potential applications include magnetorheological dampers

and clutches, where the same fluid is used for damping and

sealing.

(3) MP seals possess much higher pressure capability than FF

seals (about 50–100 kPa per stage), but the price is a high

leakage rate. The pressure capability is affected by both

magnetic forces and the frictional effect. Meanwhile, wider

pole teeth decrease the leakage rate significantly, but

multiple pole teeth are not preferred. MP seals are

suitable for sealing conditions of high pressure, extreme

temperature, short sealing time and tolerance of gas

leaking. Potential applications include the sealing of

thrust vectoring nozzles, or combination with

mechanical seals. In particular, they are suitable for

occasions requiring sealing and heat dissipation at the

same time.
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The purpose of this study was to solve the problem that the damping of rubber

or silicone oil torsional dampers used in crankshafts is not adjustable and cannot

effectively control torsional vibration at different resonant frequencies. Based

on the controlled rheological properties of magnetorheological (MR) smart

materials, this study designed a new type of variable damping MR torsional

damper (MRTD) and proposed a semi-active control method to effectively

control the torsional vibration of the crankshaft under multiple harmonic

resonances. First, a mechanical model of the MRTD and a lumped

parametric mass model of the crankshaft system were developed, and the

resonance frequency harmonic range of the crankshaft system operation was

determined by the torsional vibration characteristics analysis. Then a semi-

active skyhook control method for the MRTD was proposed, and a joint control

simulation analysis was performed using Amesim and Matlab software. The

torsional vibration control effects of the crankshaft system with no damper,

MRTD with different damping coefficients, and MRTD with skyhook control

under acceleration and uniform speed conditions were comprehensively

investigated. The simulation results indicated that the skyhook damping

control significantly reduced the torsional vibration amplitude under both

acceleration and uniform speed conditions, verifying the effectiveness of the

skyhook-based control strategy for MRTD.

KEYWORDS

magnetorheological fluid, torsional damper, crankshaft system, semi-active control,
skyhook damping control

1 Introduction

The crankshaft system is subjected to periodic inertia moment, which causes torsional

vibration of the crankshaft (Xiong 2019). Severe torsional vibration will lead to fatigue

damage of the crankshaft (Sun et al., 2016), wear of meshing gears (Shen et al., 2018),

harmful noise (Zhong et al., 2020), and loss of transmission energy (Zhang 2013).
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Therefore, effective torsional vibration suppression measures

should be adopted to control the torsional vibration of the

crankshaft in a suitable range to ensure the reliability of the

system.

Currently, passive vibration dampers, such as silicone oil

viscous dampers (Li and Zhang 2020; Venczel et al., 2021a;

Venczel et al., 2021b) and rubber dampers (Penkov 2008; Ning

et al., 2013; Willenborg and Kroger 2017), are usually adopted

to protect the engine camshaft and crankshaft from the possible

damage caused by torsional vibrations and help to avoid the

barred speed ranges. The vibration energy is converted into

heat, which then dissipates from the damper’s surface into the

ambient air. In addition, some studies have put forward

compound or hybrid vibration reduction methods on the

basis of the abovementioned facts. Yu (2003) designed a

torsional-bending composite rubber damper, and Haşmet.

(2021) used a hybrid damping method to optimize the

design of the damper for damping, which illustrates that a

hybrid damping method is more effective than a single damping

method.

However, after the design of the passive torsional damper is

completed, the dynamic parameters, including damping and

stiffness, will be fixed (Ngoc et al., 2018). It means that the

deviation of processing and installation technology, the

temperature-dependent performance decay, and other factors,

may cause problems such as poor performance matching

between the designed torsional dampers and crankshaft

system and narrow tuning range (Sinyayski 2019). The

damper based on magnetorheological fluid (MRF) intelligent

material has the excellent characteristics of adjustable damping,

wide dynamic range, fast response, and low power consumption

(Deng et al., 2022) and is widely used in various intelligent

vibration suppression applications (Ahamed et al., 2016; Lin and

Jheng 2017; Krauze et al., 2018; Zhou et al., 2021), including

crankshaft torsional vibration damper. As for the

magnetorheological torsional damper (MRTD), many scholars

have performed relevant research and exploration works. Wang

et al. (2018) studied the torsional vibration control method of

engine/helicopter, which effectively suppressed torsional

vibration. Philipp et al. (2017) carried on the simulation

optimization design to the torsional vibration damper. Ye and

Williams (2005) studied the torsional vibration control of MRF

brake and proposed a new torsional vibration control method. In

addition, Dong et al. (2020) designed a variable damping and

variable stiffness torsional damper, which effectively suppressed

the torsional vibration of the vehicle transmission system. But

less research work has been conducted on the engine torsional

vibration of crankshaft systems, and several of the research works

have focused on the design of structural components for torsional

dampers (Christopher 1992; Shook 2008; Abouobaia et al., 2015);

there are few studies on control strategies. Thus, how to design a

reasonable and effective control strategy to realize adaptive

vibration control of the crankshaft system is of great significance.

In this study, the principle and structural mechanics of a

variable damping torsional damper are analyzed, and a torsional

vibration model of the crankshaft system is developed for engine

crankshaft torsional vibration. In addition, Amesim andMatlab

are used for co-simulation, and the torsional vibration of the

crankshaft under various working conditions is discussed. The

vibration of the crankshaft with and without dampers installed

at the free end of the crankshaft and the influence of the

damping coefficient on the torsional vibration of the

crankshaft are studied. Finally, the skyhook damping semi-

active control method is proposed, and simulation results show

that it has a preferable damping effect and also provides a

theoretical basis for the design of future crankshaft system

control methods.

2 Design principle of MRTD with
variable damping

2.1 Dynamic parameter analysis of
torsional damper

The MRTD studied in this research study adopts a vibration-

absorbing mode of operation. Based on the theoretical analysis of

the engine crankshaft system torsional vibration model, the

crankshaft system is equivalently transformed into a single-

degree-of-freedom undamped system with a torsional damper

attached to the shaft end to form a double torsional pendulum

system (Hoang 2013), and the natural frequency and system

energy of the system before and after simplification remain

unchanged. The equivalent model diagram of the double

torsional pendulum system is shown in Figure 1. The

response characteristics of each dynamic parameter to the

crankshaft torsional vibration system are analyzed, and the

setting principle of those parameters in the device design is

discussed so as to achieve the minimum torsional vibration

response amplitude of the crankshaft system.

An MRTD is installed at the free end of the crankshaft to

achieve the desired damping state by controlling the current and

varying the damping coefficient. The mechanical equations of the

model are shown in Eq. 1.

⎧⎨
⎩

Jd€θd + Kd(θd − θg) + Cd( _θd − _θg) � 0

Jg€θg + Kgθg + Kd(θg − θd) + Cd( _θg − _θd) � Meiwt .
(1)

Eq. 1 is the external disturbance moment; w is the external

disturbance force frequency, and M is the external disturbance

torque. The solution to this equation is shown in Eq. 2.

θ � [θdθg]Teiwt , (2)

θd � d


θg � g


, (3)

where
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 �
∣∣∣∣∣∣∣∣
Kd − Jd + iwCd −Kd − iwCd

−Kd − iwCd Kd + Kg − Jgw
2 + iwCd

∣∣∣∣∣∣∣∣, (4)

d �
∣∣∣∣∣∣∣∣
0 −Kd − iwCd

M Kd + Kg − Jgw
2 + iwCd

∣∣∣∣∣∣∣∣, (5)

g �
∣∣∣∣∣∣∣
Kd − Jdw

2 + iwCd 0
−Kd − iwCd M

∣∣∣∣∣∣∣. (6)

In the above equations, θτ , Jτ , Kτ , and Cτ are the torsional

angle, rotational inertia, torsional stiffness, and the torsional

damper damping coefficient, respectively, where the

subscript τ is the g and d, it refers to the engine

equivalent crankshaft system and the torsional damper,

respectively.

The amplification factor of torsional vibration R is the ratio

of the static variable of the crankshaft system to the amplitude of

the shafting main vibration system; the expression is shown in

Eq. 7.

R � Ag

Ast
�































(λ2 − ζ2)2 + (2ζγ)2

[μζ2λ2 − (ζ2 − 1)(ζ2 − λ2)]2 + 4nγ2

√√
, (7)

where Ast is the shaft system main vibration system amplitude,

Ag is the shaft system static shape variable, ζ � w
p is the frequency

ratio, μ � Jd
Jg
is the inertia ratio, n � 1 − (μ + 1)ζ2, γ � Cd

2Jdp
is the

damping ratio, λ � wd
p is the fixed ratio, p �




Kg

Jg

√
is the crankshaft

system self-oscillation frequency, and wd is the damping damper

frequency.

As can be seen from Eq. 7, for the amplification factor of

torsional vibration, the damping effect of the crankshaft system

with the crankshaft torsional damper installed is mainly

determined by inertia ratio, setting ratio, and damping ratio.

The greater the dynamic amplification factor, the more violent

the vibration. The effect of these three factors on torsional

vibration can be seen in Figure 2.

The damping ratio, inertia ratio, and setting ratio of the

torsional damper have an obvious effect on the dynamic

amplification factor of the crankshaft system. Since the inertia

ratio and setting ratio are determined during device design, the

damping ratio needs to be changed to attenuate the vibration.

Therefore, it is required to design an effective control method to

output the optimal damping in real-time.

2.2 MRTD structure and mechanical
model

In the MRTD structure design, the crankshaft MRTD

designed in this study is a disc-type structure of the damper.

The structure includes the shell, end cover, and inertia block, as

shown in Figure 3, where the yellow part is the magnetic

induction line. The free end of the crankshaft is connected to

the outer casing of the MR damper, and the outer casing and

inertia block are filled with MRF. The outer shell is fixed at the

free end of the crankshaft, and when working, torsional vibration

FIGURE 1
Equivalent model diagram of the double torsion pendulum system.
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occurs with the shafting. Owing to the inertia block and the outer

shell not being directly connected, it keeps uniform rotation

under the influence of its own inertia. At this time, the outer shell

moves relative to the inertia block, and the energy of torsional

vibration is consumed by adjusting the appropriate damping due

to the filling of magnetorheological fluid. When the current is

FIGURE 2
Parametric analysis of torsional dampers; (A) Damping ratio; (B) Fixed ratio; (C) Inertia ratio.

