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ABSTRACT Aiming at the difficulty in designing the internal spray system inside the telescopic cut-off head
of coal mine machinery, this study proposes a mechanical seal switching principle based on the permanent
magnetic eddy current effect, which realizes the switching and sealing between the cylinder’s expansion state
(without rotation) and the internal spray condition (with rotation). This work can solve the current problem
that the inner spray cannot be arranged inside the external rotor structure mining equipment. Firstly, the
mechanical seals of the two working conditions are designed, and the requirements for the torque and axial
force of the permanent magnet eddy current structure are proposed, and the sealing conditions and mutual
switching conditions of the cylinder working condition and spray working condition are revealed. Secondly,
the mathematical description of the eddy current magnetic field of the permanent magnet eddy current valve
is established, and the calculation equations of the torque and axial force of the permanent magnet eddy
current transmission are proposed, and a calculate study is carried out by using the finite element method,
and the calculation results show that in the low-slip region, the analysis of the electromagnetic torque and
axial force characteristics of the permanent magnet eddy current and the finite element results are in good
agreement. Finally, example simulations show that the permanent magnet eddy current switch can realize the
sealing and its switching between the two operating conditions as desired, and can realize the low leakage
operation.

INDEX TERMS Mechanical seal design, permanent magnet eddy current drive, internal spray, extractive
machinery.

I. INTRODUCTION
All underground extractive mining machines have a cutting
head, which is used to cut coal, such as the cutting drum
of coal mining machine and the cutting head of road-header.
The cutting head will generate dust and sparks when cutting
coal, consequently, equipping the cutting head with external
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and internal spray systems is vital to facilitate the cooling of
the cutting teeth, eliminate the sparks of the cutting teeth,
and thus reduce the dust concentration in the working face.
Usually, the cutting head is an external rotor structure, the
shaft is fixed, the shell rotates, the working speed is usu-
ally below 50 rpm, and the working pressure of the internal
spray is 3∼4 MPa. The internal spray system is generally
arranged in the connection between the cutting drum and
the cantilever arm, and it enters into the internal part of
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the rotating cutting drum after the shaft is fixed, and sprays
outward through the nozzles, so as to realize the function
of cooling the cutting pick and spraying the dust reduction.
However, there are some cutting drums that not only rotate,
but also can be axially retracted, and the inlet and return
ports of the retracting cylinder occupy the water inlet channel
of the fixed shaft in the middle of the drum, which makes
it difficult to realize the functions of cooling the cutting
gears, spraying the dust and eliminating the sparks through
the internal spray [1]. There is currently no design available
that enables the spraying of variable-width cut-off drumswith
an internal spraying system from the cutting pick holder.
Failure or non-functioning of the internal spray system may
not only lead to premature failure of the cutting pick, affecting
the mining progress of the working face, but may also lead
to major safety accidents caused by sparking of the cutting
pick.

In order to solve the design problem of the internal spray
system of the retractable cutting drum of underground extrac-
tive mining machinery, the authors propose to use the oil
supply line in the center of the cutting mechanism as the
water supply line, and at the same time replace the retractable
cylinder with a water medium cylinder, the water medium is
used for the cylinder to retract and for spraying, and then put
forward a kind of mechanically-sealed reversing switch based
on the role of the permanent magnetic eddy current, when the
cutting head cuts off the working condition (the cutting head
rotates), the water medium is sprayed out from the cutting
teeth of the cutting drum to realize the function of internal
spraying; when the cutting head is in cutting condition (the
cutting head is rotating), the water medium is sprayed out
from the teeth of the cutting drum to realize the function
of internal spraying, and when the cylinder is in telescopic
condition (the cutting head is not rotating), the water medium
enters into the cylinder to realize the telescopic action of
the cutting drum. This design was adopted because water
is currently used in mining machines to cool cut-off motors
and cutting reducer, and this water, purified by filters and
backwash units, can also be used to drive the cylinders and
for spraying. The basic principle is to use the torque and axial
force generated during the slip drive of permanent magnet
eddy current mechanism to realize the switching of two kinds
of working conditions. When the cutting head does not rotate
(static), the attraction of the conductor disk yoke iron to the
permanent magnet of the magnet disk completes the closure
of the mechanical seal, and carries out the cylinder expansion
and contraction action, while in the rotating of the cutting
head, with the help of the mechanical mechanism, the pulling
torque of the permanent magnet eddy current drive will be
transformed into the axial force, and with the electromagnetic
axial force, it realizes the switching of the cylinder condition
to the spraying condition, and the switching valvewill be reset
again for the cylinder expansion and contraction working
condition when the slip disappears. The design theory of
permanent magnet eddy current switching valves involves

both permanent magnet eddy current drive and mechanical
sealing technologies.

The basic principle of permanent magnet eddy current flex-
ible drive technology is to follow the basic law of magnetic
induction, namely ‘‘Lenz law’’. When the conductor disk
rotates, the slip of the conductor disk and the permanent
magnet disk generates the cutting magnetic line of force
movement, which generates the eddy current in the conductor
disk, and the eddy current generates the inverse magnetic
field around the conductor disk, which drives the permanent
magnet disk to rotate, realizing the energy transfer in the
air. Reference [2] examined the axial force characteristics
between the permanent magnet eddy current coupler’s con-
ductor disc and magnet disc and came to the conclusion
that these characteristics are similar to an exponential decay
curve when the axial force and rotational speed difference
are increased. Specifically, the magnet disc exhibits gravita-
tional force between the conductor disc and the magnet disc
when the two are relatively stationary, but as the rotational
speed difference increases, the gravitational force decreases
and becomes repulsive. The analysis of the axial force and
rotative speed differential properties of permanent magnet
eddy current transmission necessitates an examination of
its electromagnetic field problem. Scholars have undertaken
extensive research on the electromagnetic field problemwhen
analyzing the torque characteristics of permanent magnet
eddy current transmission. Currently, the main theoretical
analysis methods for permanent magnet eddy current drives
include the layer model [3], the equivalent magnetic circuit
method [4], and the separated variable method (subdomain
analysis method) [5], and the computational models used are
the two-dimensional right-angle coordinate expansion model
and the column coordinate model.

