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Abstract

Due to low viscosity of seawater, it is difficult to form a seawater-lubricated film. It is easy to
cause the overload and burning phenomenon of seawater-lubrication sliding bearing, and then the
operation stability and service life can be shortened seriously. Therefore, the paper introduces an
electromagnetic suspension theory into the seawater lubricated sliding bearing. Then a novel magnet-
ic-liquid double suspension bearing can be formed, which can enhance bearing capacity and stiffness
greatly. Firstly, the structural characteristics, support-adjustment mechanism of magnetic-liquid
double suspension bearing is analyzed. Secondly, based on force balance equation, electromagnetic
equation and flow equation, the transfer functions of single DOF bearing system of magnetic-liquid
double suspension bearing under constant-flow supply model are deduced. Then bearing capacity,
static stiffness and total power loss are selected as static performance indexes. The influence rule of
operaton and structural parameters on the static performance of single DOF bearing system will be
analyzed. The results show that bearing capacity decreases with the increase of liquid film thickness
and width of edge seals, bias current and coil turns decrease. Static stiffness decreases with the in-
crease of liquid film thickness, edge seals width, bias current and coil turns. Total power loss de-
creases with the increase of liquid film thickness, edge seals width, bias current and coil turns de-
crease. And static performance indexes can not be affected by liquid viscosity. The proposed re-
search provides some theoretical and experimental basis for the parameter design of magnetic-liquid
double suspension bearing.

Key words: magnetic-liquid double suspension bearing, static performance index, bearing ca-
pacity, static stiffness, total power loss

0 Introduction

Due to the advantage of widespread sources, low
price, non-pollution of seawater that can be recycled
and so on, seawater lubricated bearing is widely used
in engineering practice such as hydropower generation,
deep-sea exploration and so on. However, due to the
low viscosity, it is difficult to form lubricating film,
and then the bearing capacity and stiffness of seawater
lubricated film are very poor. It is easy to cause over-
load and burning phenomenon, and the operation sta-
bility and service life can be greatly shortened.

Magnetic bearings adopt a non-contact supporting
structure, which has the advantages of no friction and
wear, high precision, strong reliability, low energy
consumption and no lubrication, etc. It is very suitable
as an auxiliary supporting form for seawater lubrication
bearing. Therefore, this work introduces magnetic sus-
pension concept into hydrostatic bearing in order to
form magnetic-liquid double suspension bearing, and it
can further improve the bearing capacity and stiffness.

Due to combining the magnetic bearing and hydro-
static bearing together to form a new type of supporting
system, the static performance such as bearing capaci-
ty, static stiffness and power loss on the bearing per-
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formance of magnetic-liquid double suspension bearing
needs to be further studied. This paper will analyze the
force of magnetic-liquid double suspension bearing un-
der a constant flow supply model. And according to the
transfer function, the influence of different parameters
(film thickness, bias current and electromagnetic coil
turns etc. ) on system static performance will be ana-
lyzed.

In recent years, many scholars have done deep re-
search on hydrostatic bearing and electromagnetic bear-
ing, and acquired large achievements. In Ref. [1],
flexibility analysis of the rotor-AMBs system was car-
ried out, and the dynamic equations of the rotor-AMBs
system, critical speed, logarithmic attenuation rate and
vibration modal shapes of the rotor were obtained. The
bearing capacity and influencing factors of water-lubri-
cated thrust bearing were analyzed. In Ref.[2], the
results showed that the bearing capacity of the bearing
could be improved by choosing appropriate friction pair
and PV value. In Ref. [3], a 3-dimensional finite ele-
ment model of bearing was formulated by Gambit and
FLUENT simulation. And the results showed that oil
film pressure peak value of the deep/shallow pockets
hybrid bearing appeared in every shallow pocket, and
the carrying capacity was increased with the increase of
eccentricity and rotational speed. In Ref. [4], a single
degree of freedom maglev double-closed-loop control
system was established to analyze the influence of cur-
rent inside loop on system response speed and stabili-
ty. The results showed that the current feedback accel-
erated control system responds speed, which is benefi-
cial to the system stability, and can improve dynamic
stiffness and critical speed.

