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Abstract
Material properties of permanent magnet in the magnetic fluid seal are important factors that determine the sealing 
effect. However, the relationship between the magnetic properties of permanent magnet and the failure-pressure has 
not been studied quantitatively in the available research. In this work, the relationship between material properties of 
permanent magnet and the failure-pressure of magnetic fluid seal was obtained from theoretical analysis and numerical 
simulation. The permanent magnet was changed in materials to calculate the failure-pressures of a typical magnetic fluid 
seal. The results show that the failure pressure of the magnetic fluid seal increases with the increase of the maximum 
magnetic energy product of the permanent magnet, but there is a turning point. After that, the failure-pressure decreases 
as the maximum magnetic energy product increases.

Keywords Failure-pressure · Magnetic fluid seal · Maximum magnetic energy product · Permanent magnet · Sintered 
Nd-Fe-B

1 Introduction

Sealing performances in the aviation field are very strict, 
and the size of the seal is required to be small enough. 
As a new sealing method, the magnetic fluid seal has the 
advantages of zero leakage, long life, and no pollution 
[1–4]. And it has been widely used in aerospace, medical 
equipment, chemical machinery, and other fields [5–11]. 
The sealing principle is that the permanent magnet, pole 
shoes, and rotation shaft constitute the magnetic circuit, 
and a magnetic field intensity difference is formed at the 

sealing gap between the pole teeth and the shaft. Under 
the action of the magnetic field force, magnetic fluid forms 
a plurality of O-shaped rings, which can balance the inter-
nal and external pressure difference [6, 12]. The failure-
pressure of magnetic fluid seal is related to the saturation 
magnetization of magnetic fluid and the magnetic field 
gradient of sealing gap. The material properties of the per-
manent magnet are important factors affecting these two 
factors. Therefore, it is worthwhile to study the relation-
ship between the failure-pressure of the magnetic fluid 
seal and the properties of the permanent magnet.
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So far, most studies on permanent magnets have 
focused on how to improve their performance and future 
development [13–19]. There is a lack of research on the 
impact of permanent magnet properties on the failure-
pressure of magnetic fluid seal integrally. In publication 
[20], the influence of sealing gap and centrifugal force on 
failure-pressure of magnetic fluid seal were studied. Pub-
lication [21] studied the effects of the sealing gap, satura-
tion magnetization of magnetic fluid, and the amount of 
injected magnetic fluid on the failure-pressure of the mag-
netic fluid seal, but there was no research on permanent 
magnetic materials scientifically. The material of perma-
nent magnet in publication [12] was told without explana-
tion. In publication [22], the volume of permanent mag-
net was taken into account. At present, the relationship 
between material properties of permanent magnet and 
failure-pressure of the magnetic fluid seal has not been 
studied completely. In this work, the relationship between 
the failure-pressure of magnetic fluid seal and the prop-
erties of permanent magnetic materials was analyzed in 
theory and calculated the failure-pressures of the typical 
magnetic fluid seal with different type of Nd-Fe-B which 
is commonly used. This research may provide help for the 
selection of materials in aerospace and other industries.

2  Common permanent magnetic materials

Commonly used permanent magnetic materials can be 
divided into three categories: first, Al–Ni–Co permanent 
magnetic materials; Second, permanent magnet ferrites 
 (BaFe12O19,  SrFe12O19); Third, rare earth permanent mag-
netic materials. The rare earth materials can be divided 
into three generations:  SmCo5,  Sm2Co17, and Nd-Fe-B [23].

Compared with the other types of permanent magnetic 
material, Nd-Fe-B shows excellent comprehensive mag-
netic properties. Its magnetic energy product, remanence 
and coercive force are basically higher than other perma-
nent magnetic materials. Besides, Nd-Fe-B magnets use 
Fe and Nd which are cheap and rich as raw materials, do 
not need expensive and scarce rare earth metal Sm and 
strategic metals Co, Ni and so on, so that the preparation 
cost is greatly reduced. But its Curie temperature is lower, 
the temperature stability is poor. It cannot meet the needs 
of work in high temperature environment. Its main disad-
vantage is the permissible temperature of around 80 ℃. 
The world fastest growing market for permanent magnets 
is for Nd-Fe-B based magnets with high energy product, 
which would capture 62% market share in 2010 [24].