Reference [3] used layer model theory to reveal the
torque-slip characteristics and axial force-slip characteristics
of permanent magnet eddy current drives, whose torque char-
acteristics are similar to the mechanical characteristics of
asynchronous motors, while their axial force characteristics
are first gravitational, and then gradually transformed into
repulsive force with the increase of slip. Reference [6] studied
in detail the axial force characteristics of disk-type permanent
magnet eddy current drives, revealing the trend and mech-
anism of axial force characteristics change. Based on the
equivalent surface current method, reference [7] deduced the
computational expression for the axial force of the speed-
regulated squirrel-cage asynchronous magnetic coupling for
helical advance and retreat at low rotational speeds, and it
was concluded that the axial force showed a tendency of
increasing first and then decreasing from the fully engaged
state to the disengaged state. Reference [8] and [9] com-
bined with the equivalent magnetic circuit method and the
magnetic circuit of the Kirchhoff’s law to establish a solid
disk permanent magnet coupler axial magnetization coupler
model, the coupler’s magnetic circuit parameters through
analytical calculations of the model, and then combined with
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the three-dimensional correction coefficients and torque for-
mula to get the coupler’s torque expression, the results of
its results and the results of the finite element analysis with
a better consistency. Reference [10] for permanent magnet
eddy current couplers with slotted conductor disks investi-
gated the analytical model of such couplers by the separated
variable method and verified the accuracy of the model by
finite element experiments. Reference [11] obtained a vector
magnetic potential flux solution for the conductor region
of a slotted conductor disk using the subdomain analytical
method (separated variables method), and the results are
consistent with those of the finite element analysis. Refer-
ence [12] established a layer model and vector magnetic
potential expression considering alternately the conductor
layer material, from which the magnetic field characteristics
and torque expression of the slotted disk magnetic coupler
were calculated. Their results show that the two-dimensional
analytical modeling method and finite element results are in
good agreement with the experimental results. Reference [13]
also proposed a speed governing mechanism for a cylinder
permanent magnet coupler with adjustable conductivity, and
the torque characteristics of the cartridge permanent magnet
eddy current governor were investigated using the sepa-
rated variable method based on a two-dimensional expansion
model. Reference [6] analyzed the electromagnetic field of a
permanent magnet coupler in axial flux using the magnetic
circuit method. However, there has not been any research on
the use of disk-type permanent magnet eddy current coupler
as a sealing compensation mechanism; the previous research
can provide reference for the analysis of torque and axial
force in this paper.

This paper firstly introduces the working principle of the
permanent magnet eddy current switching valve for external
rotor, designs the mechanical seals for two working condi-
tions based on the mechanical seal design theory, and puts
forward the axial force requirements that need to be provided
for the permanent magnet drive, secondly, establishes the
mathematical description of the eddy current magnetic field
of the permanent magnet eddy current valve, puts forward
the calculation equations of the torque and axial force of the
permanent magnet eddy current drive, and cross-checks with
the results of the finite element calculation analysis. Finally,
through numerical simulation of the permanent magnet eddy
current switching valve, the sealing state and leakage con-
dition of the permanent magnet eddy current switching are
investigated under different pressures.

II. PRINCIPLE OF OPERATION OF PERMANENT MAGNET
EDDY CURRENT SWITCHING VALVE
The permanent magnet eddy current switching valve should
have the following functions: firstly, the cylinder working
condition, the cutting drum is static, the pressure water will
be transported from the water supply shaft to the retractable
cylinder, the internal cylinder of the cutting department can
be retractable; secondly, the spraying condition, when the
cutting drum rotates and cuts, the pressure water circuit will

be switched to the internal spraying water circuit, and it
will be reset to the cylinder working condition automati-
cally when the cutting drum stops rotating. Therefore, the
permanent magnet eddy current switching valve can reli-
ably switch between the two working conditions. According
to the above requirements, this paper designs the struc-
ture of permanent magnet eddy current switching valve,
as shown in Fig. 1. According to the literature [14] and [15],
for the acidic water in downhole, carbon graphite is
selected for the dynamic ring material and silicon carbide is
selected for the static ring material, and this pair of friction
sub-combination can be applied to a variety of media such as
water, oil and gas, and has good corrosion resistance.Stainless
steel, which is not magnetically conductive, is used as the
material of the parts except for the conductor disk assembly
and the magnet disk assembly. This prevents the influence of
other ferromagnetic parts as well as external electromagnetic
fields on the permanent magnet coupling drive.

The water supply shaft 13 is stationary, and the shaft 13 is
coupled with the magnet disk assembly (permanent magnet 3,
frame 18, back iron 2 right cover 7) through the steel ball 14,
constituting a force amplificationmechanism for the torque to
axial force; the frame 18 and the right translucent cover 7 are
inlaid with a sealing ring; the left flange 1 and the right
flange 6 are fixed together by bolts, and inside the right
flange 6 there is inlaid a conductor disk 4, the end surface
of which is parallel to the magnet disk, and between the
conductor disk and the right flange is inlaid with a conductor

FIGURE 1. Structural schematic diagram of external rotor permanent
magnet eddy current switching valve.

FIGURE 2. Mechanical seal structure schematic diagram.
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TABLE 1. Units for magnetic properties.

disk yoke, the distance between which and the magnet disk
is adjustable, which is used to adjust the electromagnetic
gravitational force and torque between the conductor disk and
the magnet disk. The left flange and right flange are inlaid
with sealing rings 16 and 11, which form two mechanical
seals with sealing rings 15 and 12 respectively.

The working principle of the device is as follows: in the
cylinder condition, between the conductor disk assembly of
the transmission device and the magnet disk assembly, there
is only the suction force of the conductor disk yoke iron, and
this suction force makes the medium pressure and the sealing
closure force of the cylinder condition to reach equilibrium;
in the spraying condition, the combined force between the
conductor disk assembly of the transmission device and the
magnet disk assembly consists of three parts: the suction
force of the conductor disk yoke iron, the repulsive force
of the eddy current field of the conductor disk copper disk,
and the amplified axial repulsive force by the force booster
mechanism. and the axial repulsive force amplified by the
forcemultiplier mechanism. These combined forces cause the
closing force of the cylinder condition seal to be overcome,
thus opening that seal and pushing the left seal of the spray
condition closed; in the event of a shutdown, there is only
the suction force of the conductor disk yoke iron layer of the
conductor disk assembly of the drive and the magnet disk
assembly, and this suction force causes the closing force of
the seal of the spray condition to be overcome, thus opening
that seal and realizing the seal of the cylinder condition.

The performance requirements of permanent magnet eddy
current switching valve is shown in Table 2.

TABLE 2. Performance requirements of permanent magnet eddy current
switching valve.

III. MECHANICAL SEAL DESIGN OF PERMANENT
MAGNET EDDY CURRENT SWITCHING VALVE
Based on reference [14], the following assumptions are made
when modeling the force analysis:

(1) The fluid flow between the mechanical seal end faces
is laminar flow of incompressible viscous fluid.

(2) Seal end faces are parallel end faces, and the contact
is regarded as the contact between the rough surfaces of the
micro-convex body and randomly distributed on the contact
surface.