FIGURE 3
MRTD model diagram.
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changed, the magnetic field in the MR damper changes, and thus

the damping of the MRF change to achieve the effect of vibration

control. The basic parameters of MRTD are damping:

0.00427 kg.m2 and stiffness: 8000 Nm∕ rad.
When applying MRF to semi-active control, a suitable

parametric model is required due to its strong non-linear and

hysteretic characteristics. The hyperbolic tangent model used in

this study has the advantages of simple structure, easy

identification of model parameters, and easy solution of the

inverse model. The damping force expression is as in Eq. 8.

F � c _x + kx + αtanh(β _x + δsign(x)) + f 0, (8)

where c is the damping coefficient; k is the stiffness coefficient; α

is the proportional coefficient related to the hysteretic

characteristics; β is the proportional coefficient related to the

slope of the hysteretic curve; δ is the half-width of the hysteretic

curve; and f0 is the bias force.

In this study, relevant data are used to identify and fit the

parameters of the model, and the nonlinear relationship between

current and parameters is obtained (Dong et al., 2020). As shown in

Figure 4, after obtaining the complete mechanical equation, the

output of the relationship between the current and the damping

force is used to pave the way for the damping control of the MRTD

later, and the mathematical model is established to lay the

foundation for the design of the control algorithm later.

3 Analysis of torsional vibration
characteristics of the crankshaft
system

3.1 Crankshaft system dynamicsmodelling

To model the corresponding dynamics of torsional

vibrations in the crankshaft system, an MRTD is installed

at the free end of the crankshaft, as shown in Figure 5. When

the engine crankshaft is working, the damping of MRTD is

adjusted by changing the current so as to change the natural

frequency of the crankshaft system and achieve the effect of

frequency shift to weaken the resonance of the crankshaft

when it is working.

For the analysis of the dynamics of the crankshaft system,

this study establishes a concentrated mass model of the

crankshaft system. This model has the advantages of

simplified component calculation and small deviation of

model calculation results, so it is widely used. The model is

shown in Figure 6. According to the principle of energy

conservation, the crankshaft system is simplified to an

equivalent system consisting of an inelastic inertia disc and

a massless elastic shaft.

Simplification of elastic, inertial, and damping variables

according to the equivalent model of torsional vibration of the

crankshaft system, the following kinetic equation can be

obtained:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

J1€θ1 + C1( _θ1 − _θ2) + K1(θ1 − θ2) � T
J2€θ2 + C2( _θ2 − _θ3) + K2(θ2 − θ3) � C1( _θ1 − _θ2) + K1(θ1 − θ2) � 0
J3€θ3 + C3( _θ3 − _θ4) + K3(θ3 − θ4) � C2( _θ2 − _θ3) + K2(θ2 − θ3) � 0
J4€θ4 + C4( _θ4 − _θ5) + K4(θ4 − θ5) � C3( _θ3 − _θ4) + K3(θ3 − θ4) � 0
J5€θ5 + C5( _θ5 − _θ6) + K5(θ5 − θ6) � C4( _θ4 − _θ5) + K4(θ4 − θ5) � 0
J6€θ6 + C5( _θ5 − _θ6) + K5(θ5 − θ6) � 0

.

(9)

In the equation established from the model, Ji (i = 1–6)

represents the rotational inertia of each segment of the

crankshaft; Ki (i = 1–5) is the torsional stiffness between each

mass point; Ci (i = 1–5) is the damping between each inertia,

respectively; and θi (i = 1–6) is the torsional angle of each inertia.

The above differential equation is represented by the

matrix as

[J]{€θ} + [C]{ _θ} + [K]{θ} � T. (10)

FIGURE 4
Mechanical characteristics of MRTD; (A) Angular rotation; (B) Angular velocity.
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FIGURE 5
Schematic diagram of the crankshaft system (top). Schematic diagram of the crankshaft system with MR damper installed (bottom). 1. Free end
of crankshaft 2. First cylinder piston 3. Second cylinder piston 4. Third cylinder piston 5. Fourth cylinder piston 6. Flywheel.

FIGURE 6
Equivalent model of crankshaft system torsional vibrations.
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In Eq. 10, [J] is the system rotational inertia matrix; [C] is the
system damping matrix; [K] is the system stiffness matrix; T is

the system excitation moment; and {θ} is the angular

displacement vector of the crankshaft.

3.2 Torsional vibration analysis of
crankshaft systems

In order to better study the torsional vibration characteristics,

the free vibration and forced vibration of crankshaft systems are

analyzed. In this study, a simplified calculation is performed

according to the parameters of a certain four-cylinder engine.

The required inertia and stiffness parameters of the crankshaft

system are shown in Table 1. The general free mode is only

related to the rotational inertia and torsional stiffness, so the

damping parameters are not used in solving the free vibration.

According to Eqs 1 and 2 and the values of each parameter in

Table 1, the inherent frequencies of the free vibration of the

crankshaft system can be calculated, and the modal diagram of

the inherent frequencies can be obtained by using MATLAB

simulation, The first five inherent frequencies are shown in Table 2.

The calculated modal diagram for the first five inherent

frequencies of the crankshaft system is shown in Figure 7.

As can be seen from the vibration pattern diagram, in the first

three orders of the inherent frequency, 2, 3, 4, 5, these mass

points’ vibration pattern amplitude change more. Therefore,

when the excitation frequency of the system and the inherent

frequency are the same, the vibration caused by crankshaft

resonance can cause damage to components, which will affect

the service life of the crankshaft.

By establishing the differential equations for a simplified

parametric model of the crankshaft system fitted with an MRTD,

the inherent frequency of the crankshaft system fitted with the

MRTD is calculated using the previous calculation method, and

the harmonic order of its resonance is solved. The first four

orders of the solved inherent frequencies are as follows.

w1 � 0rad∕ s w2 � 1137.7rad∕ s w3 � 2188.2rad∕ s
w4 � 4342.5rad∕ s

According to the natural vibration frequency of the engine

crankshaft, the resonance speed of the crankshaft can be

obtained. That is, the external disturbance torque causing

resonance is determined jointly with the working speed of the

engine. The calculation for determining the harmonic times v is

as follows:

vw � v
2πn
60

� 2πNv

60
, (11)

vn � Nv , (12)
where n is the crankshaft speed, and Nv is the operating

frequency of the interfering torque.

Taking the engine’s operating speed range of the minimum

speed as n min, the maximum speed as n max, and the crankshaft

system of the inherent frequency as N1; then, trigger the

crankshaft resonance of the harmonic range is

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

v max � N1

n min

v min � N1

n max
.

(13)

When the number of resonant harmonic moments

increases, the vibration amplitude decreases. Therefore, for

the higher harmonic times (12 times or more) of the shaft

resonance, the resonance amplitude caused is relatively small,

and the harm caused to the crankshaft is not significant, so it

is not considered for the time being.

This research work studies a four-cylinder engine, and its

working range is 2000–5000 rpm. Through the torsional

vibration analysis of the engine crankshaft system, it is

found that the harmonic moment of the second natural

frequency is the main harmonic order that causes the

TABLE 1 Main parameters of the crankshaft system.

Rotational inertia (kg.m2) Torsional stiffness (105Nm∕ rad)

J1 0.00231 K1 0.34

J2 0.00545 K2 1.35

J3 0.00556 K3 1.35

J4 0.00556 K4 1.35

J5 0.00562 K5 2.84

J6 0.0754

TABLE 2 Intrinsic frequency values of the crankshaft system.

Number of
steps

1 2 3 4 5

Inherent frequency (rad∕ s) 0 1927.8 4032.7 5959.7 8382.4
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resonance. From Eq. 13, we can calculate the harmonic range of

resonance is 2–12 harmonics. From this, we can calculate the

critical speed of resonance; when the engine speed is the same as

the critical speed, resonance will occur. So, the resonance

should be different damping forces for different harmonics

outputs to effectively reduce the crankshaft resonance.

4 Skyhook semi-active control design
simulation

4.1 Skyhook semi-active control

The skyhook damping control strategy has an important

place in the control strategy of semi-active suspensions and is the

most commonly used control strategy in MR semi-active control.

It is a classical method of semi-active suspension control

proposed by Karnopp et al. in 1974. It has the characteristics

of simple principle, easy implementation, and good robustness

and is often used to compare with new control methods. The

method is to install a damper between the reeded mass block and

the virtual sky, taking the vertical vibration velocity of the reeded

mass block as the object of study, and the damper generates a

damping force opposite to the velocity of the reeded mass block.

The model is based on a passive suspension for design, as shown

in Figure 8.Here, csky is the skyhook damping factor, the size of

which can be determined according to the suspension

parameters, and the ideal skyhook damping force is

Fsky � −csky _z2. (14)

The kinetic model is

{m2€z2 � −k2(z2 − z1) − ce( _z2 − _z1) − csky _Z2

m1€z1 � −k1(z1 − z0) − k2( _z2 − _z1) − c1( _Z2 − _Z1) , (15)

wherem1 is the spring loadmass;m2 is the damper mass; k1 is the

spring load stiffness; k2 is the damper stiffness; z0 is the

suspension displacement; z1 is the spring load displacement;

z2 is the damper displacement; c1 is the spring load damping

factor; and _z1 and _z2 are the spring load and damper velocity,

respectively.

The force Fsky in the skyhook damping control strategy is

virtual, and it is impossible to realize in reality. When using MR

dampers to replace the skyhook active control active actuator, the

skyhook control strategy current switching principle should be

satisfied: when the product of the crankshaft free end velocity

fluctuation and acceleration is greater than zero, at this time, the

crankshaftmoves in the positive direction, the ideal skyhook damper

gives the crankshaft a force in the opposite direction to impede the

vibration of the free end, the output force of the MR damper should

be equal to the ideal skyhook damper or input a larger current to

obtain. When the product of velocity fluctuation and acceleration at

the free end of the crankshaft is less than zero, then the MR damper

should output the minimum damping force, which is also the

minimum current control. Based on the abovestated discussion,

from simplicity and practicality, taking into account the strong non-

linearity of the MR damper and the difficult characteristics of

current inversion, the skyhook damping control can be expressed as:

{ c � c max ife _e≥ 0
c � c min ife _e< 0

, (16)

FIGURE 7
Modal diagram.
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where c is the damping, c max is the maximum damping factor,

c min is the minimum damping factor, e is the angular velocity

fluctuation, and _e is the angular acceleration.

