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OPTIMAL DESIGN OF RADIAL PERMANENT MAGNET
BEARING FOR CENTRIFUGE

ABSTRACT

As a key equipment for concrete pipe production, centrifugal cement
pipe-making machine can efficiently produce various specifications of
cement pipes, and is widely used in construction and infrastructure fields.
During the long-term usage of traditional centrifugal cement pipe-making
machines, the supporting components of the rollers suffer from severe
wear, which will affect the product’s performance. To solve this issue,
considering the advantages of a simple structure, low friction loss, and
long working life of permanent magnet bearings, this paper proposes a
radial permanent magnet bearing instead of the roller mechanism for
centrifugal pipe-making machines, which can reduce maintenance cost
and minimize noise and vibration.

This dissertation focuses on the radial permanent magnet bearing
used in centrifuges, designs a novel semi-stator ring radial permanent
magnet bearing through theoretical analysis and numerical simulation,
and conducts experiments to verify its impact on the working
performance of centrifugal pipe-making machines. The main research

contents are as follows:
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(1) Based on the operation conditions of centrifuges at low-speed
heavy-load, a semi-stator ring radial permanent magnet bearing is
designed, and its load analysis is conducted. Combined with the
equivalent magnetic charge method, a mathematical model of the bearing
capacity characteristics of permanent magnet bearings is established. The
Monte Carlo method is introduced to solve numerical solution. The
effectiveness of the method is validated by comparing finite element
results. The influence of permanent magnet shape on the performance of
permanent magnet bearing is obtained by analyzing the shape of
permanent magnet.

(2) The force analysis of the rollers is performed, and a calculation
model for the support stiffness and damping of the roller-supported
centrifugal pipe-making machine is established. The vibration model of
the pipe pile mold of the centrifugal pipe making machine with the
support of the wheel and the permanent magnet is established by the
transfer matrix method, and the numerical solution of the model is carried
out. The calculation results of the finite element method are compared to
verify the accuracy of the established model. The impact of permanent
magnet bearing stiffness, support span, and load capacity on the vibration
performance of centrifugal machines is analyzed.

(3) An experimental platform for permanent magnet centrifugal
pipe-making machines is designed and built to study the performance of
the permanent magnet bearing and the centrifugal pipe-making machine.
The bearing characteristics of the permanent magnet bearing are tested
and compared with theoretical calculations and simulation results to
validate the feasibility of the permanent magnet bearing design. The

amplitude, vibration speed, noise and temperature of the centrifugal pipe
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making machine under load operation with and without permanent
magnet bearings were tested.

(4) The influence of key structural parameters such as axial length,
radial thickness, air gap, and inner ring inner diameter on the bearing
capacity characteristics of permanent magnet bearings is studied. The
impact of multiple magnet ring stacking methods and the logarithmic
stacking on performance is explored. A response surface model is
established to optimize the permanent magnet bearing structure and
determine the optimal configuration of inner and outer magnet rings.

Shao Long(mechanical)

Supervised by Wang Xiangdong

KEY WORDS: Centrifugal pipe making machine, permanent magnet
bearing, transfer matrix method, finite element analysis, response surface

optimization
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x 1 [1h1272E012 76E1][ x T
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_|01 L/EI 12/2E (3-13)
M 00 1 ! M
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B, B iz ki 13 F
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a a a a
A(a)z): 41 42 45 46 -0 (3-18)
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B B B
SR A BT 23380 ZR G5 1 2 A S 95— 2 KA G T B 9 o
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BLE, (EPIHURZIAETR a(0?) =0, =4 PERD A RABHT 76 % 136 44 2
SR 0% W S
SRR TFIRA, Rl R AR
Z8 =275 =TT -TTTZf (3-19)
Cgc!
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W EFAT1E X 5 6, Z I HR RN

6,= —(%]xl (3-21)

a'42
/?"\ A = TiTi,l o 'T3T2T1 ’ *Eﬁ’ﬁ?%;’%:%ﬁ
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ST AL SORMB R B TH R T, Al EAR BN SOR AL BRI E 73 5 8 -
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3.5.1 ESIRE S IR R R
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R 0.81% 0.93% 2.55% 4.87%

Xt EEFEHE SR 5 K Ak AR SR R S O i) LI 7 T mT DU L 7K o )
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% 5-2 BBD sLi e HE X 45