According to the different production processes, Nd-
Fe-B can be divided into the sintered, the bonded, and the 
hot-pressed. The magnetic properties of sintered Nd-Fe-B 

are better than those of the bonded and the hot-pressed. 
Its maximum magnetic energy product, coercive force, 
and maximum operating temperature are higher than 
those of the other two kinds. The bonded Nd-Fe-B perfor-
mance is not as good as the sintered Nd-Fe-B, but it has 
the advantages of simple process, low cost, small volume, 
high precision, magnetic field uniformity and stability. The 
hot-pressed Nd-Fe-B has the advantages of high density, 
good corrosion resistance and high coercivity. At present, 
its production costs are high, and the total output is rela-
tively small. Therefore, the sintered Nd-Fe-B is the highest 
production, the most widely used rare earth permanent 
magnet material.

Sintered Nd-Fe-B is divided into seven categories 
according to the intrinsic coercive force [25]. They are 
N-type, M-type, H-type, SH-type, UH-type, EH-type and TH-
type which means that their coercivity is normal, medium, 
high, superhigh, ultrahigh, extremely high, and tremen-
dous high respectively. Every type has about 7 kinds of sin-
tered Nd-Fe-B. They are different in remanence or coercive 
force or maximum magnetic energy product. And there 
are 51 kinds of sintered Nd-Fe-B in total [25]. The perme-
ability for all the types is 1.05.

Figure 1 shows the demagnetization curve and the 
magnetic energy product curve of permanent magnet 
materials. Curve BrDHc in the second quadrant is the 
demagnetization curve. The intersection point (Br) with 
the longitudinal axis is the remanence, and the intersec-
tion point (Hc) with the transverse axis is the coercive force. 
Curve BrBO in the first quadrant is the curve of magnetic 
energy product. The x-coordinate of the point B is the 
maximum magnetic energy product. The magnetic energy 
product represents the energy of the magnetic field. The 
larger the magnetic energy product is, the stronger the 

Fig. 1  Demagnetizing curve and energy product curve of magnetic 
material



Vol.:(0123456789)

SN Applied Sciences           (2021) 3:744  | https://doi.org/10.1007/s42452-021-04734-x Research Article

magnetic field provided by the permanent magnet is. 
In addition to the maximum magnetic energy product, 
magnetic remanence, coercive force, and other factors 
also affect the failure-pressure of the magnetic fluid seal.

Figure  2 shows a simplified magnetic circuit of the 
magnetic fluid seal. Assuming that the permanent mag-
net operates with the maximum magnetic energy product, 
the magnetic field intensity except the sealing gap is equal 
to Hm, the magnetic circuit length is l + 2d, the magnetic 
field intensity of the sealing gap is Hd and the length of 
the sealing gap is d. Am and Ad are the lateral areas of the 
permanent magnet and the cross-sectional area of the 
sealing gap respectively.

According to the Ampere Loop Law:
ΣF = Hml + Hd2d = 0,,

where F is the magnetomotive force of the magnetic 
circuit.

According to the principle of continuity of magnetic 
flux:

BmAm = BdAd,

where Bm is the magnetic flux density of the permanent 
magnet when it works at the point of the maximum mag-
netic energy product, Bd is the magnetic flux density of the 
sealing gap. Am and Ad are the lateral areas of the perma-
nent magnet and the cross-sectional area of the sealing 
gap respectively.

Multiply Eq. (1) and Eq. (2) to get

Because B = �0H , Eq. (3) can be written in the follow-
ing form:

(1)→ Hd = −
Hml

2d
,

(2)→ Bd =
BmAm

Ad

,

(3)HdBd = −
HmBmlAm

2dAd

,

When the magnetic fluid seal structure is determined, l, 
Am, d, Ad, and μ0 in Eq. (4) are constants. Therefore, it can be 
judged that the magnetic induction intensity of the seal-
ing gap (Bd) is proportional to the square-root of maximum 
magnetic energy product of permanent magnet (BH)max. 
There is a negative sign before Hm because the permanent 
magnet works at the point of the demagnetization curve 
which is in the second quadrant. According to the formula 
for calculating the failure-pressure of magnetic fluid seal 
ΔP = Ms∇B , the failure-pressure is proportional to the 
square root of the maximum magnetic energy product of 
the permanent magnet.

3  Numerical simulation method

3.1  Magnetic fluid sealing structure

Fig. 3 shows the magnetic fluid seal used for the numeri-
cal simulation. It is a typical structure of magnetic fluid 
seal which is axisymmetric. The permanent magnet, pole 
shoes, and shaft form a magnetic circuit, and the mag-
netic fluid is injected between the pole shoes and shaft. 
There are 13 pole teeth on every pole shoe. The width of 
one pole tooth is 2 mm, its height is 7 mm. The clearance 
between two teeth is 8 mm. And the sealing gap is 1 mm. 
Besides, the inside diameter of the permanent magnet is 
88 mm, the external diameter is 114 mm, and the thick-
ness is 10 mm.