Our actual control is to give the magnitude of the input

current to the MR dampers; here, we simply give the current as

0 or I max is 2 A. Essentially, skyhook damping control is a

Bang–Bang control, where the magnetic field strength is

proportional to the magnitude of the current; that is, when

the current is 0, the Coulomb damping force is at its

minimum, while when the current is I max, the MR yield

stress is also at its maximum, and, thus, the Coulomb

damping force is at its maximum. This control algorithm is

simple to calculate, easy to control, and easy to understand.

The control process for crankshaft torsional vibration is

through the acquisition of real-time vibration signals from the

free end of the crankshaft after the controller’s data analysis and

calculation to output a reasonable corresponding current. Then,

the MRTD after the current is connected to output the

corresponding damping force to achieve effective vibration

damping. Thus, with the MRTD employing skyhook damping

control, the block diagram of the control system is shown in

Figure 9.

4.2 Simulation analysis of constant
damping damper

The kinetic model is built from the established parametric

equations using Amesim software to obtain the free end

vibration curve more directly. The excitation signal of the model

outputs the pressure torque according to the ignition sequence of the

four-cylinder engine 1-3-2-4. The angular velocity and acceleration

of the crankshaft free end during torsional vibration are then

simulated and analyzed as the MRTD damping is controlled.

FIGURE 8
Diagram of the skyhook damping control model.
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A comparison of the angular velocity and angular

acceleration of the free end of the crankshaft system with

the MRTD installed and without the torsional damper under

accelerating conditions is shown in Figure 10, which shows

that the torsional vibration of the crankshaft is effectively

suppressed by the installation of the MR damper.

With an MRTD installed on the engine crankshaft, the

damping coefficient can be adjusted by controlling the

current to control the vibration of the crankshaft at

different harmonic levels. When the damping coefficient

of the MRTD is 0 and the damping coefficient is 4, the

vibration signals of the free end of the crankshaft at

acceleration and constant speed can be obtained, as shown

in Figures 11 and 12. The dynamics of the model can be seen

clearly in the angular acceleration and angular velocity of the

free end of the crankshaft system at different damping factors.

At the same time, in acceleration mode, Fourier transform is

applied to vibration signals of free end speed and

angular acceleration of crankshaft under different

damping coefficients to obtain a frequency domain analysis

diagram.

The time domain analysis diagram shows that when the

damping factor is 4, some of the resonance of the crankshaft

during acceleration is weakened, which verifies the effective

damping performance of the damper. However, according to

the frequency domain diagram, it can also be found that

FIGURE 9
Block diagram of crankshaft torsional vibration control.

FIGURE 10
Comparison of vibration with and without torsional dampers; (A) Crankshaft angular velocity; (B) Crankshaft angular acceleration.
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during acceleration, the resonance is shifted, and the overall

vibration is not effectively suppressed. This is due to the fact

that the damping is not optimal at this point in time; so, in

order to effectively suppress the resonance of the crankshaft

system during acceleration, the optimal damping needs to be

calculated for the main resonance frequencies.

4.3 Skyhook damping control simulation

A joint simulation using Matlab and Amesim was also used

to verify the crankshaft system torsional vibration response

under the skyhook damping control strategy at acceleration

conditions. This is shown in Figure 13.

FIGURE 11
Comparison of vibration with different damping factors during acceleration; (A) Crankshaft angular velocity; (B) Crankshaft angular
acceleration.

FIGURE 12
Comparison of vibrations with different damping factors at constant speed; (A)Crankshaft angular velocity; (B)Crankshaft angular acceleration.
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The free end torsional vibration of the crankshaft system

under steady running conditions is also compared using skyhook

damping control, as shown in Figure 14.

As can be seen from the simulation analysis graph, the

skyhook damping control is significantly more effective than

the passive control, effectively suppressing the angular

velocity and angular acceleration amplitude of the

crankshaft free end vibration near the resonance frequency

under acceleration conditions. The skyhook damping control

also reduces the torsional vibration response to a certain

extent during the smooth running phase.

Based on the abovementioned simulation results, the peak and

RMS (root mean square) values of the angular velocity fluctuation at

the free end of the crankshaft and the angular acceleration _e were

calculated for various scenarios, as shown in Tables 3 and 4. The

figures in brackets are the rate of reduction in vibration response

compared to the case without the torsional damper fitted.

As can be seen from the tables mentioned earlier, the

skyhook damping control is able to significantly reduce the

RMS value of the angular velocity fluctuations at the free end

of the crankshaft and the angular acceleration fluctuations by

43.8 and 26.3%, respectively, as well as reducing the peak value

by 28 and 44%, respectively, when compared to the passive

control during acceleration conditions.

The tables show that the skyhook damping control is also

superior to the passive control method under uniform speed

conditions, with a reduction of 39.7 and 45.6% in the RMS value

of the angular velocity and angular acceleration fluctuations,

respectively, and a peak value of 40.9 and 43.3% for their

fluctuations, respectively. The results of the abovementioned

FIGURE 13
Comparison of simulation results for acceleration conditions; (A) Comparison of free end speeds of crankshaft systems under acceleration
conditions; (B) Comparison of angular acceleration at the free end of the crankshaft system under acceleration conditions.

FIGURE 14
Comparison of simulation results for uniform speed conditions; (A)Comparison of free end speeds of crankshaft systems at constant speed; (B)
Comparison of angular acceleration at the free end of the crankshaft system under uniform speed conditions.
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analysis also validate the effectiveness of the semi-active control

of skyhook torsion.

5 Conclusion

The MRTD of the variable-damping crankshaft system has

been studied in this article. In order to improve the smoothness

and stability of the crankshaft system, the application of the

dynamics model and the skyhook damping control method were

investigated through analytical calculations and numerical

simulations. The following conclusions were obtained.

(1) The damping ratio, inertia ratio, and setting ratio of the

MRTD have a relatively obvious influence on the dynamic

amplification coefficient of the crankshaft system. After the

structural parameters of the device have been determined,

the damping ratio can be controlled to achieve effective

torsional damping of the crankshaft system.

(2) Through the simulation analysis of the constant damping

torsional damper, when the damping coefficient increases,

the torsional amplitude of the crankshaft system decreases in

a certain range under the conditions of acceleration and

constant velocity. At the same time, the resonance frequency

of the system is changed to achieve the effect of frequency

shift. It can be seen that the torsional vibration of the

crankshaft can be inhibited obviously by changing the

damping coefficient of the torsional damper.

(3) The design of a skyhook damping control method to control the

MRTD through the simulation of comparative analysis shows

that the controlmethod in the acceleration conditions crankshaft

speed fluctuations e and angular acceleration fluctuations in the

RMS and peak reductions of 43.8 and 26.3 and 28% and 44%,

respectively. The RMS and peak reductions of crankshaft speed

fluctuation e and angular acceleration fluctuation at constant

speed are 39.7 and 45.6 and 40.9 and 43.3%, respectively, which

shows that the skyhook damping control has a better damping

effect than the constant damping.

The research is mainly based on theoretical analysis and

simulations, but future experiments are needed to validate the

results and further incorporate new intelligent control algorithms.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material; further

inquiries can be directed to the corresponding author.

Author contributions

Reviewing, guidance, and support: QO and HH; Modeling,

simulation, and original draft preparation: WH; Data analysis

and simulation results analysis: WH, XY, and LL.

Funding

This work was supported by the Zhejiang Provincial Natural

Science Foundation of China (Grant Nos. LGG20E050022 and

LGG19E050017) and in part by the National Natural Science

Foundation of China (NSFC) grant funded by the Chinese

Government (Grant No. 51805209) and the Jiaxing Municipal

Science and Technology Project (Grant No. 2020AY10036).

TABLE 3 Peak and RMS values of torsional vibration response for acceleration condition.

Torsion control methods RMS value of e(r∕ min) RMS value of e.103(rad∕ s2) Peak of e(r∕ min) Peak of _e.103(rad∕ s2)

No damper fitted 237.8 45.6 755 150

Installation of dampers 152.2 (35.9%) 37.3 (18.2%) 583 (22.7%) 137 (8.6%)

Skyhook damping control 133.6 (43.8%) 33.6 (26.3%) 543 (28%) 83.9 (44%)

TABLE 4 Peak and RMS values of torsional vibration response for uniform speed conditions.

Torsion control methods RMS value of e(r∕ min) ) RMS value of _e.103(rad∕ s2) Peak of e(r∕ min) Peak of _e.103(rad∕ s2)

No damper fitted 410.9 79.8 674 143

Installation of dampers 290 (29.4%) 49.4 (38.1%) 514 (23.7%) 67 (53.1%)

Skyhook damping control 247.6 (39.7%) 43.4 (45.6%) 398 (40.9%) 81 (43.3%)
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Performance tests and design of
a series of magnetic fluid shock
absorbers with varying stiffness
based on optimal stiffness
formula
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1State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua University,
Beijing, China, 2China Productivity Center for Machinery Co., Ltd., Beijing, China

With the rapid development of aerospace technology, the vibration

problem of the spacecraft flexible structure urgently needs to be solved.

Magnetic fluids are a type of multi-functional smart materials, which can be

employed in shock absorbers to eliminate these vibrations. Referring to the

calculation methods of stiffness coefficients of other passive dampers, the

stiffness coefficient formula of magnetic fluid shock absorbers (MFSAs) was

derived and refined. Meanwhile, a series of varying stiffness magnetic fluid

shock absorbers (VS-MFSAs) were proposed and fabricated based on the

second-order buoyancy principle. The range of stiffness coefficients

covered by these VS-MFSAs contains the optimal stiffness coefficient

estimated by formulas. The repulsive force measurement and vibration

attenuation experiments were conducted on these VS-MFSAs. In the case

of small amplitude, the relationship between the repulsive force and the

offset distance was linear, which means the stiffness was linear. The

simulation and experiment curves of the stiffness were in good

agreement. The results of vibration attenuation experiments

demonstrated that the rod length and the magnetic fluid mass influence

the damping efficiency of VS-MFSAs. In addition, these results verified that

the VS-MFSA with the optimal stiffness coefficient performed best.