(3) Neglecting the interaction between neighboring
micro-convex bodies during the contact process, the friction
between micro-convex bodies, the contact reinforcement
effect and the change of hardness with depth.

(4) Changes in end load and frictional wear of the contact-
ing end faces do not affect the distribution of micro-bumps.

(5) The change of fluid viscosity in the sealing gap and the
rotation of the fluid are not considered.

A. SEAL DESIGN FORCE ANALYSIS
1) CYLINDER WORKING CONDITION FORCE ANALYSIS
Cylinder operating conditions, themagnet disk force is shown
in Figure 3. The two ends of the magnet disk are subjected to
hydraulic medium pressure, gravitational force of the magnet
and the conductor disk yoke, repulsive force of the conductor
copper disk on the magnet disk, axial thrust converted from
the permanent magnet eddy current torque (if rotative speed
difference exists), liquid film support on the sealing contact
surface, and micro-convex body support force, respectively.
The analytical calculation of each force is as follows:

The magnet disk is subjected to a combined pressure Fl of
the fluid medium pl inside the sealing end face:

Fl =
∫ Dm

Da
pl ·

π

2
ddd −

∫ Dm

Do
pl ·

π

2
ddd =

∫ Do

Da
pl ·

π

2
ddd

(1)

FIGURE 3. Cylinder working condition sealing force diagram.

87582 VOLUME 12, 2024



W. Teng et al.: Research on the Design of Mechanically Sealed Switch

FIGURE 4. Fluid combined pressure.

where pl for the medium pressure (Pa),Da for the equilibrium
diameter (m),Dm for themagnet disk diameter (m),Do for the
right dynamic ring outer diameter (m)

FIGURE 5. Conductor disk yoke electromagnetic force.

The magnet disk is subjected to the conductor disk yoke
electromagnetic force Fs is:

Fs =
∮
s6

←→
T6 dA6 (2)

where S6 is the surface enclosing the periphery of the conduc-
tor disk yoke and

←→
T6 is the Maxwell tensor at that surface.

The magnet disk is subjected to the conductor disk copper
disk axial electromagnetic force Fz1 is:

Fz1 =
∮
s4

←→
T4 dA4 (3)

where S4 is the surface enclosing the periphery of the conduc-
tor disk yoke and

←→
T4 is the Maxwell tensor at that surface.

The magnet disk is subjected to a torque T of the conductor
disk is:

T =
Ploss
ω

(4)

FIGURE 6. Conductor disk copper disk axial electromagnetic force.

FIGURE 7. The axial force converted from the water supply shaft
assembly (the ball cam force multiplier mechanism).

where Ploss is the eddy current loss of the conductor disk
assembly during rotation, calculated from electromagnetic
field analysis, and ω is the rotational speed difference
between the conductor disk assembly and the magnet disk
assembly.

The axial force Fz2 on the magnet disk assembly by the
water supply shaft assembly (the ball cam force multiplier
mechanism) is:

Fz2 = κT (5)

κ =
1

rball · tanϕ
(6)

where κ is the magnification of torque converted to axial
force, rball is the radius of the distribution circle of the steel
ball, ϕ is the inclination angle of the ball raceway along
the circumferential expansion. The amplification of the force
multiplication mechanism is shown in Fig.8.

The combined force Fp of the liquid film membrane pres-
sure p on the sealing contact surface is:

Fp =
∫ Do

Di
p ·

π

2
ddd (7)

where p = pl · (2D0 + Di) /3 (D0 + Di)
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FIGURE 8. Expanded diagram of the principle of the ball cam force
multiplier mechanism.

FIGURE 9. The combined force of the liquid film membrane pressure on
the sealing contact surface.

FIGURE 10. The bearing force of the micro-convex body of the sealing
contact surface.

The combined force Fr1 on the micro-convex body at the
seal face is:

Fr1 =
∫ Do

Di
pc1 ·

π

2
ddd (8)

Thus, the equilibrium equation for the magnet disk assem-
bly is:

Fr1 + Fz1 + Fz2 + Fp = Fl + Fs (9)

Therefore, the end face specific pressure Pc1 of the seal
under cylinder operating conditions is:

Pc1 =
Fr1
A
=
Fl + Fs − Fz1 − Fz2 − Fp

A
(10)

Expanding Eq. 9 yields:

Fp =
∫ Do

Di
p ·

π

2
ddd (11)

Pc1 =
(
K − λ

)
pl +

Fs − Fz1 − κT
A

(12)

where, k =
(
D2
o − D

2
a
)
/
(
D2
o − D

2
i

)
is the equilibrium coef-

ficient; λ = (2Do + Di) / (3 (Do + Di)) is the membrane
pressure coefficient; A =

(
π

(
D2
o − D

2
i

))
/4 is the seal ring

contact area (m2).

2) SPRAY WORKING CONDITION FORCE ANALYSIS
The right seal of the permanent magnet eddy current valve
for the outer rotor under spraying condition is open and
the left seal is closed, at this time, the forces on the end
surface at the left seal include the combined force Fl of the
hydraulic medium pressure on both ends of the magnet disk,
the gravitational force Fs of the magnet disk by the yoke iron
of the conductor disk, the electromagnetic force Fz1 of the
conductor copper disk on the magnet disk, the axial force
Fz2 transformed by the torque transmitted by the permanent
magnet eddy current, the liquid film support force Fp on
the sealing contact surface, and the micro-convex support
force Fr2 .

FIGURE 11. Spray working condition sealing force diagram.

The magnet disk is subjected to the combined force Fl of
the fluid medium pl in the sealing end face is:

Fl =
∫ Dm

Da
pl ·

π

2
ddd −

∫ Dm

Do
pl ·

π

2
ddd =

∫ Do

Da
pl ·

π

2
ddd

(13)

where pl is the medium pressure (Pa), Da is the equilibrium
diameter (m), Dm is the diameter of the magnet disk (m), Do
is the outer diameter of the left moving ring (m)
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FIGURE 12. Fluid combined pressure.

FIGURE 13. Conductor disk yoke electromagnetic force.

Similarly, Eq. (2), Eq. (3), Eq. (4), Eq. (5), and Eq. (6) can
be used to find electromagnetic force Fs on the magnet disk
by the conductor disk yoke iron, the electromagnetic force
Fz1 on the magnet disk by the conductor disk copper layer, the
axial force Fz2 on the magnet disk by the water supply shaft,
the combined force Fp of the liquid filmmembrane pressure p
on the sealing contact surface.