Run fEmfiE AR BFRESE  HEKE &ED) FRRE PRF
BT mm mm mm mm N N/mm 10mm?
1 75 10.5 25 60 1468.72 148.909 1.404
2 75 10.5 22 51 970.252 115.888 1.024
3 75 11 25 51 967.943 113.99 1.196
4 72 10.5 22 60 1319.42 136.495 1.167
5 75 10.5 25 60 1466.17 150.904 1.404
6 75 11 25 69 1810.26 164.485 1.618
7 75 10.5 25 60 1465.61 151.59 1.404
8 75 10.5 28 69 2054.25 184.346 1.854
9 75 10 25 51 1113.91 133.227 1.192
10 75 11 22 60 1277.9 130.407 1.207
11 75 10 25 69 2021.8 183.829 1.612
12 78 11 25 60 1419.63 145.553 1.449
13 75 10.5 28 51 1098.05 128.243 1.371
14 72 10 25 60 1517.94 152.639 1.360
15 78 10.5 25 69 1967.14 181.249 1.664
16 72 10.5 25 69 1858.17 167.801 1.566
17 75 10 22 60 1446.4 150.911 1.203
18 78 10 25 60 1606.98 165.712 1.444
19 75 11 28 60 1470.86 148.877 1.615
20 75 10.5 25 60 1466.7 150.93 1.404
21 78 10.5 25 51 1069.62 125.597 1.230
22 78 10.5 22 60 1400.43 143.016 1.242
23 72 10.5 28 60 1519.64 152.924 1.565
24 75 10.5 22 69 1758.3 159.102 1.385
25 75 10 28 60 1663.45 168.234 1.610
26 78 10.5 28 60 1606.47 164.176 1.660
27 75 10.5 25 60 1466.96 149.174 1.404
28 72 10.5 25 51 1007.91 120.033 1.158
29 72 11 25 60 1340.3 136.046 1.364

5.5.3 WM EAERAOILA RITFM
FIF Design-Expert #fd" Quadratic BRI 7 ZHEAT /04T, S8BT 54,
55 JE A B O ST RE A

F =351.113-7.52221*r —31.3997* g +1.77769*h + 2.4604 * |

—-1.61642*r*g+0.16166*r *h+0.437605*r *|

—4.01493* g *h—3.64262* g *| +1.55692* h*|
+0.055183*r* +13.8554* g* —0.614323*h* +0.104858*1°

62

(5-1)



TRUTAE R L 2 A e

k =180.675+2.08177*r +2.30173* g —9.33405*h —2.92748*|
—0.594552*r*g +0.131414*r*h +0.0729994* r *|
+0.191206* g *h—0.00587411* g *| +0.11934* h*I

-0.0123688*r? +0.888718* g> —0.132145*h? —0.0221335*?
A F KB AR D) bk ORRIARIEE: r ARHRNE: g B &
NAFRREEE: AR .
MR 7 ZE e AL, W27 FR I 3B 1, VP Ak BT 2 2 1 B AR A B (R OR
FFANE . AR SWIEE R TT 2 53 Hra R an sk 5-3 F1 5-4 Ffior.
* 5-3 AR EEA )T 2=

(5-2)

Ji Z 8 Rl H ¥ F 1A P1H oM
Ry 2.547E+06 14 1.819E+05  40489.18  <0.0001 e
24 T 57.37 10 5.74 4.14 0.0917 NGE

i {5 25 5.54 4 1.39

syl 2.547E+06 28

R 5-4 feR R B E AT 22 00 B

7 2R “FJ5 A H ¥ F1a P 1A oE
i 10214.60 14 729.61 688.06 < 0.0001 FEZ
B U T3 9.22 10 0.9217 0.6550 0.7329 NG
Uliig e 5.63 4 1.41

2yl 10229.45 28

E VAR R 1) 5 22 A3 A 4 e, 7R 545 m NI EE G (el AR BL ) P fE 35
/NT0.000 1, FRUIENEBER SR, KA P >0.05, Ui WA RAUIIA
B3, AR AT R, SRR Rz B 8e,

R AR AL LG B B R (W RED FIRD GREE U RE0 145 R
* 5-5 FioR e

® 55 MEEEE

HireR R= Adjusted R= Predicted R=
F 0.999975 0.999951 0.999867
k 0.998549 0.997097 0.993950

HI3% 5-5 W4T, tRoE RECA R JuUE REUNERT 0.9, S8IE 1 BT )
AR, BN R® KT 0.9 R KA i 7 e 7 TR AU 7E 8504 L i v e AR AR
of, REHER LRI AR B S 2SI I R TR R &

BT 7K Bk i AR R B0 5 NI EE R el AR, G2 H] Design—Expert 34
Optimization DJREREATULARME . Hi RAS o B iR BB 00 K BEAR s T AR RS
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A REHLIR/ D K AR R &, BRIMTE % K R AR F B AN s TR R L T, 193]
KRR BRI S BN IA N =78mm. S g=10mm. &[5 E hA=22mm. 4
K 1=66mm.

oL AN R NN aa W REA ORI E 1Y A L SRR R A DR p R R S B R )
LE, X EL S R UK 5-6 BT K BERtR AL BT 7&K 200 1562N, WIEE D 162N/mm,
KHER R RN 1401935mm’: ARG 7&K E /14 1773N, WIEEN 168N/mm 7K 14
H & 1363916mm’; AT ARAL G IARE IR T T 13.54%, WIFESRTE T 3.97%,
KA 2> T 2.71%.

