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Abstract

This paper analyzes the sources of heat losses in magnetic fluid bearings, proposes various cou-

pling relationships of physical fields, divides the coupled heat transfer surfaces while ensuring the

continuity of heat flux density, and analyzes the overall heat dissipation pathways of the bearings. By

changing parameters such as input current, rotor speed, and inlet oil flow rate, the study applies a

multi-physics field coupling method to investigate the influence of different parameters on the temper-

ature field and heat dissipation patterns of the bearings, which is then validated through experi-

ments. This research provides a theoretical basis for the optimal design of magnetic fluid bearing sys-

tems.

Key words: magnetic fluid bearing, multi-physics field coupling, multiple parameter varia-

tion, heat dissipation pattern

0 Introduction

The heat generated during the operation of mag-
netic fluid bearings causes a temperature increase in
various parts of the main spindle, leading to thermal
deformation and changes in the bearing clearance.
Compared with traditional calculation methods, numer-
ical methods with multi-physics field coupling provide
more realistic results in the analysis of temperature

121 Shi et al. P! developed a thermal-structural

rise
coupling mathematical model for the permanent magnet
synchronous motor electric spindle, highlighting the
impact of axial temperature difference on machining ac-
curacy. Yin et al. ¥ used an indirect coupling method
to establish a fluid-heat-conduction-solid coupling
mathematical simulation model for liquid hydrostatic
spindles, analyzing the effects of certain structural pa-
rameters and operating parameters on spindle tempera-
ture rise. Holkup et al. "*' established a thermal-solid
coupling model for electric spindles, analyzing the tem-
perature field and heat distribution caused by the motor
and bearings; while other researchers used the compu-
tational fluid dynamics-fluid structure interaction

(CFD-FSI) method to study fluid dynamic lubrication

analysis and structural elastic deformation in rotor bear-

ing systems based on the isothermal assumption'®”’.

This study conducts a multi-field coupling simula-
tion analysis of the temperature field and heat dissipa-
tion patterns in magnetic fluid bearings, and further
visually analyzes the temperature rise issue through ex-
periments, providing a theoretical basis for the reason-

able design of magnetic fluid bearing systems.

1 Magnetic fluid bearing system and cou-
pling relationships

1.1 Magnetic fluid bearing system

The magnetic fluid bearing comprises two sets of
bearing systems; electromagnetic suspension and liquid
static pressure. The primary support is provided by
electromagnetic suspension, with static pressure sup-
port as a secondary means, enabling dual support that
can be adjusted in real-time. The magnetic fluid bear-
ing system is depicted in Fig. 1.

The magnetic fluid bearing system mainly consists
of components such as stator ( made of silicon steel
with chrome plating) , rotor, magnetic sleeve ( made of
cold-rolled non-oriented silicon steel with chrome plat-

ing), coil, end cap, and seal cap. Inside the stator,
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there are eight cylindrical magnetic pole structures
evenly distributed in the circumferential direction.
Coils are wound around the magnetic poles, generating
electromagnetic force when powered. At the central po-
sition of the magnetic pole, there is an inlet for fluid.
The oil is pumped out from the oil tank, and as it flows
through the end face between the magnetic pole and the
magnetic sleeve, it forms a static pressure supporting
chamber. Under uninterrupted oil supply conditions, it

creates a liquid static pressure supporting force ™.

Radial magnetic

Axial loader il e

Coupling

Radial loading Axial magnetic
device lBracket| | Shaft fluid bearing
Fig.1 Composition diagram of magnetic-liquid double sus-

pension bearing system

1.2 The coupling relationship of magnetic fluid
bearings

In magnetic fluid bearings, there are four physical
fields: magnetic field, flow field, temperature field,
and structural field, which interact with and influence
each other, forming mutual coupling relationships.
These coupling relationships are divided into four as-
pects.

(1) Fluid-thermal coupling: in the system, this is
manifested as the interaction between the fluid field
and the temperature field of magnetic liquid bearings.
It leads to increased system losses, temperature rise,
and an increase in the dynamic viscosity of the hydrau-
lic oil provided by the bearing’s static pressure system
with increasing bearing temperature. It also results in
an increasing in internal frictional forces due to the in-
teraction of fluids"’.

(2) Fluid-structure thermal coupling, or conjugate
heat transfer; when heat exchange occurs between the
fluid and structure, the thermal boundary conditions
(such as temperature and heat transfer coefficients )
between them are calculated in real-time during the
conjugate heat transfer process and cannot be preset.
In the context of magnetic liquid bearings, this is ob-
served in the heat transfer process between coils and flu-

id, as well as between the stator and the fluid"'"’.