At present, hydrostatic-suspension and magnetic-
suspension bearing system are studied separately by do-
mestic and foreign scholars. But static bearing charac-
teristics of magnetic-liquid double suspension bearing
has not been reported. Static bearing characteristics are
the basis for analyzing the running stability and service
life of magnetic-liquid double suspension bearing >®'.

Therefore, static bearing characteristics of mag-
netic-liquid double suspension bearing are analyzed in
the paper. The research of the paper provides the theo-
retical basis for designing magnetic-liquid double sus-
pension bearing.

1 Introduction of magnetic-liquid double
suspension bearing

Magnetic-liquid double suspension bearing system
with seawater lubricated is mainly composed of base,
shell, flux sleeve ( cold-rolled, non-oriented silicon-

steel and galvanized) , coil turns, stator (electric iron
+ galvanized) , rotor and other components, as shown
in Fig. 1 and Fig.2. Eight NSSNNSSN magnetic poles
are distributed along the circumferential direction. Two
adjacent heteropolar magnetic poles pairs are formed
into one magnetic-pole-pair. And a magnetic circuit
between magnetic-pole-pair and flux sleeve will be
formed to produce electromagnetism. Each pole pair
has a liquid inlet hole in supporting cavity. When sea-
water through the gap between magnetic pole and flux
sleeve, then the hydrostatic bearing force can be gener-
ated.
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Fig.1 Semi-isometric view of magnetic-liquid double

suspension bearing

hole

| Stator

777722
'Ilr”
NN
-
2
&

K

N ‘éo S

Fig.2 Full-sections drawing of magnetic-liquid double

suspension bearing

Magnetic-liquid double suspension bearing system
includes magnetic suspension and hydrostatic suspen-
sion support system (adjustment principle can be shown
in Fig.3). The additional electromagnetic force can be
introduced into the magnetic-liquid double suspension
bearing system, and double support of electromagnetic
force and hydrostatic force in real time can be
achieved. So that bearing capacity, stiffness and oper-
ational stability can be significantly increased, and the
service life is prolonged. And then magnetic-liquid
double suspension bearing system is very suitable for
low-speed, over-loaded and frequent-start occasion.
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Fig.3 Single degree freedom support regulation principle

of magnetic-liquid double suspension bearing

Eight magnetic poles are evenly distributed along
circumference. Two adjacent heteropolar magnetic poles
pairs are formed into one magnetic-pole-pair. In initial
state, electromagnetic force and hydrostatic force of 2
adjacent heteropolar magnetic poles of magnetic pole
pair are separately equal. So magnetic pole pair is ana-
lyzed as a unit, and then it can be called as support
unit (force analysis as shown in Fig.4).
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Fig.4 Force diagram of single degree freedom magnetic-liquid

double suspension bearing

Under the external load, the parameters of PID
controller are adjusted, and electromagnetic force and
hydrostatic force can be adjusted in certain proportion
in real time to support the external load (as shown in

Fig.5).
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Fig.5 Control block diagram of magnetic-liquid

double suspension bearing

2 Transfer function of single DOF bearing
system

In order to study the bearing characteristics of
magnetic-liquid double suspension bearing, the follow-
ing assumptions are made'*"")

1) Flow status of lubricant liquid is laminar flow,
and inertial force is ignored.

2) Due to low pressure, pressure-viscosity char-
acter is ignored.

3) MFL is ignored, and flux is uniformly distribu-
ted in magnetic circuit.

4) Reluctance of core and rotor are ignored, and
magnetic potential only acts on the air.

5) Magnetic hysteresis and eddy current effects
are ignored.

6) Supporting surface is assumed to be rigid
body.

2.1 Initial state of a single DOF system

Take single DOF system as the research object,
which consists of upper and lower support unit (it is
shown in Fig. 3 and Fig.4). Single DOF system adopts
the control way of overall open-loop and local closed-
loop' "' (it is shown in Fig.5).