3.2  Numerical simulation method

In this section, the specific simulation process is described. 
A diester-based magnetic fluid with a density of 1.31 g/cm3 
was used. The magnetic fluid has a maximum magnetiza-
tion of 15 kA/m. Its permeability is 1. Therefore, magnetic 
fluid can be regarded as air in the magnetic field simula-
tion. Because the structure is axisymmetric, the magnetic 
field simulation model was obtained after simplification, 
as shown in Fig.  4.

Import the simplified model into ANSYS software. First, 
define the materials as shown in Fig. 5. The materials of 
pole shoes and shafts are 2Cr13. A1, A2, and A3 represent 
air, permanent magnet, and 2Cr13 respectively. The per-
meability of air is 1, and the permeability of 2Cr13 is not 

B2
d
= �0

(
−
HmBmlAm

2dAd

)
,

(4)Bd =

�
−�0

�
HmBmlAm

2dAd

⎞
⎟⎟⎠
=

�
�0

�
lAm

2dAd

�√
−HmBm,

Fig. 2  Magnetic circuit of magnetic fluid seal
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Fig. 3  Magnetic fluid seal: 
1-retainer ring, 2-bearing, 
3-magnetism-insulator, 4-shaft, 
5-shell, 6-magnet, 7-pole shoe 
8-threaded end cap, 9-clamp-
ing hoop

Fig. 4  Magnetic field simulation model of magnetic fluid seal: 
1-pole shoe, 2-permanent magnet, 3-shaft, 4-air

Fig. 5  Material definition for magnetic field simulation of magnetic 
fluid seal: A1-air, A2-magnetic material, A3-2Cr13

Fig. 6  The magnetization curve of 2Cr13

Fig. 7  Meshing and loading of boundary conditions for magnetic 
field simulation of magnetic fluid seal
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constant, so input its magnetization curve as shown in 
Fig. 6.

The method of intelligent grid partition was adopted, 
and the level of intelligent grid partition was set to be 4. 
Figure 7 shows the shape of the generated grid. It can 
be seen that the grid of the pole teeth is more compact, 
which is beneficial to analyze the magnetic field intensity 
at the pole teeth.

Then, a boundary condition was applied, which made 
the components of magnetic induction intensity equal on 
the normal line and magnetic field intensity equal on the 
tangent line. In other words, the magnetic lines of force 

were forced to be parallel on the forced boundary to the 
surface. After the solution, the nephogram of magnetic 
flux distribution and magnetic induction intensity were 
obtained, as shown in Figs. 8 and 9.

Define a straight line at the sealing gap, that is, the posi-
tion of magnetic fluid, and calculate the magnetic induc-
tion intensity on the straight line, as shown in Fig. 10. The 
X coordinate represents the x-coordinate value at the seal-
ing gap, and the y-coordinate represents the correspond-
ing magnetic induction intensity (B). It can be seen from 
Fig. 10 that the magnetic induction intensity is distributed 
as waveforms along the x coordinate direction. The parts of 
the wave crest correspond to the pole teeth in the magnetic 
fluid seal model. The magnetic induction intensity reaches 
the maximum in the middle of the pole teeth, and the mag-
netic induction intensity on both sides of the pole teeth 
decreases sharply.

MATLAB software can be used to obtain the maximum 
and minimum magnetic induction intensity of every one-
stage pole tooth. And the failure-pressure can be calculated 
according to the magnetic fluid seal failure-pressure formula

(5)Δp =
∑

�0 ∫
Hmax

Hmin

MdH,

(6)B = �0H

Fig. 8  Magnetic line of force distribution of magnetic fluid seal

Fig. 9  Magnetic induction intensity cloud map of magnetic fluid 
seal

Fig. 10  Magnetic induction intensity on the sealing gap of mag-
netic fluid seal
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where Δp Failure-pressure of one-stage pole shoe, Pa;μ0 
Vacuum permeability,�0 = 4� × 10−7H∕m ; M Magnetization 
intensity of magnetic fluid, A/m; H External magnetic field 
strength, T; B Magnetic inductio intensity, T.

Assuming that the magnetic fluid is saturated. So, the 
failure-pressure formula can be written as follow:

where Ms is the saturation magnetization intensity of mag-
netic fluid.

(7)Δp =
∑

�0Ms∇H =
∑

Ms∇B

4  Results and discussion

The failure-pressures of the typical magnetic fluid seal 
introduced in the third section with all the 51 kinds of 
sintered Nd-Fe-B were calculated. The calculating condi-
tions are the same except for the type of magnet.