(3) Structural-thermal coupling; this coupling re-
lationship involves the interaction between the structur-
al field of magnetic liquid bearings and the temperature
field. It is manifested by the increase in temperature of
the stator and rotor during the operation of the bearing,
leading to thermal deformation in the overall radial
bearing and its components' "’

(4) Electromagnetic-thermal coupling: this cou-
pling relationship arises from the interaction between
the magnetic field generated by the current passing
through the magnetic liquid bearing and the tempera-
ture field. It is observed in the bearing as an increase
in eddy current losses in the rotor due to changes in
operational parameters, leading to thermal deformation

of the rotor during operation"'*’

2  Analysis of thermal losses in magnetic
fluid bearings

The thermal losses of the bearing are mainly com-
posed of two parts, namely, the thermal losses of the
electromagnetic support system and the thermal losses
of the hydrostatic support system.

2.1 Calculation of thermal losses in the electro-
magnetic support system

The thermal losses in electromagnetic bearings are
generally composed of copper losses ( heat generated
due to coil resistance) , iron losses (eddy current los-
ses and hysteresis losses ), and windage losses ( air
friction losses). In this research system, the stator re-
mains stationary, and direct current is passed through
the coils wound around the stator. Therefore, the stator
does not produce iron losses, and the space between
the stator and rotor is filled with hydraulic oil, elimina-
ting windage losses. Therefore, it is only necessary to
calculate the copper losses.

Refer to Eq. (1) for the calculation of coil cop-
per losses.

P, =R = IpL (1)

where, P, is coil copper losses, W; [ is current, A;
R is wire resistance, {); L is wire length, m; p is wire
resistivity,  * m™'.

The heat generation rate of each coil is as shown
in Eq. (2) sl

_Pu _PpL _Tp (2)
b =y =78 75

.
. . . -3
where, g, is heat generation rate of each coil, W - m™;

. . 3 . .
V_ is coil volume, m’; S is cross-sectional area of the

cu

. 2
wire, m”.



HIGH TECHNOLOGY LETTERSIVol. 30 No. 31Sep. 2024

265

2.2 Calculation of heating loss in liquid hydro-
static bearing systems

The heat loss in liquid hydrostatic bearings mainly
comes from the power loss of the lubrication system and
the fluid friction loss when there is relative motion be-
tween the fixed and rotating components. Magnetic flu-
id bearings are equipped with a cooling system, and
the inlet oil temperature is considered constant, so the
power loss of the lubrication system is not taken into
account; only the fluid friction loss needs to be calcu-
lated.

The calculation of the frictional force in a support

cavity is as shown in Eq. (3)"".

F, = %Af (3)

where, 7, is dimensionless fluid friction coefficient; v

is sliding speed of the sliding component, m - s™'; h,

is oil film thickness, mm; A, is effective frictional area

Then, the fluid friction
loss can be calculated using Eq. (4).
2 A

s (4)

of the support cavity, mm”.

N/.:F/."[):’n

2.3 Boundary conditions
The initial design parameters and material proper-
ties of the magnetic fluid bearings are shown in

Tables 1 and 2.

Table 1  Initial design parameter
Type Density_ . Specific heat capacity ~ Heat conductivity  Elasticity modulus Dilatation coefficient
P/(kg-m™") C/()/kg/C) K/ (W/m/C) E/MPa B/ (pm/C)
Stator  23QG385 7 650 502 16.27 1.95 x10° 11.2
Coil Cu 8 978 381 387.60 1.10 x 10° 18.5
0il LHM46" 870 1 880 0.12 — —

Table 2 Material properties

Input current i,/ A Flow ¢,/ (L + min™")

Rotate speed n/(r + min™") 0il temperature T/C

2 0.02

2 000 20

Wire diameter D/mm

Wire resistivity p,/ () * m)

Number of turns per coil Magnetic pole thickness

N/dimensionless A/mm
0.4 0.133 143 20
Magnetic pole axial length Film thickness Oil viscosity (20 °C)
B/mm hy/ pm w/(Pa-s)
45 30 4.136 x102

Using coupled heat transfer methods to solve the
thermal exchange between the stator, coil, and fluid,
ensuring the continuity of heat between the coupled
surfaces. The boundary conditions for each heat trans-
fer surface can be divided into the following three
parts.