In initial state, liquid film thickness, bias cur-
rent, and electromagnetic force of upper and lower sup-
port unit are separately equal, and gravity of rotor can
be neglected.

1) Current equation current amplifier is used in
the magnetic-liquid double suspension bearing system.
And the bias current of the initial state is shown as fol-
lows
= ipian,Z,O = io (1>
o is current of upper magnetic 1 (A),

lpian ,1,0
where 1

1

ian 1
pian,2.0 ils current of lower magnetic 2 (A). i, is current
of current amplifier (A).

2) Flow equation magnetic-liquid double suspen-
sion bearing adopts constant-flow supply mode, and
flow equation of the upper and lower support cavity

land 2 can be shown as follows! 23! .

{‘]1,0 = 1,0 <2>
920 = Y20

where ¢, , is initial flow of upper support cavity 1
(L/min) , ¢, , is initial flow of lower support cavity 2
(L/min) , g, is initial flow of multi-pump outlet 1
(L/min) , gy, ,, is initial flow of multi-pump outlet 2
(L/min).

3) Hydrostatic force according to Navier-Stokes e-
quation, hydrostatic force (f,,,, and f,,,,) of upper
and lower cavity 1 and 2 are shown as follows:



HIGH TECHNOLOGY LETTERSIVol.25 No.4|Dec. 2019

437

freno = 2paoA.cos0 = 2q, (RyA, cosf
where, 6 is angle between centerline of support cavity
and plumb line (as shown in Fig. 3 and Fig.4) (°),
P is pressure of upper support cavity 1 (MPa), p,,

{fw,l,o = 2p, A, cos0 = 2q, (RyA, cost (3)

is pressure of lower support cavity 2 (MPa). w is dy-
namic viscosity of seawater (Pa « s), R, is liquid resist-

ance of upper and lower support cavity 1, 2 (N + s/m’).

R, = 25
* " Bh
where B is flow coefficient of support cavity ( dimen-
sionless) .
= A-a B-b
B =
6b " 6a

where A, is bearing area of support cavity (m’).
A, = (A-a)(B-0)

where A is length of support cavity along axial direction
(m) (as shown in Fig.6). B is width of support cavi-
ty along circumferential direction (m) (as shown in
Fig.6). a is sealing tape width of support cavity along
axial direction (m) (as shown in Fig.6). b is sealing
tape width of support cavity along circumferential direc-
tion (m) (as shown in Fig.6).

Sealing tape 1o ]
Supporting
N cavity O Input hole B
a
A
A

Fig. 6 Structure of support cavity

4) Electromagnetic force according to Maxwell at-

tractive formula, £, | o, fimo2o0 can be shown as fol-

d

lows .
io
fdirm,l,() = fdmn,z,o = 2k WCOSH (4)
where k is electromagnetic coefficient (H - m), k =
N’A
l%; hy is initial liquid film thickness (m). [ is

thickness of zinc coating (m) ; u, is permeability of air
(H/m), uy =47 x10 "7y N is coil turns ( dimension-
less) ; A, is area of core (m”) (as shown in Fig.5).
A, = AB

5) Mechanical balance equation of rotor based on
Newton’ s second law, mechanical balance equation of
rotor is obtained as follows:

fdm,l,o +f)»e,2,0 _fdzan,z,o _fye,l,o = mg (5)
where m is mass of rotor (kg), g is gravity accelera-
tion (m/s”).

2.2 Working state of single DOF system
Under the external load, the displacement of rotor
is x, and the liquid film thickness of upper and lower
support cavity h,, h, are shown as follows "*'* .
h, = hy + xcosf
{hz = h, - xcosf
1) Current equation, during the process of apply-

(6)

ing external load, the control current of bearing system
and electromagnetic force are changed. So the output
current of the current amplifier is

ipian,l,l = ipian,z,l = io + i(- (7>
where i, ,, is current of upper magnetic 1 (A),

i is current of upper magnetic 2 (A), i, is control

pian,2,1
current (A).