The average values of failure-pressures of magnetic 
fluid seal with the sintered Nd-Fe-B which has the 
same maximum magnetic energy product are shown in 
Table 1. Figure 11 shows the relationship between the 
average value of failure-pressures and maximum mag-
netic energy product. The smooth curve is a fitting curve.

The fitting curve in Fig. 11 is expressed as

where X is the maximum magnetic energy product (BH)max. 
Y is the corresponding average failure-pressure (Δp) of 
magnetic fluid seal with the sintered Nd-Fe-B which has 
the same maximum magnetic energy product.

It can be seen from the fitted curve that the failure-
pressure is proportional to the maximum magnetic energy 
product at first. But there is a maximum value of failure-
pressure (155.25  kPa) when the maximum magnetic 
energy product is 338.29 kJ/m3. After this point, the fail-
ure-pressure decreases as the maximum magnetic energy 
product increases.

Table 2 shows the average values of maximum mag-
netic energy product and failure-pressures of the mag-
netic fluid seal with each type of sintered Nd-Fe-B. The-
oretically, magnetic fluid seal with the TH-type sintered 
Nd-Fe-B which has the lowest average value of maximum 
magnetic energy product should have the lowest average 
failure-pressure, and that with the N-type sintered Nd-Fe-B 
which has the highest average value of maximum mag-
netic energy product should have the highest average fail-
ure-pressure. Whereas, it can be seen from Table 2 that the 

(8)Y = 70.68 + 0.50X − 7.39 × 10−4X2,

Table 1  The maximum 
magnetic energy product 
of sintered Nd-Fe-B and 
corresponding average failure-
pressure

(BH)max/(kJ/m3) 207 223 247 263 279 287 302

p/kPa 144.63 144.63 146.28 149.74 150.80 152.01 152.14
(BH)max/(kJ/m3) 318 342 358 374 390 406
p/kPa 151.73 151.21 154.37 155.04 153.51 150.51

Fig. 11  The maximum magnetic energy product and correspond-
ing average value of failure-pressures

Table 2  The average values of maximum magnetic energy product of each type of sintered Nd-Fe-B and Corresponding failure-pressures

Type N M H SH UH EH TH

(BH)max/(kJ/m3) 365.22 356.13 337.25 327.43 307 287.71 269.20
ΔP/kPa 147.49 157.90 153.01 150.36 146.87 148.77 146.52



Vol.:(0123456789)

SN Applied Sciences           (2021) 3:744  | https://doi.org/10.1007/s42452-021-04734-x Research Article

average failure-pressure of M-type is the highest and that 
of TH-type is the lowest. The reason is that the coercive 
force of permanent magnet has a certain influence on the 
failure-pressure of magnetic fluid seal. In a certain range, 
the greater the coercive force is, the greater the failure-
pressure is. Both N-type and M-type have two values of 
coercive force, and the coercive force of M-type is greater 
than that of N-type. Nevertheless, other types of sintered 
Nd-Fe-B have more values of coercive force, so the error 
is relatively small.

The relationship curve between the average values of 
maximum magnetic energy product and failure-pressures 
of magnetic fluid seal with each type of sintered Nd-Fe-B 
is shown in Fig. 12.

The fitting curve of the average values of the maximum 
magnetic energy product and failure-pressures in Fig. 12 
above is expressed as

where X is the average value of maximum magnetic energy 
product of each type of sintered Nd-Fe-B, Y is the average 
value of failure-pressures of magnetic fluid seal with each 
type of sintered Nd-Fe-B.

Also, the failure-pressure of magnetic fluid seal is 
proportional to the maximum magnetic energy product 
of the permanent magnet at first. There is a maximum 
value of failure-pressure (150.54 kPa) when the maxi-
mum magnetic energy product is 364.34 kJ/m3. After this 
point, the failure-pressure decreases as the maximum 
magnetic energy product increases.

(9)Y = 64.92 + 0.47X − 6.45 × 10−4X2

5  Conclusion

Through analysis in theory and numerical simulation, it 
was found that the magnetic induction intensity at the 
sealing gap of the magnetic fluid seal is proportional to 
the maximum magnetic energy product of the perma-
nent magnet material. And the failure-pressure of mag-
netic fluid seal is proportional to the maximum magnetic 
energy product of permanent magnet at first. There is a 
value of maximum magnetic energy product that makes 
the failure-pressure largest. Then failure-pressure shows 
negative relation with the maximum magnetic energy 
product.

In all types of sintered Nd-Fe-B, magnetic fluid seal 
with M-type permanent magnet has the highest aver-
age failure-pressure, whereas that with TH-type has the 
lowest average failure-pressure.
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