(1) Heat transfer coefficients between the two
ends of the rotor and the external environment

When the rotor rotates, its two side faces are in
relative motion with the air. The heat transfer coeffi-
cient can be calculated according to Eq. (5) for this
phenomenon' "',

mrn. 078

hl =7 8.7 =78(E (5)

where, h, is heat transfer coefficient between the two ends
of the rotor and the external environment, W/ (m’ - °C);
u is linear velocity of the rotating shaft surface,

m - s ' ris length of the rotating radius, m; n is ro-

.o
tor speed, r * min~ .

When the rotational speed is n =2 000 r * min ',
the heat transfer coefficient between the two ends of the
rotor and the external

25.12 W/(m* - C).
(2)The heat dissipation rate of the stator casing

environment is h, =

The heat transfer between the stator casing and the
external environment includes two methods: natural con-
vection and thermal radiation. According to Ref. [2],
h,=9.7 W/(m*> - C).

(3)The heat transfer coefficient between the cou-
pled heat transfer surfaces

Because the heat generation in the coil and the
fluid cooling of the coil occur simultaneously, the heat
transfer rate between them cannot be predetermined. In
Fluent, the coupled heat transfer surfaces between flu-
id-coil, coil-stator magnetic poles, and stator-fluid are
set as coupled heat transfer surfaces to ensure continu-
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ous heat flux density between the three.
The three heat transfer surfaces are shown in Fig. 2.

Stator -air
heat transfer
surface

Stator -lubricant
heat transfer
surface

Rotor -air
heat transfer
surface

A diabatic
surfaces

Fig.2 Heat transfer surface of magnetic-liquid bearing

2.4 The overall heat transfer path of the bearing

The heat transfer path between the stator, winding
coils, magnetic core, rotor shaft, and the surrounding
air is shown in Fig. 3.

Fig.3 Heat dissipation of bearing system

From Fig. 3, it can be observed that there are two
ways for the heat dissipation of coil losses: one is
through heat conduction to the stator, and the other is
through convective heat transfer to the fluid. The mag-
netic core has three paths, adding additional heat dis-
sipation routes; dissipating heat to the air through con-
vective heat transfer. Analyzing the data in the figure,

the total copper loss in the coil is 82.96 W, of which
38.98 W (46.99% ) is transferred to the stator, and
43.98 W (53.01% ) is carried away by the oil for ab-
sorption. The stator absorbs 37.36 W (95. 84% ) of
the heat from the coil, with 1.62 W (4.16% ) dissi-
pating into the air. The eddy current loss in the mag-
netic core is 26. 14 W, of which 24. 88 W (95.18% )
is absorbed by the oil, 0.83 W (3. 18% ) dissipates
into the air, and 0.43 W (1.64% ) is absorbed by the
rotor shaft. In the end, all the heat of 109. 10 W,
98.84% (107. 84 W) is transferred to the oil, and
1.16% (2.88 W) is dissipated into the air. There-
fore, it is evident that oil is the main cooling pathway
for the bearing, and the cooling efficiency of the oil

can reach 98.84% .

3 The impact of parameter changes on the
heat dissipation patterns of bearings

The heat loss of the bearing has only two path-
ways, oil and the atmosphere. With changes in param-
eters, the heat dissipation characteristics of the bearing’s
coil and magnetic core will also change. By extracting
the heat transfer rates between various coupled heat ex-
change surfaces, an analysis of the overall heat dissipa-
tion characteristics of the bearing is conducted, explo-
ring how parameter changes influence the dissipation
characteristics of the two major heat sources in the
bearing.

3.1 The relationship between input current
parameters

An increase in input current directly results in an
increase in copper losses in the bearing coil and eddy
current losses in the magnetic core, leading to an in-
tensification of bearing temperature rise. The study of
the dissipation characteristics of the two major heat
sources in the bearing with the variation of input cur-
rent is presented in Table 3.

Table 3  Change rule of heat transfer rate of bearing with input current

Input cur- Eddy current loss — fluid Eddy current loss — atmos-  Coil copper loss — fluid  Coil copper loss — atmospher-
rent I/ A heat transfer rate P,/W pheric heat transfer rate P,/W  heat transfer rate P,/W ic heat transfer rate P,/W
2.0 24.88 1.26 81.36 1.62
2.2 30.48 1.55 98.44 1.96
2.4 36.33 1.86 117.15 2.34
2.6 43.60 2.20 137.50 2.73
2.8 50. 80 2.58 159.47 3.17

With the increase in input current, the copper
losses in the bearing coil and eddy current losses in-

crease as well. As shown in Table 3, the heat transfer
rates of eddy current losses and coil copper losses to the
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fluid and atmosphere increase with the increase in input
current. The proportion of losses transferred to the at-
mosphere and fluid is analyzed, as illustrated in Fig. 4.
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Fig.4 Change rule of ratio of heat transfer rate with input current