Therefore, the stiffness coefficient formula can guide the design of MFSAs.

KEYWORDS

magnetic fluid, shock absorber, optimal stiffness coefficient, vibration, spacecraft

Introduction

The vibration problem of the spacecraft’s flexible solar panel is one of the most

critical issues for the normal operation of spacecrafts (Jiang and Li, 2010). The solar

panels are susceptible to residual oscillation and driving disturbance (Jiang and Li,

2011), because of their characteristics of small damping and low frequency, which

results in vibration. These micro-vibrations are difficult to reduce in the space
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environment so that vibration suppression of spacecraft’s

flexible structures has received a lot of attention in the past

two decades (Hu et al., 2020).

One promising solution for this problem is to utilize shock

absorbers with smart materials. Magnetic fluids (MFs) are a kind

of smart materials, which are composed of nanoparticles, carrier

liquids and surfactants (Rosensweig, 1987). Due to their chemical

composition, MFs have a lot of good characteristics, such as rapid

magnetic response, complex rheology, amazing levitation and so

on (Rosensweig, 1966). According to these interesting properties,

magnetic fluid shock absorber (MFSA) has many advantages, for

instance, controllable damping, compact structure, high

sensitivity, less energy consuming and long life, etc. (Li and

Li, 2022a) These good features make MFSAs suitable for

vibration suppression with low frequency and small

amplitude. Magnetorheological fluids (MRFs) which were first

prepared by Rabinow (Rabinow, 1948) in 1948 are easily

confused with MFs. Unlike nano-scale magnetic particles in

MFs, the particles in MRFs are micro-scale, so that these

particles are more prone to aggregation and deposition (Li

et al., 2022). As a result, the stability of MFs is much better

than that of MRFs. Meanwhile MRFs possess stronger shear

viscosity and yield stress than MFs. Based on these interesting

characteristics of MRFs, they are usually used for vibration

suppression of medium or high frequencies (Xu et al., 2021;

Yang et al., 2021).

The first successful application of theMF viscous damper was

presented by NASA in 1967, which was employed to suppress the

oscillations of the Radio Astronomy Explorer Satellite in

aerospace (Coulombre et al., 1967). Afterwards, MF dampers

attracted more and more attention and scholars from various

countries devoted great efforts to the development of MF

dampers (Li et al., 2022). Ten years later, on the basis of

levitation characteristics of MFs, Moskowitz et al. (Moskowitz

et al., 1978) proposed a viscous fluid inertia damper working well

in reducing the rotational vibrations of stepping motor shafts. In

2002, Bashtovoi et al. (Bashtovoi et al., 2002) created a novel MF

dynamic absorber, which was regarded as a major breaktrough

for dampening the spacecraft vibration. In order to improve its

sensitivity, this MF dynamic absorber wasn’t filled with MFs,

which played an important role in subsequent development of

MF inertia dampers. In the same period, on account of the

controllable flow of MFs, researchers replaced ordinary liquids in

tuned liquid dampers with MFs to raise their damping efficiency,

which were called tuned MF dampers (Ohno et al., 2008; Ohno

and Sawada, 2010; Ohno et al., 2011). Due to the aggravation of

energy problems, energy harvesting has received increasing

attention. Vibration energy harvesters have become a hotspot

for studies on MF dampers in the past decade (Bibo et al., 2012;

Choi et al., 2015). They are combination of energy harversters

and MF dampers and can realize self-energizing, which boosts

the development of equipment miniaturization (Seol et al., 2017).

In the previous extensive literature, the damping coefficient of

MF dampers has always been concerned (Li and Li, 2022b).

However, there are far fewer studies involving stiffness

coefficient.

Fortunately, there are sufficient studies on the stiffness

coefficients of other dampers. The research approaches about

stiffness coefficients in these studies can be transferred to MF

dampers. Sun et al. (Sun et al., 2015) presented a novel compact

shock absober with variable stiffness, which was suitable for

vehicle suspension. Its stiffness was controlled by current applied

to the shock absorber. Wang et al. (Wang et al., 2021) proposed a

new tuned inerter negative stiffness damper for protecting

primary structures under earthquake excitaions. Its negative

stiffness combined with inertance were employed to enhance

the energy dissipation ratio. Javanbakht et al. (Javanbakht et al.,

2018) developed an analytical model to refine damper design by

considering the negative and positive stiffness. The important

parameters of negative stiffness dampers and positive stiffness

dampers were predicted by the refined design formula. These

design tools made dampers more sutiable to mitigate vibrations

of stay cables. Weber et al. (Weber et al., 2010) created a novel

adaptive tuned mass damper, of which damping and stiffness can

be adjusted. This damper contained a magnetorheological

damper that was used to control friction-viscous damping and

stiffness of the whole damper. Combined with a controllable

magnetorheological damper, this presented damper performed

well over a wide frequency range.

In the paper, the optimal stiffness coefficient formula was

derived in detail and a series of MF dampers with varying

stiffness were presented. In section 2, the whole derivation

process of the optimal stiffness coefficient was elaborated.

Then, the design method of a new varying stiffness MF shock

absorber (VS-MFSA) was proposed in section 3. Section 4

illustrated the experimental process and corresponding

apparatus. The simulation and experiment results of repulsive

force, as well as the vibration attenuation experiment results were

given and discussed in section 5. Finally, the main conclusions

were outlined in section 6.

Theoretical analysis

Oscillation model

The cantilevered elastic plate represented the simplified

flexible solar panel of spacecrafts and generated maximum

vibration at the end. Therefore, VS-MFSAs were generally

placed at the end of plate, as shown in Figure 1A. Ulteriorly,

the corresponding physical model was extracted from the

experimental system model in Figure 1A, which was called

two-degree-of-freedom oscillation model, as shown in

Figure 1B.

Based on the vibration theory, the motion equations of the

oscillation system in Figure 1B are:
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m1 €x1 + C1 _x1 + C2( _x1 − _x2) +K1x1 +K2(x1 − x2)
� F,m2€x2 − C2( _x1 − _x2) −K2(x1 − x2) � 0, (1)

Where x1 and x2 are the displacement of the brass plate and the

working unit respectively, m1 is the equivalent mass of the brass

plate and housing,m2 is the equivalent mass of the working unit,

K1 is the equivalent stiffness coefficient of the brass plate, K2 is

the equivalent stiffness coefficient of the VS-MFSA, C1 is the

equivalent damping coefficient of the brass plate, C2 is the

equivalent damping coefficient of the VS-MFSA and F is the

sinusoidal excitation force. In this paper, the main parameter we

focused on was the equivalent stiffness coefficient of the VS-

MFSA, of which the symbol was. K2

According to the continuous beam theory, the equivalent

stiffness coefficient of the brass plate can be expressed as,

K1 � 3EI
l3c

, (2)

Where E � 9.7 × 1010Pa is the elastic modulus of the brass, I �
(ab3/12) is the cross-section inertia of the brass plate, lc � 1.1m,

a � 0.05m and b � 0.005m are the length, width and thickness of

the brass plate, respectively. From equation Eq. 2, K1 �
113.87N/m is obtained.

On the basis of the calculation method of the cantilever beam

with a lumped mass at one end, the first-order natural frequency

of the brass plate is,

FIGURE 1
Simplified model. (A) Model of the experimental system. (B) Model of the oscillation system.

FIGURE 2
Section view of the varying stiffness magnetic fluid shock absorber.
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f � 1
2π

���
K1

m1

√
,

m1 � m0 + 33
140

mc,

(3)

Where m0 � 1.55kg and mc � 2.25kg are the lumped mass and

the own mass of the brass plate, respectively, which acquires that

m1 � 2.08kg. Due to obtained K1 and m1, it is obvious

that f � 1.18Hz.

In order to facilitate the calculation, the sinusoidal excitation

force and displacements are expressed in the form of complex

variables function respectively.

F � �Fejwt,
x1 � X1e

jwt,
x2 � X2e

jwt.
(4)

By solving Equation Eq. 1 and applying X1/�F, X2/�F as

description form, that is,

TABLE 1 Main structural dimensions of the varying stiffness magnetic
fluid shock absorber.

Parameters Symbols Values

Diameter of the moving magnet D1 30 mm

Thickness of the moving magnet T1 5 mm

Diameter of the connecting rod D2 10 mm

Initial length of the connecting rod L1 88 mm

Inner diameter of the static magnet D3 30 mm

Outer diameter of the static magnet D4 20 mm

Thickness of the static magnet T2 2 mm

Inner diameter of the housing Di 36 mm

FIGURE 3
Appearance view of the varying stiffness magnetic fluid shock
absorber.

FIGURE 4
Photograph of experimental apparatus of vibration system.

FIGURE 5
Photogragh of experimental apparatus to measure repulsive
force.
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X1

�F
(w) � −m2w

2 + K2 + jC2w

Δ1
,

X2

�F
(w) � K2 + jC2w

Δ1
,

Δ1 � [m1m2w
4 − (m1K2 +m2K1 +m2K2 + C1C2)w2 +K1K2]

+j{(C2K1 + C1K2)w − [m1C2 +m2(C1 + C2)]w3}.
(5)

By adopting euler formula, the amplitude in the form of

complex variables is subsitituted with the real amplitude and

phase.

ψ1 �
X1

Xst
(w)

�
����������������
(λ2 − γ2)2 + 4λ2ς2γ2

√
��
Δ2

√ ,

ψ2 �
X2

Xst
(w)

�
����������
λ4 + 4λ2ς2γ2

√
��
Δ2

√ ,

Δ2 � 4λ2ς2γ2{4ζ2γ2 + [1 − (1 + μ)γ2]2} + 8λζγ6μς

+{γ4 − [1 + (1 + μ)λ2]γ2 + λ2}2 + 4ζ2γ2(λ2 − γ2)2,

(6)

Where Xst � (�F/K1)(m) is the static deformation of the main

system, ς � C2/(2 �����
m2K2

√ ) is the damping ratio of the VS-MFSA,

ζ � C1/(2 �����
m1K1

√ ) is the damping ratio of the main system, μ �
m2/m1 is the mass ratio, λ � wn/Ωn is the natural angular

frequency ratio, γ � w/Ωn is the forced vibration frequency

ratio, wn � ������
K2/m2

√
(rad/s) is the natural angular frequency of

the VS-MFSA, Ωn � ������
K1/m1

√
(rad/s) is the natural angular

frequency of the main system.

