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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.
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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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