3.2 The relationship between the rotor rotational
speed and its parameters

Due to the synchronous rotation of the rotor shaft
and the magnetic core, as the rotational speed increa-
ses, the relative velocity between the rotor end and the
air increases. According to Eq. (5), it is evident that
the heat transfer coefficient between the rotor and the
air linearly increases with the rotational speed. This
will inevitably lead to an increase in heat transfer from
the magnetic core to the atmosphere, subsequently af-
fecting the heat dissipation pattern of the magnetic
core. However, the rotation of the rotor does not affect
coil losses, nor does it impact the heat dissipation pat-
tern of coil losses. The heat dissipation pattern of the
bearing with respect to rotor rotational speed variation
is presented in Table 4.

Table 4 Change rule of heat transfer rate of bearing with revolution speed

Rotate speed  Eddy current loss — fluid  Eddy current loss — atmos-

Coil copper loss — fluid ~ Coil copper loss — atmospher-

n/r + min ! heat transfer rate P,/W pheric heat transfer rate P,/W  heat transfer rate P,/W ic heat transfer rate P,/W
2 000 24.88 1.26 81.36 1.62
3 000 40.17 2.74 81.35 1.62
4 000 53.84 4.54 81.35 1.63
5 000 67.64 6.70 81.34 1.63
6 000 80. 68 9.13 81.33 1.64

According to Table 4, it can be observed that the
heat dissipation pattern of the bearing’s coil copper los-
ses remains unchanged with an increase in rotor rota-
tional speed. The heat transfer rate of eddy current los-
ses to the atmosphere and fluid increases, while the
heat transfer rate of coil copper losses to the fluid and
atmosphere remains relatively constant. The changes in
the proportion between P, and P, are analyzed, as
shown in Fig. 5.

N 2
1007

Percentage/%

2000 3000 4000 5000 6000

Rotate speed/(r'min™!)

Fig.5 Change rule of ratio of heat transfer rate with revolution
speed

From Fig. 5, it can be seen that the percentage of
bearing coil copper losses in the total heat source of the
bearing decreases from 76% to 48% , while the per-
centage of eddy current losses in the total heat source
of the bearing increases from 24% to 52% . This is be-
cause with the increase in rotor rotational speed, eddy
current losses increase while copper losses stay con-
stant, resulting in a greater proportion of eddy current
losses relative to copper losses. Furthermore, due to
the increased speed, the heat transfer rate at the rotor
end face increases, resulting in a continuous increase
in the heat transfer rate of eddy current losses to the at-
mosphere ( P,). The heat transferred to the atmos-
phere from the bearing increases from 2% to 6% of the
total heat transferred to the atmosphere, and the heat
transferred to the fluid decreases from 98% to 94% .

3.3 Relationship with inlet oil flow rate

Changes in flow rate significantly affect the flow
velocity within the bearing, increasing flow velocity
will accelerate bearing cooling, thereby affecting the
heat dissipation pattern of the magnetic core. The re-
sults are shown in Table 5.
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Table 5 Change rule of heat transfer rate of bearing with oil flow

Oil flow rate Q

fluid heat transfer rate

Eddy current loss —  Eddy current loss — at-

mospheric  heat transfer

Coil loss — atmos-
Coil copper loss — fluid ol .copper 058 7 aImos
pheric heat transfer rate

/(L +min™") P/W vate P,/W heat transfer rate P,/W PV
0.02 24.88 1.26 81.36 1.62
0.03 24.88 1.06 81.50 1.49
0.04 25.08 0.95 81.54 1.43
0.05 25.19 0.87 81.59 1.38
0.06 25.27 0.81 81.63 1.35

From Table 5

flow increases, the bearing eddy current losses and the
heat transfer rate from the coil to the fluid gradually in-

, it can be seen that as the inlet oil

crease, while the heat transfer rate to the atmosphere
gradually decreases. Moreover, the magnitude of the
heat transfer rate change is relatively small. Therefore,
it can be inferred that the effect of inlet oil flow on the
heat dissipation pattern of the bearing is not signifi-
cant. Further analysis on the proportion between P,
and P, is presented in Fig. 6.