Therefore, the combined force Fr2 on the micro-convex
body at the seal end face is:

Fr2 =
∫ Do

Di
p ·

π

2
ddd (14)

Thus, the equilibrium equation for the magnet disk assem-
bly is:

Fr2 + Fs + Fp = Fl + Fz1 + Fz2 (15)

Therefore, the specific pressure Pc2 at the end face of the
seal at the left of the spray condition is:

Pc2=
Fr2
A
=
Fl + Fz1 + Fz2 − Fs − Fp

A
(16)

FIGURE 14. Conductor disk copper disk axial electromagnetic force.

FIGURE 15. The axial force converted from the water supply shaft
assembly (the ball cam force multiplier mechanism).

FIGURE 16. The combined force of the liquid film membrane pressure on
the sealing contact surface.

Expand to obtain:

Pc2 = (K − λ )pl +
Fz1 + κT − Fs

A
(17)
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FIGURE 17. The bearing force of the micro-convex body of the sealing
contact surface.

B. MECHANICAL SEALING CONDITIONS AND SWITCHING
CONDITIONS OF PERMANENT MAGNET EDDY CURRENT
SWITCHES UNDER DIFFERENT OPERATING CONDITIONS
The components of the right seal of the cylinder condition,
the end face pressure Pc1, and the left seal of the spray
condition, the end face pressure Pc2, show that the factors
affecting the end face pressure Pc include the pressure of
the sealing medium pl , the equilibrium coefficient K , the
membrane pressure coefficient λ , the coefficients κ related
to the structural dimensions of the ball cam force multiplier
mechanism, and the axial force Fs,Fz1 of the permanent
magnetic coupling field, and the torque T of the permanent
magnetic coupling field. According to the reference [15],
it can be seen that in the end face pressure can be maintained
at a maximum value [Pc]max of 0.6MPa and a minimum
value [Pc]min of 0.3MPa.When the end face pressure exceeds
[Pc]max, the sealing surface can fit properly, but the liquid film
between the sealing end faces cannot be produced, resulting
in substantial sealing surface wear and early seal failure.
The end face pressure is less than [Pc]min, hence the seal is
unstable and prone to leaking. In the left and right mechani-
cal seal balance diameter Da, balance coefficient K , sealing
ring width b, and sealing medium pressure pl to determine
the case, the seal and open the compensating force by the
permanent magnetic coupling field transfer of axial force and
torque of the combined force Fem provide.
The end face compensation force Fem1 of the right seal

under cylinder condition is:

Fem1 = Fs − Fz1 − κT (18)

The end face compensation force Fem2 of the right seal
under cylinder condition is:

Fem2 = Fz1 + κT − Fs (19)

The parameters of the mechanical seal structure of the per-
manent magnet vortex valve can be obtained by transforming

the equilibrium coefficient according to reference [15]:

Di = −2b (1− K )+
√
Da − 4b2K (1− K ) (20)

Do = Di + 2b (21)

Therefore, in order to maintain the proper end face pres-
sure during sealing, the end face compensation force Fem1
provided by the permanent magnet coupling device is solved
by Eq. (9), Eq. (15), Eq. (19), and Eq. (20):

Fem1Close ⩽
1
2
2bπ

(
[Pc]max −

(
K − λ

)
pl

)
·

(
2bK +

√
D2
a − 4b2K (1− K )

)
(22)

Fem1Close ⩾
1
2
bπ

(
[Pc]min −

(
K − λ

)
pl

)
·

(
2bK +

√
D2
a − 4b2K (1− K )

)
(23)

In the formula λ , the structural parameters of the seal, such
as the balancing diameterDa, the balancing coefficientK , and
the seal ring width b, can be expressed as follows:

λ =
6bK − 2b+ 3

√
D2
a − 4b2K (1− K )

6
(
2bK − b+

√
D2
a − 4b2K (1− K )

) (24)

When the right seal needs to be opened under spraying
condition, the end face specific pressure P needs to be reduced
to 0. At this time, the end face compensation force F provided
by the permanent magnet coupling device needs to be in the
range as follows:

Fem1Open ≤

bπ
(
K − λ

)
pl ·

(
2bK +

√
D2
a − 4b2K (1− K )

)
2

(25)

Similarly, in order to maintain the proper end face pressure
Pc2 during sealing, the end face compensation force Fem2
provided by the permanent magnet coupling device is solved
by Eq. (13), Eq. (15), Eq. (19), and Eq. (20):

Fem2Close

≤

bπ
(
[Pc]max−

(
K − λ

)
pl

)
·

(
2bK+

√
D2
a−4b2K (1− K )

)
2

(26)

Fem2Close

≥

bπ
(
[Pc]min−

(
K − λ

)
pl

)
·

(
2bK+

√
D2
a − 4b2K (1− K )

)
2

(27)

When it is necessary to open the left seal in spray or shut-
down conditions, the end face pressure needs to be reduced
to zero and the compensation force Fem2 provided by the
permanent magnet coupling device is required:

Fem2Open ≤

bπ
(
K − λ

)
pl ·

(
2bK +

√
D2
a − 4b2K (1− K )

)
2

(28)
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C. STRUCTURAL PARAMETER DESIGN OF MECHANICAL
SEALS FOR PERMANENT MAGNET EDDY CURRENT
SWITCHES
At this point, it can be concluded that in the permanent
magnet eddy current valve two at the mechanical seal in
the speed w can be normal sealing face compensation force
Fem1Close and Fem2Close should be greater than to maintain the
stability of the seal of the smallest end face pressure and less
than to maintain the stability of the seal of the maximum end
face pressure and seal switching to overcome the equilibrium
of the liquid film pressure of the end face compensation force
Fem1Open and Fem2Open should be satisfied with the relationship
as follows:

(
[pc]min −

(
K − λ

)
pl

)
A ≤ Fem1Close (ω)

≤
(
[pc]max −

(
K − λ

)
pl

)
A

Fem1Open (ω) ≥
(
K − λ

)
plA(

[pc]min −
(
K − λ

)
pl

)
A ≤ Fem2Close (ω)

≤
(
[pc]max −

(
K − λ

)
pl

)
A

Fem2Open (ω) ≥
(
K − λ

)
plA

(29)

The transmission characteristics of the disk-type perma-
nent magnet coupler are that the torque and axial force
decrease with the increase of the air gap, at which point there
are: {

Fem1Close (ω) > Fem2Open (ω)

Fem1Open (ω) > Fem2Close (ω)
(30)

That is to say, when the left seal of the spray condition can
be opened, the right seal of the cylinder condition must be
able to close stably after switching the condition; when the
left seal of the spray condition can be closed, the right seal
of the cylinder condition must be able to open stably before
switching the condition.