* 5-6 WL AT FEEL

r(mm) g(mm) h(mm) I(mm) F(N) K(N/mm) V(mm?)
AL FI 75 10 25 60 1561.762 161.926 1401935.722
Ak )G 78 10 22 66 1773.24 168.35 1363916.167
(RS 13.54% 3.97% 2.71%

5.6 KRB

AT SR KW AR & AN G S HOIAT T BRI = AT, S T Kl A
BSOS KRR AR BRI RVG R 8m s 325, 0T T 20 EER K
(773K B I Bonh A R AR R B0 R NI E RS, e T K B R B I
B Ja, 38 BBD Wit 7R SR, UL H e N T pR AR R, gk B A i
ST {0 S TR TR o K R S5 R T AR AL, BB RS . SR ik
JE SR TR SEIRTT T 13.54%, ARFINIBESR R T 3.97%, AR R
DT 2.71%:
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E6E DESRE

6.1 T4

A0S 0 KRB LI SR RGEHEAT T B S5, Sk B0 sk
VeV LT, AR ORI TR, Vet T — Pl K G B O R A LR
1% R G008 R AR B LR 25, R TR B O s UK TR BT HL, RERSIE K
8 1 75 i D 0 5 3R DT B2 725 130 0o XK R S A L P S AT S A R0
W R TR T

(1) G0 T KGR T IR AT S, S K BEHR (S5 HEAT BT 40T 49
WIS T B O B HLSE bR Tl RS2  OL, 9B O WL AR A R B 1 T 039
bR HET SRS, S T AR KRR RIER, SINT SR R%
VR, JF S IR IO B AT T b, AR B SRR K
PTCARBEAT T 2007, TR T AR TP AT b 7R B B PR SR A i 455 ) A B o
BRI LR A T B IR S 3R S

() HEAL T A G O XK VR ) HLAE FEHE SCHE T 10 S 7K U 3 0 BELJE 548
B, S FARBEIG, i T S MR T B0 A LA B LR B Y,
ST SR 5 7 R 2R SR A B L PR TR 5 W S AT T BOESR AR I
AR TEE s L, —F L REA - Bya, HAE TERE F ez e facis
175 APHT T /KBRS | 7R3 77 R L B e A B 5 b LR B 1 R 5
W, NG SRR RENLI B R T B

(3) BEMIFIEER T KB RKE M T &, X HARB I HATLRIR, H
MRRGE B 55245 E T G . ANSYS 1 ELEE BT XL, SO 7 i
70 MR T AR R RES T, R AL, R T AR 1 X
7, ATLASR E KRR IR ERBE ) B8 T KRB ORI E L B TR T
FOPRIR . ARBNIERE . M SR, F-55 AN FH R R R SR 75 100 B 4% 301485 ont
b, GESRRW: A AKREARS RS, PRI PREDEE . MR DR R IR R A
ANFFEE RO, WK, ATAh B0 LA B B gt T 2T 3k
IR
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(4) N KBEAR S A S BT T BRI R AT, oA T KRR A R )
KB AR ESE . SRS P B 948 55 R 45 F S 00! i R i A 7 8 0 R0 NI (R 2
M R s %o 7 Bt R 1) 28 v 80RN 8 0 7 QAT 0 0 AT, N JE SRRt T
Behih; 55, 18id Design-Expert S H (1) BBD ASHLEE 37 T Wi S 1A% AL i ik 4 57
Ry LTS AR, LSRR AR B, SE R T KA AR AL, AL S 251 IR AR 3%
JIRRSHRT T 13.54%, RHWIESRE T 3.97%, KA ERD T 2.71%.

WA s

(1) $RH I T—FoBr B 2 8 IR A K B AR S P S5 1, B AR L4
FoLhky, MR RSO 2K R B ML @ SR L0 R IR E VAT 44 e A 56 1)
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(2) IR KRR R OB 45 M SR AT S i AL, A5 P R B s 23 A
RO RLTHYE S 735, @A T SHUS TR Z IR 56 /AL, @RS T 454 1)
ARE RN EE I R 3T, kSR 1T 5 DA R A T 37 o JEL B R0 ik
6.2 RE

ASCARIEIA TS 7 B 4507 2, Bevt 7 8 ORI A% Tl Ak B A 1R 4544
P T RN &, AT TR T (RTMREEF 2 I, 4 )5 ig ik —
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