Building on the insights from Fig. 6, it can be
observed that the increase in inlet oil flow does not
affect the ratio of eddy current losses to coil copper
losses. Coil copper losses account for 76 % of the to-
tal heat source of the bearing, while eddy current
losses account for 24% of the total heat source of the
bearing. This is because the inlet oil flow does not
have an impact on the bearing’s heat source. As in-
ferred from the proportion between P, and P,, with
the increase in inlet oil flow, there is no significant
change in the proportion of heat transferred by the
bearing to the atmosphere and the fluid. Therefore,
it can be concluded that the magnetic pole inlet oil
flow has almost no effect on the heat dissipation pat-
tern of the bearing.
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Fig.6 Change rule of ratio of heat transfer

rate with oil flow

4 Experiment

The test conditions for the magnetic fluid bearing
test stand are as follows: the input current can be ad-
justed within the range of 2 A to 3 A, and the rota-
tional speed can be adjusted within the range of
50 r * min~' to 500 r *+ min~'. There is a JCJIOOTTP
temperature sensor attached to the stator of the bear-
ing, with a maximum temperature measurement range
of —55.0 C to + 125.0 C and an accuracy of
+0.5 C, as shown in Fig. 7. The signals are con-
nected to the DH5922D dynamic signal testing and a-
nalysis system.

Fig.7 Pasting temperature sensor

Because the oil tank has a relatively large volume,
the inlet oil temperature can be considered constant
and at room temperature. The temperature at the outlet
is measured using a temperature sensor under different
input currents. The temperature difference between the
outlet and the oil tank temperature is then calculated,
giving the temperature difference between the inlet and
outlet under different input currents. The temperature
difference curves between the inlet and outlet obtained
from experiments and simulated calculations are shown

in Fig. 8.
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Fig.8 Simulation and measure values of temperature differ-
ence between inlet and outlet under different input

current

According to Fig. 8, it can be observed that the
temperature difference between the inlet and outlet of
the bearing in simulations exhibits a linear increasing
trend with the increase in input current. As the current
increases from 2.0 A to 2.8 A, the temperature differ-
ence between the inlet and outlet increases linearly
from 0.06 °C to 0.12 “C. There is some deviation be-
tween the actual measured values and the simulated re-
sults, with a maximum error of 6. 7% . However, the
trend of the temperature difference between the inlet
and outlet matches the simulated values, and the error
falls within an acceptable range.

Temperatures at the oil outlet under different
speeds are measured using a temperature sensor. Sub-
tracting the temperature of the oil in the tank from the
measured temperatures at the oil outlet gives the tem-
perature difference between the oil inlet and outlet un-
der different speeds. Fig. 9 shows the temperature
difference curve obtained from experiments and simula-
tion calculations for the oil inlet and outlet.
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Fig.9 Simulation and measure values of temperature difference

between inlet and outlet under different rotate speed

According to Fig. 9, it can be observed that the
temperature difference between simulated inlet and outlet
of the bearing remains relatively constant as the speed in-

creases. As the speed increases from 40 r - min~' to
200 r * min~", the temperature difference between the
inlet and outlet consistently stays at 0. 060 °C. In con-
trast, during experiments, the temperature difference
between the inlet and outlet increases from 0. 064 °C to
0.070 °C as the speed increases, although the change
is not very significant. This is because in the simula-
tion, the inlet oil temperature is theoretically kept con-
stant and does not account for the heat generation of
the oil pump motor. In actual experiments, the heat
generated by the oil pump motor causes an increase in
the oil temperature. The trend in temperature differ-
ences between the inlet and outlet from experiments
generally matches the simulated baseline, with a maxi-
mum error of 14. 3% . The experimental process is in-
fluenced by various factors, resulting in a certain devi-
ation between the measured temperature values and the
simulated ones. However, the temperature change
trend remains basically the same.

5 Conclusion

(1) By extracting the heat transfer rates between
the various coupled heat exchange surfaces, the overall
heat dissipation characteristics of the bearing are ana-
lyzed. This is done to investigate the cooling efficiency
of the oil and study the impact of parameter variations
on the overall heat dissipation of the bearing. The re-
sults indicate that increasing the inlet oil flow rate is
beneficial for enhancing the cooling efficiency.

(2) The dissipation patterns of the two major heat
sources and their interactions with parameters are re-
vealed. The results indicate that oil is the primary
cooling pathway for the bearing, and the cooling effi-
ciency of the oil can reach 98.84% .

(3) The accuracy of the multi-field coupling theo-
ry in calculating temperature rise is verified. The re-
sults show that gradually increasing the input current
results in a linear increase in the stator’s average tem-
perature, with a maximum error of 4. 50% between
measured and simulated values. Similarly, the temper-
ature difference between the inlet and outlet of the oil
linearly increases, with a maximum error of 6. 70% . As
the rotational speed is gradually increased, the trend in
stator temperature changes is largely consistent, with a
maximum error of 5.36% . However, the maximum er-

ror in the temperature difference between the inlet and

outlet of the oil is 14.30% .
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