By using Equation Eq. 6 which determains the amplitude

ratio of the whole oscillation system, one of the most important

parameters of VS-MFSAs, namely K2, can be optimized design.

Optimal stiffness coefficient

In the case of ignoring the damping of the main system,

whichmeans thatC1 � 0, the optimal value of the natural angular

frequency ratio λopt′ can be represented by equation Eq. 7 and the

optimal stiffness coefficient of the VS-MFSA K2 opt
′ can be

calculated by equation Eq. 8.

λopt′ � 1
1 + μ

, (7)

K2 opt′ � m2
K1

m1
λopt′ 2 � m2

K1

m1
( 1
1 + μ

)
2

. (8)

When considering the damping of the main system, which

means that C1 ≠ 0, Japanese scholars (池田健, 1977) revised the

optimal stiffness coefficient formula under specific conditions

through numerical calculation. The specific conditions were

that the mass ratio μ is in the range of 0.1 ~ 0.3 while the

damping ratio ζ is in the range of 0 ~ 0.125. The result of

FIGURE 6
Magnetization curve of the magnetic fluid used in
experiments.

FIGURE 7
Simulated magnetic flux density of the working unit. [unit T].
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numerical calculation was that the optimal natural angular

frequency ratio λopt is refined as equation Eq. 9, so that the

optimal stiffness coefficient of the VS-MFSA Kopt can be

expressed as equation Eq. 10.

λopt � 1
1 + μ

− (0.241 + 1.74μ − 2.6μ2)ζ − (1 − 1.9μ + μ2)ζ2,
(9)

K2opt � m2
K1

m1
λ2opt � m2

K1

m1
[ 1
1 + μ

− (0.241 + 1.74μ − 2.6μ2)

ζ − (1 − 1.9μ + μ2)ζ2]
2

. (10)

By putting into specific value, the optimal stiffness coefficient

of the VS-MFSA was got, that is K2opt � 5.25N/m.

Structure design

Figure 2 depicts the section view of the VS-MFSA, including the

major components and main dimensions. Meanwhile, Table 1 lists

the main structural parameters, corresponding symbols and values.

The VS-MFSA was designed on the basis of the second-order

buoyancy principle of MFs. The connecting rod linked two

moving magnets at both ends and the moving magnets adsorbed

the MF, which formed the working unit. The MF was injected on

each moving magnet respectively and wasn’t filling the housing, as

the gray part shown in Figure 2. Considering the inertial force, the

initial connecting rod was made of copper. In order to adjust the

stiffness of VS-MFSAs, the length of connecting rod was altered. To

mitigate the influence of mass change, resin was chosen as the

material of added connecting rod. As vibrations were excited, the

working unit leaved from the initial equilibrium position and then

was subjected to the repulsive force generated by the static magnet.

The static magnet was fastened with two fixing spacers and aligned

with the moving magnets to avoid non-axial repulsive force.

Moreover, the moving magnets were suspended in the MF

because of the second-order buoyancy principle of MFs. The

rubber rings were mounted on the fixing spacers to ensure the

MF sealed. The housing adopted the split strucutre and was

fabricated with holes using to balance the pressure in the cavity.

When the working unit reciprocating in the housing, the movement

caused the MF flow, which dissipated the

oscillation energy. The whole appearance of the VS-MFSA is

shown in Figure 3.

FIGURE 8
Simulated repulsive forces for different offset distances with
various rod lengths.

FIGURE 9
Measured repulsive forces for different offset distances with
various rod lengths.

FIGURE 10
Compared simulation and experiment results of stiffness.
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Experiments

It can be seen from Figure 4 that the vibration system was

composed of a vibration table and a data acquisition system.

The vibration table involved a base and a holder to immobilize

one end of the brass plate. The other end of the brass plate was

fitted with a frame using to install the VS-MFSA. The non-

magnetic support stretched out from the holder for fixing the

laser displacement sensor. The size of the cantilever elastic

brass plate was 1100 mm*50 mm*5 mm, as well as the small

amplitude and low frequency vibrations were generated by the

plate. The frequency of the free oscillations of the cantilever

elastic brass plate was equal to 1.18 Hz and the amplitude was

set to 6 mm in the subsequent vibration reduction

experiments. As for the data acquisition system, it included

a acquisition card, a computer and an laser displacement

sensor. The acquisition card USB-DAQ-7606i collected

electrical signals and transmitted them to the computer

with sampling frequency of 50 Hz. In order to meet the

requirement of experiments, the laser displacement sensor

HL-G108-A-C5 was chosen, of which the resolution was

2.5 mm.

The experiment apparatus shown in Figure 5 was employed

to measure the repulsive force between the static magnet and

moving magnets. The dynamometer was connected with the

sliding table through the fixing plate. The eletronic slide gauge

was concatenated with the sliding table to obtain the position of

the dynamometer. The accuracies of the dynamometer and the

eletronic slide gauge were 0.001 N and 0.01 mm, respectively.

The static magnet was fixed on the base made of resin, as well as

the moving magnet was attached to the non-magnetic rod, which

ensured the results weren’t affected by extra magnetic field.

Besides, the non-magnetic rod, moving magnets and the static

magnet were coaxial. First, we made the connecting rod center

coincide with the static magnet center by adjusting the lifting

platform and the sliding table, then set the dynamometer to zero.

Second, rotating the rocking handle let moving magnets leave the

equilibrium position and controlled the movement step length at

0.2 mm. In the end, the offset distances and corresponding

repulsive forces were transmitted to the computer for

subsequent analysis.

The MF used in experiments was prepared by our laboratory,

of which the density, viscosity and saturation magnetization were

1.23g/cm3, 0.26Pa s and 450Gs, respectively. Figure 6 gave the

magnetization curve of the MF.

Results and discussion

Stiffness coefficient

The length range of the connecting rod was

88 mm–112 mm and the increment between adjacent rods

was 4 mm. The static magnet and the working unit with

adjustable connecting rod, of which dimensions were same

as Table 1, were put into COMSOL for simulation. Since

moving magnets were subjected to repulsive force, the

magnetic flux direction of moving magnets was set opposite

to that of static magnet. Under the transient mode, the

magnetic scalar potential was set to ensure the simulation

convergence and a model was built as Figure 7 for parametric

scanning to obtain the simulation results.

As a result, the relationship between the repulsive force

and the offset distance was obtained and shown in Figure 8.

FIGURE 11
Vibration attenuation rate versus rod length with different
magnetic fluid mass.

FIGURE 12
Logarithmic decay rate versus rod length with different
magnetic fluid mass.
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The experimental curves described the relationship between

the repulsive force and the offset distance in Figure 9, which

were measured by experimental apparatus in Figure 5. The

offset distance was adjusted from 0 to 12 mm and the interval

was 0.1 mm. Since the minimum reading of the dynamometer

was 0.02N, all experimental curves started from the repulsive

force equal to 0.02 N. The maximum amplitude of vibration

reduction experiments was only 6mm, so actual offset distance

would not exceed 6 mm. This ensured the distance between

moving magnets and the static magnet was long enough. In

this case, the repulsive force can be seen as linear with the

offset distance, which means that the stiffness can be

simplified to linear, as shown in Figure 8 and Figure 9.

Therefore, the equation of stiffness coefficient can be

approximated as:

Fm ≈ K2x, (11)

Where Fm is the repulsive force and x is the offset distance.

FIGURE 13
Displacement responses for initial excitation. (A) Response curve with VS-MFSA. (B) Response curve with equivalent mass.

TABLE 2 Comparison of the optimal magnetic fluid shock absorbers.

Year Damper Magnetic fluid mass b*/a*

2022 Magnetic fluid shock absorber 22 g 1/70

2022 Magnetic fluid shock absorber 6 g 1/13

2022 Magnetic fluid shock absorber 25.5 g 1/7

2017 Magnetic fluid shock absorber 1/3

2016 Ferrofluid shock absorber 1/3

2013 Ferrofluid damper 1/3

2012 Magnetic fluid damper 27 g 1/3

a* the vibration decay time of the system with the equivalent mass.

b* the vibration decay time of the system with the optimal magnetic fluid shock absorber.
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The simulation and experiment results of the stiffness

coefficient with different rod lengths were calculated

separately by equation Eq. 11. When rod length was equal to

108mm, the simulation and experiment resluts of the stiffness

coefficient were 5.05N/m and 5.15N/m, respectively. Both results

were close to the analytical solution 5.25N/m. At the same time, it

can be seen from Figure 10 that the simualtion and experiment

results were in good aggrement, especially when the rod lengths

were taken from 96 to 108 mm. This illustrated that it was

feasible to design VS-MFSA structure according to the

optimal stiffness coefficient. The specific operation steps were:

1) First, through the theoretical model, the optimal stiffness

coefficient was estimated. 2) Second, the VS-MFSA structure was

designed based on simulation, which meant that adjusting the

rod length made the optimal stiffness coefficient included within

the rod length range. 3) Finally, the corresponding VS-MFSAs

were fabricated and the correctness was verified by experimental

apparatus in Figure 5.

Vibration reduction

The results of the vibration attenuation experiments were

described in terms of the attenuation time and the attenuation

amplitude, respectively. From the perspective of attenuation time,

vibration attenuation rate η was introduced to quantify the damping

efficiency of VS-MFSAs, of which the definition is as follow.t

η � 1 − Tn

T0
, (12)

Where T0 is the time taken by the equivalent mass when the

amplitude decays to 2% of the initial amplitude, Tn is the time

taken by the VS-MFSA when the amplitude decays to 2% of the

initial amplitude.

It can be seen from Figure 8 and Figure 9 that by altering the

connecting rod length the stiffness coefficient of VS-MFSAs was

also changed. Besides, the stiffness coefficient of VS-MFSAs

with different connecting rod length can be calculated by Eq. 11.