(
K − λ

)
plA ≤ Fem2Open (ω) ≤ ([pc]max

−
(
K − λ

)
pl)A(

[pc]min −
(
K − λ

)
pl

)
A ≤ Fem2Close (ω)

≤
(
[pc]max −

(
K − λ

)
pl

)
A

(31)

IV. ANALYTICAL MODELING AND VALIDATION OF
ELECTROMAGNETIC FIELDS IN PERMANENT MAGNET
EDDY CURRENT SWITCHES
A. STRUCTURAL MODEL OF PERMANENT MAGNET
COUPLING DEVICE FOR PERMANENT MAGNET EDDY
CURRENT SWITCHES
The permanent magnet coupling device model of the perma-
nent magnet eddy current switches for the external rotor is
shown in Fig.18.

B. ANALYTICAL MODELING OF ELECTROMAGNETIC
FIELDS IN PERMANENT MAGNET COUPLING DEVICES
1) MAGNETIC FIELD MODEL AND UNDERLYING
ASSUMPTIONS
In order to simplify the calculation procedure and facilitate
the study, we expand the model of the permanent magnet

FIGURE 18. Model of permanent magnet coupling device for permanent
magnet eddy current switches for outer rotor.

TABLE 3. Units for magnetic properties.

FIGURE 19. Structural model of permanent magnet coupling device for
permanent magnet eddy current switches for outer rotor.

FIGURE 20. Two-dimensional linear hierarchical model of a permanent
magnet coupling device in a right-angle coordinate system.

coupling device with permanent magnet eddy current switch
for the outer rotor into a linear model along the circumfer-
ential direction, as shown in Fig.20, which can be obtained
as a two-dimensional linear model in Cartesian coordinate
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system. The transformed 2D linear model can be divided into
different six layers:

Layer 1: magnet disk backing iron layer;
Layer 2: permanent magnet layer;
Layer 3: working air gap layer;
Layer 4: solid conductor layer;
Layer 5: adjustable air gap layer;
Layer 6: conductor disk yoke iron layer.
The following assumptions were made:
1) Only eddy current components in the z-direction are

considered and the z-direction eddy current compo-
nent subdomains x and y are correlated, since only the
z-direction eddy current component contributes to the
torque of the coupling device;

2) The layers are homogeneous with consistent material
properties and the air region outside the two yoke iron
layers is not considered;

3) The curvature error due to the transformation of the
coordinate system is neglected;

4) The model has a natural period boundary condition
along the x-direction and the period is determined by
the pole spacing of the permanent magnets;

5) The yoke iron on the conductor disk assembly has a
finite permeability µ6 and a non-zero conductivity σ6,
Eddy current effects in this layer should be considered
in the layer model;

6) Displacement currents in the conductor are neglected;
7) Use the relative velocity between the conductor disk

and themagnet disk for the analysis. The relative veloc-
ity v can be expressed as:

v =
2πnRavg

60
(32)

where n is the rotational speed of the conductor disk with the
cylinder in rpm; Ravg is the average radius of the permanent
magnet in meter, and Ravg can be calculated by Ravg =(
rpi + rpo

)
/2.

2) BASIC CONTROL EQUATIONS OF MAGNETIC FIELD AND
VECTOR MAGNETIC POTENTIAL DISTRIBUTION
Based on reference [14] and [16], the basic equation for
the magnetic field of the disk-type permanent magnet cou-
pling device of the permanent magnet eddy current switch is
expressed in terms of the magnetic vector as:

∇
2Ak = −µ0 (µk∇ ×Hk +∇ ×Mk) (33)

where Ak is the magnetic vector of layer k; µ0 is the vacuum
permeability and its value is 4π×10−7 H/m;µk is the relative
permeability of layer k; Hk is the magnetic field strength of
layer k;Mk is the magnetization strength of layer k.
In the layer 2, there is a field source but no current, which

excites a magnetic field M2 = Mr , with the following
magnetic induction in the x and y directions:

B2 =

[
B2,x
B2,y

]
= µ0µ2

[
H2,x
H2,y

]
+ µ0

[
0
Mr

]
(34)

After determining the permanent magnet material of a fixed
model, the relationship between the magnetization strength
Br of the permanent magnet and the residual magnetization
strength Mr of the permanent magnet can be expressed as
follows:

Mr =
Br
µ0

(35)

as a result:

∇ × B2 = ∇ × (H2 +Mr ) = µ0∇ ×Mr (36)

The field control equation satisfied by Layer 2 is:

∇
2A2 = −µ0∇ ×Mr = −∇ × B2 (37)

Layer 1,3,5 has neither a field source nor a current, with
equation (37): {

∇ ×Hk = Jk = 0
Bk = µ0Hk

(38)

The field control equations satisfied by Layers 1,3and5 are:

∇
2Ak = 0 k = 1, 3, 5 (39)

Layers 4 and 6 do not have a field source, but they do have
a current.:

∇ ×Hk = Jk
Jk = σkEk

∇ × Ek = −
dBk
dt
= −

dBk
dx

dx
dt
= −

dBk
dx

v

Bk = µ0µkHk

(40)

So the field control equations satisfied by Layers 4,6 are:

∇
2Ak = µ0µk

∂Ak

∂x
k = 1, 3, 5 (41)

By solving (37), (39), and (41), the vector magnetic poten-
tial of each layer can be obtained as follows:

A1 = (C1emy + D1e−my)e−jmpθ

A2 = (C2emy + D2e−my −
jBr
m )e−jmpθ

A3 = (C3emy + D3e−my)e−jmpθ

A4 = (C4eλ4y + D4e−λ4y)e−jmpθ

A5 = (C5e
my
+ D5e

−my)e−jmpθ

A6 = (C6eλ6y + D6e−λ6y)e−jmpθ

(42)

In (41), the coefficients Ck and Dk are derived using the
model boundary conditions, and λ is calculated using the
open square calculation of complex numbers [17]: λi =

4
√
m4 + (mµ0µiσiv)2eξi

ξi =
i
2
arctan

(µ0µiσiv
m

) i = 4, 6 (43)
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3) BOUNDARY AND INTERFACE CONDITIONS
From the assumption 2 that the region beyond the two-sided
yoke iron is not considered, the boundary condition imposed
on the layer model is:

∂A1n

∂x

∣∣y=0 = 0
∂A6n

∂x

∣∣y=δ6 = 0
(44)

According to the basic theory of electromagnetic fields,
the magnetic field at the interface of different media sat-
isfies the continuity of the tangential component of the
magnetic field strength and the continuity of the normal com-
ponent of the magnetic induction strength (which satisfies the
Delicacy-Neumann interface condition).

dAkn

dx
=
dA(k+1)n

dx
|y=δk k = 1, 2, 3, 4, 5 (45)

1
µk

dAkn

dy
=

1
µk+1

dA(k+1)n

dy
|y=δk k = 1, 2, 3, 4, 5 (46)

where δk are the y-coordinates of the interfaces of the layers in
the layer model, as is shown in Fig.19 and Fig.20, the values
of which are determined by the structural parameters of the
disk-type permanent magnet coupling device.