2) Flow equation, when the film thickness chan-
ges, the liquid resistance of upper and lower support
cavity changes. At the same time, considering the in-
fluence of the sensitive oil volume, the flow rate of the

upper and lower support cavity is shown as follows;

oa *

q91 = G0 _Abh] - EP]
(8)

cu o an Ve

9 = Y400 sl EP

where ¢, is flow of upper support cavity 1 (L/min), ¢,
is flow of lower support cavity 2 (L/min) , A, is equiv-
alent extrusion area of support cavity (m”) A, = (A -
2a) (B -2b), V,, is volume of sensitive liquid path,
between multi-pump and support cavity (m’), E is
elastic modulus of seawater (MPa), p, is pressure of
upper support cavity 1 (MPa) , p, is pressure of lower
support cavity 2 (MPa).

3) Hydrostatic force similarly, hydrostatic force
Srens fren) of upper and lower support cavity 1, 2 is
shown as follows:

{f;e,l = 2q,R,A, cost

Sren = 2q,R,A cos0

where R is liquid resistance of upper support cavity 1

(9)

(N-s/m’), R, = E%; R, is liquid resistance of low-
i

cs/m’), R, = 2.
Sm)’z Bh;

4) Electromagnetic force similarly, the electro-

er support cavity 2 (N

magnetic force (f};,, 1, fiim.) of upper and lower poles
1, 2 is shown as follows

. .\ 2
+ 1,
f‘(li(m,l = 2k EI;L) +LE;2COS0
1
(10)
f _ (io - i(-)z 0
dian,2 (h2 + l)QCOS

where i, is control current ( A), h, is upper support
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cavity liquid film thickness (m), h, is lower support
cavity liquid film thickness (m).

As the entire bearing system is regulated to PID
controller, and electromagnetic force and hydrostatic
force in a certain proportion collectively bear external
load. Set the proportion coefficient be A. Under the ex-
ternal load a proportional change is producted which is
shown as follows:

Afye = AN dian
where, Af, =f ..~ f.1s Aian =
1.

(11)

fdiml,l - fdimz,Z ’ /\ =

According to Eq. (11),
obtained as follows:

P (R, = qR)A, (I + hy)*

¢ 4ki,

Based on Fig.5, Eq. (11) can be expressed in the

control current i, can be

(12)

following form

k;
k, + Y + ks

Af;lian = Af;'e ( 13 )

1+kp+?+kds

5) Mechanical balance equation of rotor similar-
ly, mechanical balance equation of rotor is shown as

f;li(m,l +f;'e,2 _f;lilm,z _f;e,l _f == mx
where f'is external load of rotor (N).
According to Eq. (1) - Eq. (14),

sensitive path volume V,

oa

(14)

and ignoring
electromagnetic force and
hydrostatic force are regulated by PID controller to
maintain a certain proportion in real-time. Adjustment
process is very short, and the response is very fast.
Therefore, in order to simplify the calculation process,
the electromagnetic force can be converted into hydro-
static force with a certain proportion in the process of
static feature analysis, and the dynamic characteristics
of bearing system are not affected. And external load f
and displacement x of rotor can be considered as input
and output criteria separately, and the transfer function
of bearing system can be obtained as follows

G(s) = AX(s)
AF(s)

TT,s’ + TT,s" + TT,s + TT,
T 4 st s D + s + T
(15)

The expression of 1T, ,TT,,TT,,TT,,Ts,T,,T;,

I,,I,T, as shown in Table 1.

follows ;
Table 1  Schedule
Coefficients Numerical value
A,
TT, hf) k,
4, 3¢
1T, h@ +k,) + h;’ y
A, 3(1
TT, h; : h4°(1+k)
3q
1T, k, h—;’
A,
I Ekdm
A A2 8ud, cos’ 9
r [ b e
4 hf)(] +k1,) 4 ’ d h(@) 2
4uA,cos’ 0
3q, A 124 ¢ A,
I ["k+ 2+ k ]m+[—"1+2k + °k]7—
3 h(q) i h(4) ( 1,) h(}) ( ) lg d B h;
3‘]0 9‘10 3Abq0 B cos 0
I, [ ki +ki—5 +—5— 2k17) ]
ho hy
p,A cos’ 6
qo A,
T, 12 ?7[? (4/& i —(1 +2k,) )
T2uA, cos’f 2
T, p— 4