Therefore, the relationship between damping efficiency and

stiffness coefficient can be expressed by the following curves of

damping efficiency versus rod length. Figure 11 depicts the

relationship between vibration attenuation rate and rod length

under different amount of MF. It is obvious that vibration

attenuation rate increased with rod length becoming longer. In

addition, it reached maximum value as rod length taken

108 mm and would slightly decrease when rod length

exceeded 108 mm. Regarding the amount of MF, the

following two points were mainly considered. First, in order

to ensure the stable suspension of the working unit, MF mass

should be greater than minimum critical value. Second, if using

too muchMF, the moving magnet couldn’t fully adsorb MF and

the extra MF might be bad for the performance of VS-MFSAs.

Therefore, we chose 7–15 g MF on each moving magnet for

experiments. It is observed that when MF ranged from 7 to 11 g,

vibration attenuation rate continuously enhanced, which meant

energy consumption became faster with more MF. However,

when MF exceeded 11 g, vibration attenuation rate began to

decrease. This was because too much MF hindered the working

unit movement, which was detrimental to the damping

performance.

According to the attenuation amplitude, logarithmic decay

rate, another dimensionless number was used to quantify the

damping efficiency of VS-MFSAs, of which the calculation

equation is as below.

δ � 1
i
ln(A0

Ai
), (13)

Where A0 is the initial amplitude, Ai is the amplitude of ith

oscillation and i is equal to 5.

Figure 12 represents the dependence of logarithmic decay

rate on rod length with different MF mass. Just like vibration

attenuation rate, logarithmic decay rate also increased with rod

lengthened. In the rod length range of 100–108 mm, logarithmic

decay rate grew rapidly, but it dropped slowly as rod length

longer than 108 mm. The peak of logarithmic decay rate also

occurred at rod length equal to 108 mm. As for the effect of MF

mass on logarithmic decay rate was basically the same as that on

vibration attenuation rate. In general, both vibration attenuation

rate curve and logarithmic decay rate curve proved that the VS-

MFSA presented the best damping performance with rod length

taken 108 mm.

From the above experiment curves, it can be concluded that

the connecting rod length and the MF mass significantly

influenced the performance of VS-MFSAs. As a result, the

VS-MFSA possessed the best damping performance with rod

length taken 108 mm andMF equal to 11 g. In other words, when

the rod length was adjusted to make the VS-MFSA got the

optimal stiffness coefficient, the corresponding VS-MFSA

performed best. Therefore, the refined optimal stiffness

formula can guide the design of MFSAs. The vibration decay

time of this optimal VS-MFSA was 9.27s and its vibration

attenuation rate was up to 98.7%. Figure 13 shows

displacement responses for initial excitation with the optimal

VS-MFSA or equivalent mass, respectively. It is clearly that the

vibration decay time in Figure 12A was only a seventieth

compared with the decay time in Figure 12B.

Through the ratio b*/a*, our proposed VS-MFSA was

contrasted with the previous similar MFSAs. It can be seen

from Table 2 that the damping performance of our proposed

VS-MFSA was significantly better than that of MFSAsmentioned

in other references. This strongly suggested that stiffness

coefficient had great influence on the performance of MFSAs

so that the damping efficiency of the VS-MFSA with optimal

stiffness was remarkably improved.
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Conclusion

The vibration problem of spacecraft flexible structure is the

key issue obstructing advance in aerospace technology. The

MFSA is one of the potential candidates for suppressing such

vibration. In order to improve the damping performance of

MFSAs, a new VS-MFSA was designed based on the stiffness

coefficient formula. The specific conclusions were as follow.

1) According to the theoretical analysis of stiffness coefficients of

other passive dampers, the stiffness coefficient formula which

was suitable for MFSAs was got. Besides, the optimal stiffness

coefficient was estimated to be equal to 5.25 N/m. Then, this

value can guide the design of MFSAs.

2) A novel VS-MFSA was proposed, which possessed the varying

stiffness by changing the connecting rod length. On the basis of

3D-printing, a series of VS-MFSAs were fabricated and their

stiffness coefficient included the optimal value.

3) The repulsive force measurement was both simulated and

verified by experiments. The simulation and experiment

curves were in good agreement. Moreover, the relationship

between the repulsive force and offset distance was linear in

the small displacement section. It indicated that the rod

length corresponding to the optimal stiffness coefficient

can be decided by simulation first for subsequence

experiments.

4) The vibration attenuation experiments were carried out and

the damping performance of VS-MFSAs was evaluated by the

vibration attenuation rate and logarithmic decay rate. As a

result, the rod length had a significant influence on the

damping efficiency of VS-MFSAs, which meant the

stiffness coefficient played an important role in damping

performance of VS-MFSAs. It was obvious that VS-MFSA

with the optimal stiffness coefficient had the best damping

performance.

In summary, the optimal stiffness coefficient can well guide

the design of MFSAs. It is hope that the refined stiffness

coefficient formula proposed by us can be applied in other

liquid dampers in the future.
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Magnetorheological fluids (MRFs) are a class of smart magnetic controlled

materials whose rheological properties can be controlled by a magnetic

field. These materials have advantages of short response time, high dynamic

range and low energy consumption. Due to their excellent properties, MRFs

have a widely application potential in the field of impact mitigation. As the shear

rate dependent viscosity of MRFs is astonishing for the shear thinning effect,

thus it is crucial to study the rheological properties cross a wide range of shear

rates for guiding the design and application of MRFs based adaptive impact

absorbers. Commercial rotational rheometers are usually used to test the

rheological properties of MRFs, but their range of measuring shear rates are

limited. Commercial capillary rheometers are designed to measure the

rheological behavior over a wide range of shear rates, but they’re usually

lack of ability to measure with magnetic field. In order to study the

rheological properties of MRFs under higher shear rate and applied magnetic

field, a lab-made speed-controlled capillary magneto-rheometer is developed

in the presnt work; The expressions for equivalent shear rate and apparent

viscosity of MRFs under the dimensional constraint of the set-up are derived. In

addition, the theoretical expression of shear rate of MRFs is modified by

Rabinowitsch correction. Then, the rheological properties of three particle

volume fractions (10%, 15%, and 20%)of MRFs with different magnetic field

strengths (6 mT, 13 mT, 20 mT, and 25 mT)are tested and analyzed, and the

rheological characteristic curves of MRFs with shear rate range of 101s−1–105s−1

are obtained with the normalized characterization using Mason number.

According to the experimental results, the MRFs show an obvious shear

thinning phenomenon as shear rate increases, and in the Mason number

based normalized characterization, the curves of different particle volume

fractions are collapse to a master curve.

KEYWORDS

magnetorheological fluids, capillary magneto-rheometer, high shear rate, viscosity,
mason number
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1 Introduction

Magnetorheological fluids (MRFs) are a class of smart

materials composed of micro soft ferromagnetic or

paramagnetic particles dispersed in a carrier fluid, whose

rheological properties can be controlled when stimulated with

magnetic field (Rabinow., 1948; Kolekar et al., 2014; Kamble

et al., 2015). When there is no external magnetic field, it exhibits

like a Newtonian fluid with low viscosity. However, under the

application of an external magnetic field, it exhibits like a Non-

Newtonian fluid, and phase changes from a free-flowing liquid to

a semi-solid or even a solid in a milliseconds level time, showing

strong controllable rheological characteristics. This phenomenon

is characterized by low energy consumption, easy control,

reversible and rapid response (Carlson et al., 1996). Based on

the above advantages, MRFs have attracted the research attention

of many scholars in the field of impact mitigation applications

over a large range of shear rate. Therefore, the study on the

rheological characteristics of MRFs has a great guiding

significance in device design and engineering application

(Yang et al., 2002).

Rotational rheometers (Becnel et al., 2014) and capillary

rheometers (Allebrandi et al., 2019) are usually used to measure

the rheological properties of polymers. The rotational

rheometers are the most widely used type of rheometer,

which are used to measure the rheological properties of

fluids at low shear rates. The capillary rheometers are used

to measure the shear viscosity at high shear rates. It is divided

into speed-controlled and pressure-controlled. The maximum

shear rate of commercial rotational rheometers is usually below

105/s, and some capillary rheometers can reach 107/s. However,

these lack the ability to apply a magnetic field. So, it is necessary

to develop high shear rate rheometers with an applied magnetic

field to study the rheological properties of magnetic liquids.

Fernando (Goncalves et al., 2005) utilized a capillary rheometer

to investigate the impact of residence time in the field on the

degree of establishment of MRFs formation, when the shear rate

range was 0.14 × 101–2.5 × 105/s. Allebrandi (Allebrandi et al.,

2019) designed an ultra-high shear rate rheometer with a

magnetic field to measure the rheological properties of

magnetic liquids at shear rates between 104–1.16 × 106/s.

Tammaro (Tammaro et al., 2021) designed of a

microcapillary rheometer that allows to perform experiments

rapidly and in a broad range of shear rates (i.e., from

10−1–103/s), using small amounts of material (i.e., just few

milligrams). In the study of rheological properties of

polymers, in order to correlate the characterization of

rheological features in the experiment under both low and

high shear rates, Mason number (Klingenberg et al., 2007;

Ruiz-López et al., 2017) is often used to produce the master

curve representing the law of the experimental data with a

dimensionless way, so as to achieve more accurately depicting

the rheological properties of MRFs.

In this paper, a lab-made speed-controlled capillary

magneto-rheometer was developed for rheological

characterization of MRFs. It was utilized for testing the

rheological properties of MRF prepared with different

volume fractions and stimulated with different magnetic

fields over a shear rates range from 101s−1 to 105s−1.
Normalized rheological characteristics based on Mason

number are conducted, and the corresponding characteristic

curves were obtained and analyzed.

2 Principle and structure

2.1 Principle and structure of capillary
rheology

A capillary magneto-rheometer proposed for characterizing

the rheological properties of MRFs over a large range of shear

rates and a lab-made prototype was built and employed in the

experiments. The structure of the capillary channel can be

simplified as shown in Figure 1.

The following five assumptions are made before deducing the

equation of capillary rheological properties:

(1) Unidirectional shear;

(2) Laminar flow (no bubbles are produced during the flow);

(3) Wall adherence;

(4) Isothermal flow;

(5) Incompressible flow.