Appendix shows the detailed form of the boundary condi-
tions.

4) EDDY CURRENT LOSS AND TORQUE EQUATION
From the relationship between the eddy current density and
the magnetic vector, the expression for the eddy current den-
sity in the copper conductor disk and the yoke iron in the
conductor disk assembly can be obtained as

J4z = −σ4v
∂A4

∂x
(47)

J6z = −σ6v
∂A6

∂x
(48)

Thus, the average eddy current density of the copper con-
ductor disk and the yoke iron in the conductor disk assembly
can be expressed as:

J4avg =

∫ δ4
δ3

∫ τp/2
−τp/2

J4zdxdy

τp (δ4 − δ3)
(49)

J6avg =

∫ δ6
δ5

∫ τp/2
−τp/2

J6zdxdy

τp (δ6 − δ5)
(50)

The eddy current loss of the copper conductor disk and the
yoke iron in the conductor disk assembly are calculated from
the eddy current density as:

P4ω =
L4
σ4

∫ ∫
Layer4

∣∣∣J24avg∣∣∣dxdy (51)

P6ω =
L6
σ6

∫ ∫
Layer6

∣∣∣J26avg∣∣∣dxdy (52)

The analytical expression for the output torque of the entire
conductor disk assembly as:

T =
P4ω + P6ω

ω
(53)

The induced eddy currents in the conductive layer of the
conductor disk assembly are present in the conductive layer
in a closed-loop form, but only the eddy currents flowing
along the radial direction affect the torque of the disk-type
permanent magnet coupling device for the permanent magnet
eddy current switch for the outer rotor. Therefore, Eq. (53)
ignores the circumferential flow of eddy currents outside
the region directly opposite to the permanent magnet and
conductor disk, so the calculated torque is biased compared
with the actual situation, and a three-dimensional correction
for end effects can make the model calculation results more
closely match the actual situation. Reference [17] R-N cor-
rection factor provides a correction factor considering the
three-dimensional end effect, which improves the accuracy
of the torque calculation of the model.

ks = 1−
tanh

(
πδp
2τp

)
πδp
2τp

{
1+ tanh

(
πδp
2τp

)
tanh

(
π(δc−δp)

2τp

)} (54)

where δp represents the permanent magnet’s radial length,
δp = rpo − rpi, whereas δc represents the copper disc’s radial
width, δc = rco − rci. τp is the pole-angle spacing between
adjacent permanent magnets of the magnet disk.

FIGURE 21. The real eddy current direction of the copper disc.

The model of the output torque after considering the
three-dimensional eddy current effect is expressed as:

To = ksT (55)

5) EQUATIONAXIAL FORCE FORMULA
Based on the relationship between the magnetic vector and
the magnetic density, the analytical expressions for the
x-direction (circumferential) and y-direction (axial) compo-
nents of the magnetic density in each layer can be obtained
as:

B4x =
∂A4

∂y
,B6x =

∂A6

∂y
(56)

B4y =
∂A4

∂x
,B6y =

∂A6

∂x
(57)
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The axial force on the magnet disk can be expressed accord-
ing to the Maxwell tensor method, and the axial force can be
expressed as:

Fy =
∫∫
⃝

S4

T⃗ · ds+
∫∫
⃝

S6

T⃗ · ds (58)

where S4 is the surface enclosing the copper disk, is the
surface enclosing the yoke iron of the conductor disk

←→
T is

theMaxwell stress tensor at any point on the surface. The per-
manent magnet eddy current switches electromagnetic field
model of the surface of the conductor disk current density
vector does not have an axial component, so the Maxwell
tensor in the omission of the electric field strength term after
the expression of the form shown in equation (59):

←→
T =

1
µ0

B2x −
1
2 |B|

2 BxBy 0
ByBx B2y −

1
2 |B|

2 0
0 0 −

1
2 |B|

2

 (59)

Therefore, the axial force provided by the fourth copper
conductor layer is

Fy4=
1
µ0

∫ d

c

∫ 2πravg

0

∂
(
B4yB4x

)
∂y

+

∂
(
B24y−

1
2 |B4|

2
)

∂y

dxdy
(60)

Therefore, the axial force provided by the sixth conductor
disk yoke iron is

Fy6=
1
µ0

∫ f

e

∫ 2πravg

0

∂
(
B6yB6x

)
∂y

+

∂
(
B26y−

1
2 |B6|

2
)

∂y

dxdy
(61)

Therefore, the axial force Fem on the magnet disc assembly
is:

Fem = Fy + κT (62)

C. FINITE ELEMENT ANALYSIS OF ELECTROMAGNETIC
FIELD OF PERMANENT MAGNET EDDY CURRENT DEVICE
In order to verify the validity of the two-dimensional ana-
lytical model proposed in the paper, the permanent magnet
coupling device is analyzed by simulation verification. Here,
the analytical expression models of the axial force and torque
on the magnet disk are validated respectively, and the simula-
tion results of the 3D finite element simulation are calibrated
as the benchmark values for comparison.

1) DESCRIPTION OF STRUCTURAL PARAMETERS
In order to verify the accuracy of the analytical model of the
electromagnetic field of the disk-type permanent magnet cou-
pling device for permanent magnet eddy current switching.
A three-dimensional finite element analysis was carried out
according to the specifications of the disk-type permanent
magnet coupling structure given in Tables 4 and 5.

TABLE 4. Parameters of permanent magnet coupling structure.

TABLE 5. Permanent magnet coupling device Material properties.

2) SENSITIVITY ANALYSIS ON KEY PARAMETERS
The transmission characteristics of the permanent magnet
coupling device were simulated by adjusting the duty cycle
of the permanent magnet. With other parameters unchanged,
the simulation results were shown in Fig.22 and Fig.23. The
duty cycle of a permanent magnet is defined as the ratio of
the total length of the permanent magnet to the total length of
the distribution circle at the circumference of the mean radius
of the permanent magnet.

These figures show that increasing the duty cycle of the
permanent magnets significantly increases the static gravi-
tational force (see Fig. 23) while simultaneously increasing
the torque reversal point (see Fig. 22), resulting in a steeper
overall transmission characteristic curve. After a duty cycle
of more than 90%, there is no substantial change in trans-
mission characteristics because the rise in magnetomotive
potential changes synchronously for static gravitational force
and repulsive force in the presence of a rotative speed dif-
ference. Under the full evaluation of static gravitational force
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FIGURE 22. Torque characteristic curve of permanent magnet coupling
structure with duty cycle.