"B h
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When k, =1, k, =0, k, =0, the transfer function suspension bearing are shown in Table 2.
can be reduced as follows
AX(s) _ 1 (16) Table 2 Design parameters of magnetic-liquid
AF(s) - TZSZ +Ts + T, double suspension bearing
2 -
b T - T 6uA A,cos™0 T Rotor mess Dynamic viscosity EISSTC‘
where, T, = m, T, = ————— b = n(ke) u(Pa-s) modulus
Bh} E(MPa)
18,4, cos’6 66. 82 1.3077 x10°° 2.4x10°
Bhg Pole area Film thickness Zm? coating
A(mm?) o (pm) thickness
. . 0
3 Static performance of single DOF sup- [(mm)
porting unit 1000 10 0.5
. Liquid Liquid
3.1 Static performance indexes N Ef’ll n“_mb‘lfr cavity width cavity length
Static performance indexes mainly include carry- (dimension-less) A(m) B(m)
ing capacity F,, static stiffness j, and total power loss 633 0.1 0.02
W,
zong

1) Carrying capacity F,. When the rotor dis-
placement reaches its maximum value, and the external
load f reaches the limit value, it is called carrying ca-
pacity F,. The expression of carrying capacity F is
shown as follows

IS K= (= 1)'i )
Fy = 2e080 Y {=1pa. - D }
(17)

2) Static stiffness j,. It represents the ability of
liquid film to resist deformation caused by external
load. The expression of static stiffness j, is shown as
follows ;

. __oF
Jo =7 G
> 2k[i, - (- 1)1 3ug A,
=20050{2 ’ +— ! }
= (h,, +1)° Bh!,
(18)

3) Total power loss W,

zong *

Total power loss is the
sum of support cavity power loss and electromagnetic
coil heat loss, which is shown as follows

:&( S )
zong A ~ h

+2(i, +1,)°R

t

. N
quan + 2( by — Lz‘) unmz

(19)

According to mathematical expression of static

performance indexes, the parameters which can affect

the static characteristics are shown as follows: film

thickness, bias current, coil turns, sealing tape width
and so on.

3.2 Magnetic-liquid double suspension bearing
parameters

The design parameters of magnetic-liquid double

Axial fluid sealing

Surrounding fluid

sealing tape

Pump pressure

tape width b(m) width a(m) ps(MPa)
0.004 0. 006 3
Fluid cavity 1 Fluid cavity 2 Bias current
pressure p, (MPa) pressure p, (MPa) size i, (A)
1 1.3 1.2
Load f(N) Loaci; Er;:IqZL;ency
2000 50

3.3 Influence of parameters on static perform-
ance of magnetic-liquid double suspension

bearing

From Eq. (17), Eq. (18), as film thickness in-
creases, liquid resistance of support cavity decreases,
and then bearing capacity F, and static stiffness j, de-

crease monotonously, and power loss

zong

increases,

as shown in Fig.7 — Fig.9. But deceasing trend of
bearing capacity becomes insignificant gradually and it

can be ignored.

From Eq. (17), Eq. (18), in the initial state, ig-
noring the gravity, electromagnetic force and hydrostat-
ic force in a certain proportion can bear external load.

15371

152

1511

Bearing capacity F(N)

15.0

10

20

Film thickness A (pm)

30

Fig.7 Relationship between bearing capacity and

liquid film thickness
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Fig.8 Relationship between static stiffness and
liquid film thickness
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Fig.9 Relationship between total power loss and
liquid film thickness

Without control current, bias current makes less impact
on electromagnetic force. As bias current increases
gradually, bearing capacity F, increases and static
stiffness j, decreases gradually, but the deceasing trend
becomes insignificant gradually because electromagnet-
ic parameters make less impact on bearing perform-
ance, and can be ignored. Power loss W, also de-
creases with the increase of bias current, as shown in

Fig. 10 — Fig. 12.
15.28

15.24

15.20 |-

Bearing capacity £ (N)

15.16 1 1 1 1
0.8 1.0 1.2 1.4 1.6

Bias current i (A)

Fig.10 Relationship between bearing capacity and bias current
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Fig. 11 Relationship between static stiffness and bias current

W)
2

zong
W
(=3
(=1

N
W
(=}

200

Power loss W.