As shown in Figure 1, the Navier-Stokes equation (N-S

equation) for the viscous fluid in the laminar flow inside a

horizontal straight circular pipe with uniform pipe diameter is:

( · v)v + zv
zt

� f − 1
ρ
P + η

ρ
2v, (1)

where f is volume force on a fluid, P is pressure, ] is velocity.

For a horizontal circular tube, the force of gravity on the fluid

can be ignored and only the axial velocity is considered. By

assuming that the continuity equation is satisfied, the pressure

difference between two ends is constant and the fluid moves

steadily, then the N-S equation can be simplified as:

FIGURE 1
Geometric structure of capillary flow.
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η2v − P � 0. (2)

According to the selected column coordinate system, z is the

axial coordinate, r is the radial coordinate, then:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

zP
zr

� 0

z2v
zr2

+ 1
r
zv
zr

� 1
η

zP
zz

. (3)

Figure 2 shows the distribution of pressure, velocity and

shear force in the longitudinal cross profile of the pipeline.

According to the boundary conditions and initial conditions,

the integral of the above equation gives the following velocity

profile:

v � ΔP
4η*L

(r20 − r2). (4)

Where η is viscosity, L is the length of capillary tube, r is radius of

capillary tube.

With Eq 4, the quantitative relationships among volume flow

Q, aspect ratio of pipe, outlet and inlet pressure difference,

viscosity and shear rate can be described by Poiseuille’s law:

Q � πr40
8η*L

ΔP. (5)

According to the principle of pipe geometry and fluid

mechanics, the shear rate at the wall is then calculated as:

γ � dv
dr

� 4Q
πr30

, (6)

and the shear force at the corresponding wall is given by:

τ � ΔP*πr20
2πr0*L

� r0*ΔP
2L

� ΔP

4
L
D

. (7)

Where D is the diameter of capillary tube.

Finally, according to the shear force and shear rate, the

apparent viscosity can be described as:

η � r0*ΔP
2γ*L

. (8)

Considering the actual geometry of the capillary tube and

working conditions of magneto-rheometer, it is necessary to

modify the calculation models to get the more accurate shear

rate. Therefore, Rabinowitsch should be applied for the flow

model, and reliable viscosity data can be obtained when these

corrections are applied.

The Rabinowitsch correction:

γtrue � γapp(3n + 1
4n

) � 4Q
πr30

(3n + 1
4n

), (9)

where γtrue is the corrected shear rate, γapp is the calculated shear

rate from the measured flow rate, n is the rheological index. The

rheological index n is a parameter related to the material

properties and the strength of the applied magnetic field. The

rheological index varies with different magnetic field strengths

and composition of MRFs.

In order to validate the Rabinowitsch correction for the shear

rates in capillary tube, a finite element simulation of capillary

flow based on COMSOL Multiphysics was conducted. The

comparison of the shear rates estimated in different methods

are shown in Table 1. In the simulations, the shear rates in first

column were calculated from the given inlet flow rate using Eq 6,

the shear rates in second column were calculated from the given

inlet flow rate using the Rabinowitsch correction Eq 9, and the

shear rates in third column were calculated from the outlet flow

rate using Eq 6. According to the comparison results, it can be

obtained that the accuracy of shear rates estimated after

Rabinowitsch correction have been improved significantly.

2.2 Principle of viscosity calculation

In this paper, the theoretical magnetic response viscosity of

MRFs with different magnetic field stimulations are calculated

based on the theoretical equation.

The viscosity of particle suspension can be obtained by

Einstein equation (Vand, 1945):

η0 � ηb(1 + 2.5ϕ), (10)

where ηb is the base fluid viscosity, and ϕ is the particle volume

fraction. Here the Rosensweig’s improved equation (Chi et al.,

1993) is employed for larger particle volume concentration:

η0 �
ηb

1 + bϕ + cϕ2, (11)

where b and c are the coefficients identified under test. According

to the fitting calculation, b � −5.04 and c � 7.09 is adopted for

the lab-prepared MRFs in this paper.

FIGURE 2
Flow velocity and shear force distribution of MRFs in pipeline
interface.
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In the presence of an applied magnetic field, the increment of

the magnetic response viscosity of MRFs relative to the zero-field

viscosity can be calculated by the following equation; (Chen,

2007; Zuo, 2018):

ηmag − η0 � η0(32ϕ
0.5αL(α)

1 + 0.5αL(α)sin
2 β), (12)

according to the Langevin function:

M � MpL(α) , α � πd3
pμ0HMp

6k0T
, L(α) � coth α − 1

α
, (13)

the expression of magnetic response viscosity is simplified as

follows:

ηmag � η0 + η0
⎛⎜⎝3
2

1
1
ϕ
+ 12κ0T

πd3
pμ0HM

⎞⎟⎠,
(14)

whereMp is theMagnetization of solid particles, ϕ is the particle

volume fraction, κ0 is the Boltzmann’s constant,

κ0 � 1.38 × 10−23J/K, T is the Absolute temperature, dp is

average diameter of aggregate molecules, μ0 is the Vacuum

permeability, H is external magnetic field strength, M is

magnetization of MRFs, β is the Angle between the magnetic

liquid vortex vector and the direction of the applied magnetic

field.

3 Experimental

3.1 Experimental set-up

In order to describe the rheological properties of MRFs under

high shear rate, a speed-controlled capillary rheometer was

developed in this paper. The capillary rheometer is available

to measure the apparent viscosity of materials in a wide range of

shear rates by adjusting the capillary diameter and pressure/

velocity in testing and studying the rheological properties of

MRFs. The capillary tube can be divided into three parts:

entrance development channel, damping channel and exit

channel. In order to generate a completely laminar flow and

reduce the influence of the inlet on pressure measurement, an

injection inlet of the MRFs was utilized at the entrance channel

TABLE 1 Comparison of the shear rates estimated in different methods.

Shear rates estimated
from given inlet
flow (1/s)

Shear rate estimated
from the modified
formula (1/s)

Shear rates estimated
from outlet flow
(1/s)

32.0 46.2 46.8

217 313 316

4,350 6,280 6,400

10,100 14,600 14,800

90,000 130,000 132,000

FIGURE 3
Principle structure block diagram of lab-made speed-controlled capillary rheometer.
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and the measuring position is located in the damping channel of

the rheometer. Generally, a magnetic field is applied in this

section of the pipeline and a pressure sensor is installed; The

outlet channel is used to drain the MRFs and recover it. The flow

medium to be measured is injected into the capillary tube at

different speeds under different magnetic field excitations to

form a certain range of shear rate (101s−1–105s−1), the

pressure difference and the flow rate at both ends of the

capillary tube are measured to calculate the rheological

characteristic curves of the flow medium to be measured.

The lab-made speed-controlled capillary magneto-rheometer

mainly consists of four systems: Drive system, control system,

data acquisition system and MRFs collection system. The

construction scheme of the experimental set-up is shown in

Figure 3:

The composition of the control system is shown in Figure 4,

including PC, motion control card, servo driver and servo

cylinder. Both control and data acquisition systems are

achieved by programming with Labview. The PC side is

connected with network cable, programmed with LabView,

and handled the motion control card by calling the dynamic

link library DLL function; The LHEM-2424-4PD-00 motion

control card is adopted, which is equipped with network cable

interface, USB interface and RS485 serial port. It has 24 IO input

ports and 16 IO output ports, and it is able to carry out 4-axis

operation control at the same time; ASD620B series Servo driver

was adopted which can be used for speed control, position

control and torque control; The model of servo motor with

the ability of self-locking is 80ST-M02430A-N, whose maximum

speed and minimum speed are 5,000 r/min and 1r/min,

respectively. The power supply is controlled by the servo

driver, and the motor rotation angle is recorded by the

encoder. The motor shaft is connected to an electric cylinder,

which converts rotational motion into linear motion and pushes

the needle piston into injection.

The composition of the data acquisition system is shown

in Figure 5, which includes pressure sensors on both sides of

the pipeline, flowmeters, and NI data acquisition cards. The

FIGURE 4
Composition of control system.

FIGURE 5
Composition of data acquisition.

FIGURE 6
The magnetic field strength of Helmholtz coil varies with the
output voltage of power supply.
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data acquisition card collects the voltage and pulse signal of

the sensors, reads the signal in the Labview control panel and

outputs with data table.Two pipe pressure sensors and a ring

pressure sensor are used in this experimental system. Two

pipeline pressure sensors are Aier AE-S series micro high-

frequency dynamic pressure transmitters, with a range of

0–3.5 and 0–40 MPa, with an accuracy of ±0.25% of full

scale. The annular pressure sensor is installed at the end of

the push rod of the electric cylinder to measure the thrust of

the push rod. The pressure measurement range is 30 KN and

the measurement accuracy is ± 0.05%. The flowmeter is a

small flow elliptical gear flowmeter, whose measurement

range is 0.5–150 ml/min with a measurement accuracy of

0.2%. A Helmholtz coil is used to provide a stable

magnetic field for the experiments. The Helmholtz coil has

a cylindrical region with a height range of 0.8R and a radius

range of 0.3R.

Using a programmed DC power supply with a maximum

output voltage of 24 V, themagnetic field strength at the center of

the Helmholtz coil is measured with a gaussmeter, and the

variation curve of the magnetic field strength with the output

voltage of the power supply is shown in Figure 6:

The four voltages selected for the experiment are 5, 10, 15,

and 20 V, and the corresponding magnetic field strengths are 6,

13, 20, and 25 mT, respectively. The Helmholtz coils are

arranged on both sides of the capillary tube, and a uniform

magnetic field perpendicular to the pipe axis is applied to the

capillary tube. The structure diagram and physical diagram of

the lab-made capillary rheometer set-up finally built are shown

in Figure 7 and Figure 8:

3.2 Experiment

3.2.1 Experiment calibration
The given viscosity of a pure silicone oil and its measured

viscosity using commercial rotary viscometer (SNB-2 Digital

viscometer) are taken to compare for calibrating the lab-made

capillary rheometer. Considering the given viscosity as standard,

the corresponding mearsuring errors of the commercial rotary

viscometer and the lab-made capillary rheometer were evaluated

as shown in Table 2.