FIGURE 23. Axial force characteristic curve of permanent magnet
coupling structure with duty cycle.

and transmission properties, it is more acceptable to retain the
duty cycle of the permanent magnet between 50% and 70%,
and in this design, 50% is chosen.

The transmission properties of the permanent magnet cou-
pling device are simulated using different thicknesses of
permanent magnets (6mm-15mm). Fig.24 and Fig.25 demon-
strate the simulation findings. When the thickness of the
permanent magnet is too small, the axial force on the mag-
net disc assembly cannot be detached, and the seal cannot
be opened; however, increasing the thickness of the perma-
nent magnet can significantly increase the static gravitational
force, and at the same time, with the increase of the rotational
speed difference, the corresponding axial repulsive force and
torque reversal point will also increase, so that the transmis-
sion characteristic curve is steep.

In the example of this paper, when the thickness of the
permanent magnet increases, the static gravitational attrac-
tion will gradually increase, and at the same time, the axial
repulsion and torque under the same rotational speed differ-
ence will also increase, which will make the opening speed
of the switch mechanical seal change. The thickness of the
permanent magnet is finally selected as 12mm.

Under the premise of ensuring that the duty cycle of
the permanent magnets remains unchanged, the simulation
experiments are carried out by changing the number of per-
manent magnet pole-pairs, and the results are shown in Fig.26
and Fig.25. With the increase in the number of poles of the
permanent magnets, the spacing between poles is shortened,
and the leakage magnetism of the neighboring poles from the

FIGURE 24. Torque force characteristic curve of permanent magnet
coupling structure with permanent magnet thickness.

FIGURE 25. Axial force characteristic curve of permanent magnet
coupling structure with permanent magnet thickness.

FIGURE 26. Torque force characteristic curve of permanent magnet
coupling structure with number of pole-pairs.

poles and back to the poles through the air gap is increased,
and the reduction of themagnetic kinetic potential of themain
circuit reduces the axial gravitational force of the static state,
and the scale of the induced eddy currents is weakened at the
same time, so that the transmission characteristics of the axial
force are more level.

However, as the number of permanent magnet pole pairs
increases, the reversal points of the torque characteristic that
can be transmitted by a permanent magnet coupled struc-
ture increases, making the curve of the torque characteristic
steeper.

The actual design, in the case of structural allowances,
according to the requirements of themechanical seal switches
on the axial force to select the number of pole pairs of
magnets, but must ensure that sufficient distance between
adjacent poles to prevent excessive magnetic leakage, in this
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FIGURE 27. Axial force characteristic curve of permanent magnet
coupling structure with number of pole-pairs.

FIGURE 28. Torque characteristic curve of permanent magnet coupling
device (cylinder working condition).

FIGURE 29. Torque characteristic curve of permanent magnet coupling
device (spray condition).

example, the final take the number of pole pairs of permanent
magnets for 6.

3) COMPARISON OF FINITE ELEMENT RESULTS WITH
ANALYTICAL MODELLING RESULTS
Based on the initial parameters of 1) and the sensitivity
analysis of the structural parameters of 2), the results of the
finite element analysis are compared with the solution results
of the layer model based on the method of separated variables
in Section B, respectively, and the results are shown in Fig. 28
to Fig. 31.

The overall theoretical curves fit the finite element con-
clusions with good agreement in the low slip region. The

FIGURE 30. Axial force characteristic curve of permanent magnet
coupling device (cylinder working condition).

FIGURE 31. Axial force characteristic curve of permanent magnet
coupling device (spray condition).

prediction results of the analytical modeling method are more
accurate in the small slip region, and there is a large error
in the larger slip region, but the trend of the torque curve
is accurate. This is due to the fact that the R-N correction
factor used in Section IV is particularly effective for low
turnout cases, and errors occur when turnout is large. While
the rotational speed of the cutting section of the coal mining
cutting head is about 20 rpmwhen it is working, the analytical
model can be used for the calculation of axial force and torque
of the permanent magnet coupling device of the permanent
magnet eddy current switches.

V. EXAMPLE OF MECHANICAL SEAL PERFORMANCE OF
PERMANENT MAGNET EDDY CURRENT SWITCHES
A. SEALING CAPABILITY ANALYSIS
From the permanent magnetic coupling device electro-
magnetic field model calculations can be seen, so in the
balance of the diameter Da of 0.025m, the width of the
sealing ring for 3mm, the balance coefficient K is 0.53,
the sealing medium pressure for 3Mpa when the sealing of
the compensating force as follows:

Fem1 (n = 0, δ3 − δ2 = 2mm) = 71.612N
Fem2 (n = 0, δ3 − δ2 = 4mm) = −51.015N
Fem2 (n = 20 rpm, δ3 − δ2 = 4mm) = 71.935N

(63)
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The end face pressure as follows:{
pc1 (n = 0, δ3 − δ2 = 2mm) = 0.3334MPa
pc2 (n = 20 rpm, δ3 − δ2 = 4mm) = 0.3348MPa

(64)

It can be concluded that the end face specific pressure of
the right seal in the cylinder condition is 0.3334MPa, which
meets the requirement of the end face specific pressure for
sealing; at 20 rpm, the right seal in the cylinder condition
can be opened stably and switched to the spraying condition,
and the left seal in the spraying condition at this time is
0.3348MPa, which meets the requirement of the end face
specific pressure for sealing.

At the time of shutdown, the compensating force provided
by the permanent magnetic coupling device can overcome the
pressure of the liquid and complete the opening of the left seal
and the closing of the right seal in the spray condition. And
the switching condition of the seal is:{ (

K − λ
)
plA− Fem1 (n, δ3 − δ2 = 2mm) ≤ 0(

K − λ
)
plA− Fem2 (n, δ3 − δ2 = 4mm) ≤ 0

(65)

That is, when the end face specific pressure of the seal
is less than or equal to 0, the closing force of the seal is
not enough to overcome the opening force of the seal, and
the seal will open at this time. It is calculated that under
this set of sealing conditions, the right seal opens at speeds
higher than 6.6 rpm and the left seal opens at speeds lower
than 7.9 rpm.

B. LEAKAGE AND FRICTION ANALYSIS
1) FRICTION STATE JUDGMENT
In order to further determine the end face friction state of
the mechanical seal, the working condition parameter G in
reference [18] is used as a judgment criterion. The service
condition parameter G is a similar quasi-count of the tribo-
logical properties of mechanical seals, which is the ratio of
the viscous force of the fluid film between the end faces to
the total load carrying capacity W, which can characterize the
service condition of the seal and the load carrying capacity of
the fluid film.

G =
µn
60Pc

(66)

where µ is the hydrodynamic viscosity in N · s/m2; n is the
rotational speed in rpm; and Pc is the specific pressure of the
seal end face in pa.