1 L 1 ]
1.0 1.2 1.4 1.6
Bias current i (A)

—_
w
S

=

%

Fig.12 Relationship between total power loss and bias current

From Eq. (17), Eq. (18), under the constant
flow supply mode, the effective contact area between
rotor and sealing tape is reduced with the increase of
sealing tape width. And bearing capacity F,, static
stiffness j, and power loss W,

zong

are decreased with the
increase of sealing tape width, as shown in Fig. 13 —

Fig. 15.

W
w

&
o

i
o

Bearing capacity 7, (N)
=
W

1 1 1 1 1 ]
6.0 6.2 6.4 6.6 6.8 7.0 7.2
Sealing tape width (mm)

W
W

Fig. 13 Relationship between bearing capacity and
sealing tape width
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g
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Q
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Fig.14 Relationship between static stiffness and
sealing tape width

230
<220
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g 210
5
=

200 1 1 1 1 1

6.0 6.2 6.4 6.6 6.8 7.0 72
Sealing tape width (mm)

Fig.15 Relationship between total power loss and

sealing tape width

From Eq. (17), Eq. (18), with the increase of
number of coil turns, coefficient of electromagnetic

force k increases and electromagnetic force increases.
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Because the electromagnetic force and the hydrostatic
force collectively bear external load in a certain propor-
tion, the hydrostatic force increases with the increase
of electromagnetic force. Since the electromagnetic pa-
rameters make less impact on bearing performance, the
deceasing trend of bearing capacity F,, static stiffness
Jo become insignificant and can be ignored. Meanwhile
power loss W,

zong
Fig. 18.

also decreases, as shown in Fig. 16 —

ih

._‘
A
=

14.9

14.8

Bearing capacity £ (N)

147 1 1 1 1 ]
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Coil turns

Fig.16 Relationship between bearing capacity and coil turns
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Fig.17 Relationship between static stiffness and coil turns
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Fig. 18 Relationship between total power loss and coil turns
From Table 3, Eq. (17) and Eq. (18), it can be
seen that with temperature rising, seawater viscosity al-
most keeps the same. So with the liquid viscosity in-
creasing, the bearing capacity F,, static stiffness j,,
and power loss W.

zong

are changed slightly, almost re-
main the same, as shown in Fig. 19 - Fig. 21.

Table 3  Dynamic viscosity of seawater (mPa - s)

Temperature

L. 10°C  20C 30°C 40°C  50C
Viscosity

1.3077 1.0050 0.8007 0.6560 0.5494

150

149

14.8 -

14.7 x107

Bearing capacity 7, (N)

14.6 1 1 ] | |
4 6 8 10 12 14

Liquid viscosity x(Pa* s)

Fig.19 Relationship between bearing capacity and
liquid viscosity

—% 140  x10¢

=135

=

¢ 130

£

% 1.25 x10~

2

§ 1.20 L L L L ]
2 4 6 8 10 12 14

Liquid viscosity u(Pa*s)

Fig.20 Relationship between static stiffness and

liquid viscosity
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g
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Fig.21 Relationship between total power loss and
liquid viscosity

4 Conclusion

With film thickness increasing and static stiffness
Jo decreasing, power loss W,

zong

increases, and bearing
capacity F, can be ignored.

When the bias current increases gradually, bear-
ing capacity F, and static stiffness j, almost remain the
same, and power loss W, decreases.

With the sealing tape width increasing, bearing
capacity F, static stiffness j, and power loss W, are
decreased.

With increase of the number of coil turns, bearing
capacity F, and static stiffness j, almost remain the
same. Meanwhile the power loss W, decreases.

With the liquid viscosity increasing, bearing ca-
pacity F,, static stiffness j,, and power loss W, are

changed slightly, almost remain the same.
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