According to the comparison shown in Table 2, it can be

obtained that the relative error measured by the commercial

viscometer is 9.4% while the relative error measured by the lab-

made capillary magneto-rheometer is 4.2%. Thus, the experimental

data in the following subsections of this paper are all measured with

the lab-made magneto-rheometer. The rheological properties of

pure silicone oils were tested using the lab-made capillary rheometer

at different shear rates, and themeasured curves between shear stress

and shear rate were obtained as shown in Figure 9. It can be seen that

the relationship between shear stress and shear rate is linear, which

satisfies the constant viscosity of pure silicone oil as a Newtonian

fluid.

FIGURE 7
Structure diagram of lab-made speed-controlled capillary rheometer.

FIGURE 8
Physical picture of the test set-up.
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3.2.2 Experimental study
In order to study the magnetorheological properties of

MRFs over a large range of shear rate under magnetic field

stimulation, a lab-made capillary magneto-rheometer is

developed. The influence of different particle volume fraction

and different magnetic fields on the rheological properties of

MRFs over a large range of shear rate are experimentally

studied. Among them, the selected MRF particle size is

2–3μm; The range of shear rate is 101s−1–105s−1, and the

corresponding shear rates adopted in experiments are

4.62 × 101s−1、3.13 × 102s−1、 6.28 × 103s−1, 1.46 × 104s−1

and 1.30 × 105s−1; Three MRFs with volume fractions of

10%, 15% and 20% are selected for testing, as shown in

Table 3; Four magnetic fields with intensities 6, 13, 20 and

25 mT are selected for testing.

In the experiments, the calculated mass fraction values and

measured zero field viscosity of MRFs with different volume

fractions are also shown in Table 3.

In the experiments, the lab-made speed-controlled

rheometer is employed to measure the pressure drop and flow

rate at both ends of the capillary, and MRFs are prepared with

different particle volume fractions. The shear force and viscosity

are calculated by the pressure drop, flow rate and geometric

dimension using the method described in Eq 7 and Eq 8. The

effects of particle volume fraction and magnetic field excitation

on the rheological characteristics of MRFs are experimentally

studied.

When the tube flow rate is limited, the capillary with a

smaller diameter should be chosen in order to achieve the

shear rate 104s−1–105s−1 according to the shear rate

calculation Eq 9. The outer diameter shown in Table 4 is

selected for adaptation in these experiments. The quartz glass

capillary with small inner diameter is nested in the

metal tube.

3.2.3 Experimental results and analysis
In the experiments, the pipeline pressure signals are collected

and converted to obtain the pressure drop at steady state. The

curves of shear stress and viscosity considering various influences

(shear rate, volume fraction, magnetic field strength) were

obtained experimentally. According to the geometry of

capillary tube and fluid mechanics, the shear rate at the wall

is determined with Eq 6.

In Figure 10, it is found that the internal pressure of the

pipeline is too large for crystal tube when the shear rate exceeds

105s−1. Therefore, in this work, we only discuss the situation of

shear rates up to 105s−1.

3.2.3.1 Rheological properties of MRFs in a wide range of

shear rates

In order to describe the overall rheological characteristics of

MRFs under the magnetic field stimulation over a large range of

shear rate, anMR Fluids samlpe with volume fraction of 20% was

prepared and tested under magnetic field of 25 mT and the

rheological characteristic curve was obtained, as shown in

Figure 10.

TABLE 2 Comparison of the viscosities obtained in different methods.

Given product parameters The commercial rotary
viscometer (SNB-2 digital viscometer)

Lab-made capillary experimental
setup

0.971 (pa*s) 0.88 (pa*s) 0.93 (pa*s)

— 9.4% 4.2%

FIGURE 9
Relationship between shear stress and shear rate of silicone
oil measured by the custom capillary rheometer.

TABLE 3 Mass fraction and zero field viscosity values of MRF with
different volume fractions.

Volume fraction (%) 10 15 20

Mass fraction (%) 0.4747 0.5894 0.6703

Zero field viscosity (pa*s) 1.69 2.43 3.54

Frontiers in Materials frontiersin.org07

Wen et al. 10.3389/fmats.2022.1034127

198

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1034127


It can be seen from Figure 11 the apparent viscosity curve

shows an obvious shear thinning phenomenon over

101s−1–105s−1. When the shear rate is larger than 104s−1, the
phenomenon of shear thinning of the apparent viscosity is

reduced, and the apparent viscosity is close to zero field

viscosity (Table 3).

3.2.3.2 Influencing factors of apparent viscosity

The effects of the apparent viscosity in the non-Newtonian

flow are usually described by the dimensionless Mason number

(Sherman et al., 2015), which represents the relationship between

fluid force Fτ and the couple force Fd of a single particle, that is,

the relationship between the shear stress Fτ of MRFs and the

microscopic magnetic force Fd:

Mn � Fτ

Fd
� 9ηcϕ

2

2μ0μc

γ

M2. (15)

where ηc is the viscosity of carrier fluid, ϕ is the particle volume

fraction of suspension, μ0 is the vacuum permeability, μc is the

permeability to the carrier fluids, andM is the overall magnetization.

The Mason number demonstrate the connection between viscosity,

shear rate, and magnetic field intensity, and this “data collapse”

(Becnel et al., 2015) processing can explain how multiple factors

interact to affect viscosity in a linear range. Compared with other

conventional rheological characterization based on shear rate, the

main advantage of normalized rheological characterization based on

the Mason number is that a wide range of reliable rheological

characteristic curves can be obtained through limited experiments,

and the characteristic curves under different amplitudes can be

folded and shrunk to one rheological master curve.

TABLE 4 The inner diameter and aspect ratio of the capillary used in the experiments.

Capillary section shape Inner diameter (mm) Length
to diameter ratio-L/D

Circular 0.2 20

30

40

0.4 20

30

40

0.6 20

30

40

FIGURE 11
Apparent viscosity as a function of shear rate.FIGURE 10

Relationship betweenmean velocity and theoretical apparent
shear rate of capillary tubes with different inner diameters.
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When Mason number is used to normalize rheological curves,

the following equation from can be used to fit the data (Becnel et al.,

2015).

ηapp/η∞ � 1 + KMn−1, (16)

where ηapp is the apparent viscosity, η∞ is the viscosity at high

shear rates in the absence of an applied magnetic field, K is a fit

parameter that can be expressed in terms of two physically

relevant nondimensional ratios and is sometimes referred to

in the literature as a “critical Mason number”.

(1) Volume fraction

To investigate the effect of the volume fraction ofMRFs on its

rheological properties with a shear rate range over 101s−1–105s−1,

the rheological characteristic curves of MRFs with three different

volume fractions under magnetic field stimulation of 25 mT are

experimentally studied. The particle volume fractions of MRFs

are 10%, 15% and 20%, respectively. The resulting curves are

shown in Figure 12A.

It can be seen from Figure 12A, the phenomenon of shear

thinning ofmagnetorheological fluid with different volume fractions

appeared obviously. In specific, the shear thinning phenomenon is

more obvious with the increase of particle volume fraction and this

phenomenon is reduced when the shear rate higher than 4,000 s−1.

Under the same shear rate and magnetic field strength excitations,

the larger the volume fraction, the higher the apparent viscosity.

The normalized apparent viscosity of MRFs with different

volume fractions were calculated using Eq 16 and the Mason

number of MRFs with different volume fractions were calculated

using Eq 15. As shown in Figure 12B, the normalized rheological

FIGURE 12
(A) The apparent viscosity versus apparent shear rate curves with different volume fraction under a magnetic field strength of 25 mT; (B)
Apparent viscosity versus Mason number curves.

FIGURE 13
(A) The apparent viscosity versus apparent shear rate curves with different magnetic field intensities for 20% volume fractionMRFs; (B) Apparent
viscosity versus Mason number curve.
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characteristic curve is obtained. It can be seen that under the

same magnetic field, the rheological characteristics of MRFs with

different volume fractions keep the same trend and they’re all

approaching the formula fitting curve (ηapp/η∞ � 1 + kMn−1).

(2) Magnetic field intensity

In order to study the effect of the magnetic field intensity of

MRFs on its rheological properties with a shear rate range of

101s−1–105s−1. The rheological characteristic curves under four

different magnetic field intensities stimulation of MRFs with

volume fraction of 20% are experimentally studied. The applied

magnetic field intensities of MRFs are 6, 13, 20, and 25 mT, and

the corresponding voltage excitations are 5, 10, 15, and 20,

respectively. The resulting curves is shown in Figure 13A.

It can be seen from Figure 13A that when the samples are

prepared with the same particle volume fraction and measured

under the same shear rate, the greater the magnetic field strength,

the higher the apparent viscosity; Under the condition of the

same particle volume fraction, with the increase of shear rate, the

apparent viscosity is lower, and the shear thinning phenomenon

is more obvious with the increase of coil voltage. It is consistent

with the conclusion of related field research.

In Figures 13A,B normalized characterization based on

Mason number is conducted. The results show that the

apparent viscosity curves obtained under different magnetic

field intensities shrink to a master rheological curve. This

feature allows us to reduce the number of tests in

experiments, and it can be detected if one of the tests has

abnormal error.

4 Conclusion

In order to study the rheological properties of MRFs within

a wide shear rate range, a speed-controlled capillary magneto-

rheometer is developed. The rheological properties of MRF over

the shear rate range of 101s−1–105s−1 are measured by the lab-

made magneto-rheometer and the obtained rheological

characteristic curves are normalized using Mason number.

According to the experimental results, the shear thinning

effect is observed over the whole shear rate range of

101s−1–105s−1. The effects of particle volume fraction and

magnetic field excitation on the rheological characteristics of

MRFs are experimentally studied. In the Mason number based

normalized characterizations, the master curves are obtained

for different particle volume fractions and magnetic field

strengths. According to the resulting curves of normalized

apparent viscosity versus Mason number with different

volume fractions, the obtained curves keep the same trend

and they are all approaching the formula fitting curve

(ηapp/η∞ � 1 + 1.961/Mn). In the normalized characterization

with different magnetic field excitation, the obtained curves

show that the apparent viscosity of MRFs is increased with the

increase of applied magnetic field strength and preserve a

common trend.
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