The working condition parameter G of the mechanical
seal of the permanent magnet eddy current switches can be
obtained from Eq. (9) and Eq. (13) as follows

G1 =
µn

60
((
K − λ

)
pl +

Fem1
A

) (67)

G2 =
µn

60
((
K − λ

)
pl +

Fem2
A

) (68)

TABLE 6. Units for magnetic properties.

Eq. (67) and Eq. (68) are the working condition parameters
of the right seal and the left seal, respectively. By the G value
to determine the mechanical seal end face friction state based
on Table 6 shows, you can roughly determine the design of
the mechanical seal end face friction state.

FIGURE 32. Sealing condition parameters for left conditions G.

FIGURE 33. Sealing condition parameters for right conditions G.

From the previous calculations, it can be seen that
between 2.0Mpa∼4.0MPa, the working condition param-
eter G of the right seal is shown in Fig.32, and the
working condition parameter G of the left seal is shown
in Fig.33.

Under the cylinder condition, the right seal is in boundary
friction at 0∼1rpm,mixed friction at 1rpm∼5.8rpm, and fluid
friction at 5.8rpm ∼6.6rpm; under the spray condition, the
left seal is in fluid friction at 7.9rpm∼14.5rpm, and mixed
friction at 14.5rpm∼50rpm.
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2) LEAKAGE ANALYSIS
When the seal end face is in fluid lubrication, the leakage Qc
of the seal at this time is according to reference [18] as:

Qc =
πkDoC2

e (p2 − p1)
p2c

(69)

where k is an empirical coefficient with a value of 3.3×105 in
kg · cm−2 · s−1, p2 is the pressure of the sealing medium;
p1 is the atmospheric pressure; Ce is the sealing surface
gap, and according to reference [14] and [18], there are
Ce = 0.746Ry1 + Ry2 , Ry1 is the maximum height of the
contour of the surface of the moving ring, and Ry2 is the
maximum height of the contour of the surface of the static
ring.

When the seal end face is in a mixed friction state, the
leakage of the seal Qc is according to reference [18] as:

Qc = 7.5× 10−15 (Do + Di)3 n1.9

· η−0.1
(
K +

Fem
1p

)−0.9
1p0.1

(
ln

(
Do
Di

))−1
(70)

where 1p = (p2 − p1) is the system differential pressure
in 0.1MPa.

FIGURE 34. Leakage of seals Qc at cylinder condition with speeds
Schematic diagrams.

FIGURE 35. Leakage of seals Qc spray condition with speeds Schematic
diagrams.

It can be seen that the relationship between the leakage of
the right seal in the cylinder condition and the left seal in the
spray condition Qc and the rotational speed n is shown in the
figure.

In the range of 0∼50 rpm, under the fluid supply pressure
of 2.0MPa∼4.0MPa, the leakage of the right sealing surface
before it opens increases with the increase of rotational speed,
but the maximum leakage is not more than 0.192mL/h, and
the sealing end face opens when the rotational speed is more
than 6.6rpm, and at this time, the leakage is 2.4 × 106mL/h.
Under the fluid friction state, the leakage of the left sealing
surface increases with the rotational speed and decreases.
In the state of fluid friction, the leakage of the left sealing
surface decreases with the increase of rotational speed, in the
state of mixed friction, the leakage of the left sealing surface
increases with the increase of rotational speed, but the highest
does not exceed 0.2 mL/h. However, in the case of normal
operation of the seal, even if the rotational speed is reduced
to 10 rpm, in the case of the medium pressure of 2 MPa,
the maximum leakage is not more than 0.280 mL/h, and the
sealing end face opens at a low rotational speed, and at this
time, the leakage is 2.4× 106mL/h. Considering the end face
specific pressure should be in the appropriate interval, the
speed should not exceed 28 rpm, at this time in the liquid
supply pressure of 2.0 MPa∼ 4.0 MPa interval, can meet the
sealing condition of switching as well as less than the average
leakage stipulated 3mL/h in reference [15].

VI. RESULTS AND DISCUSSION
In this paper, a mechanical seal switch based on the action
of permanent magnetic eddy current torque and axial force
is firstly proposed, and its working principle is firstly elab-
orated, and the conditions for the establishment of the
mechanical seal and the conditions for the switching of
the working condition are established, and the equations of
the electromagnetic field torque and the axial force equations
of this peculiar structure are established, and the correctness
of the principle and the design method is finally verified by
the calculation of leakage and the analysis of the switching
conditions. The following conclusions are drawn.

VII. CONCLUSION
(1) According to the design theory of traditional mechanical
seals, the seal establishment and switching conditions under
the action of permanent magnetic eddy current torque and
axial force are derived, and the corresponding dimensional
constraint relations are obtained;

(2) The electromagnetic torque and axial force formulas
of the permanent magnet eddy current transmission based on
the conductor disk with internal iron ring are established by
the method of separated variables, and the analytical results
are closer to the results of some meta-analyses in the low-slip
region, and the error increases with the increase of rotational
speed. It has enough accuracy in the low-slip region to meet
the requirements of working conditions.

(3) Through the leakage simulation calculation, the work-
ing state of the mechanical seal under cylinder condition and
spray condition is revealed, which reflects the effectiveness of
the principle of permanent magnetic eddy current mechanical
seal switch.
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It should be pointed out that this paper only investigates
the principle and design theory of the permanent magnet
eddy current seal switch, and due to the complexity of its
sealing interface work, it is necessary to carry out further
detailed tests to study its sealing effect, life and reliability.
Optimization of the structural parameters of the permanent
magnet coupling structure, which drives the switches, also
contributes to the optimization of its performance, but this
is not discussed in this paper due to space constraints.

APPENDIX
Detailed boundary conditions:

∂A1n

∂x
=

∂A2n

∂x

∣∣y=δ1

1
µ1

∂A1n

∂y
=

1
µ2

∂A2n

∂y

∣∣y=δ1

(A1)


∂A2n

∂x
=

∂A3n

∂x

∣∣y=δ2

1
µ2

∂A2n

∂y
=

1
µ3

∂A3n

∂y

∣∣y=δ2

(A2)


∂A3n

∂x
=

∂A4n

∂x

∣∣y=δ3

1
µ3

∂A3n

∂y
=

1
µ4

∂A4n

∂y

∣∣y=δ3

(A3)


∂A4n

∂x
=

∂A5n

∂x

∣∣y=δ4

1
µ4

∂A4n

∂y
=

1
µ5

∂A5n

∂y

∣∣y=δ4

(A4)


∂A5n

∂x
=

∂A6n

∂x

∣∣y=δ5

1
µ5
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