F) (45 + 5

TONGIJI UNIVERSITY

MM T X

IR T NESE B R PR e AR 3R 10 A i B

FETH: Ex AR AES
(%5 : 51478356)
BURT 1] [ BrfhEL G158 &1 B s L I
(%5 : 2016YFE0127600)

" 4. FNDYd
¥ 5 1432160
FrER%f: TAIEFR
FRITE: T #¥

$HEY: EASEALE

KEHT.  ENE BB

S BHIm: T W
—O—t4EA S

it



TONGIJI UNIVERSITY

A dissertation submitted to
Tongji University in conformity with the requirements for
the degree of Master of Engineering

Theoretical and Experimental Study on Rotational

Eddy Current Dampers with Cable Bracing

Supported by National Natural Science Foundation of China
(Grant No: 51478356)
Supported by Key Program for International S&T Cooperation
Projects of China (Grant No: 2016 YFE0127600)

Candidate: Yu Bilong
Student Number: 1432160
School/Department: School of Civil Engineering
Discipline: Engineering
Major: Architectural and Civil Engineering
Supervisor: Xue Songtao
Deputy Supervisor: Xie Liyu
June, 2017



R A A8 W IR S B I Ae B XU AR

% XK

E K




FA0L ST ARAE F A H

ANGEE TR RFER TR RAF AR CRIE
RN A TN 2 4 MR AR ER SR A AV ST BRI AR L1 R AR 5
ERE BURAF SRR ST BRI AT 7R, FER FHRZEN S 4 B 334
B AL B FERORAFIR S ARAPER I H SR PR A 247
WS4 SCEE B0 B B Y R 55 5 “AIAT A% AT SOMRE 17 [ 5K A R8T
B WA SCI R BRI LT hics AEAS EABRAI DN B I ATER T
PR AT DATE 24 R A ST B oy Bl A H TR 3l

ES VA R (LY

# H H



RlFRFEFAIRICR BRI

RNFBEAEY: PR, RANESINRS T, #7T
W TAE TS ISR BRSO O 5 A B oh, RIS
HIBE SR AN S AT AR N BIERT . AT RS A AT KRR
TR BRI ZE o XA SO S AT T8 AR DUk i HAl A A1,
By AEseH AR 7 AR B o A AR SO B S B HVE AR DT AR AR
INZCiE D

ES VA R (LY






PN s S VAT S

HE

g R FERE . ML e BFRA BlR . A5 IR RGBS SR
Ko ARICHEIT T —FhEENS N T ER TR U S R S Fs i fHL e 4%, FL R
AR AT FERERCR . BB 5 TR . T ARSI AL, AESS T
RE IR SR Bl % ) S5k o L AT B AR A EL

AL E 2% F im0 b . A PR T B BE A TR R . e
PUAN I3 T X AR B R R PEHEAT 10T FE . 18 SCH T2 ZE0E 7T 9 A A BUAT A R AN T

(D) iR 7 B imi bl e 25 e BUIRAT TS 5, 8 A i e e FELJE 2% 12E 1T R
DB IR T 2 R ARG AT, X BURE DL i 3R SCHE O FE RE P S 4% 10 Ry
ST T b, WASCR IR R S RHJE R 2 B LR B ok RIEAT T AT

(2) 53 WL A« A7 BR T 0 A AN J7 T I 1 A ot v A OB Il S L
WIS TR/ SRR AT P 5 S DR 2 0 T S I 5 P52 P 52 R
. BRI M e T s A BRI B T30, N R R it
AER AT T 1 24

(3) A 1% B LR B i B JE R BNTHREAE, 2T 50 sm il (BUE HE
7 AR e R BB TR A 3, IR IVZ IR RBUH T 25675 IE W7 5 58
bR 7341 A AN K SIS T B R, % BEL e 48 K 3h 71 22 R Rt AT 1 on b, JFAE
fi e JE I P JE AR Ba HESR 112 1R R B & BREUE, v TRE w7 EE S %
R

(4) XL aR e e i At FELJE 23 A6 A7 BR 7o 0y L5 SRAN SR & (14wl 1 4]
AT T H RS I, @ B hIRah eI e A M e b . SRR
HOE TR ANF O T 1 BE e BEAT A SR 3E4T 1 THSE e, PR T it R e
RBURBE RN FARBAT 5 AN S B35 DR R AR AU, IR BB LU THSRE 5
BIAEERT EL 7347 6

R R, HimiE s Wt SRBOEE . IR X B
%L HHER. B HiRshALE



Tongji University Master of Science Abstract

ABSTRACT

Due to the fact that conventional metal energy dissipation, viscous dampers and
so on have some shortcomings such as oil spill, hard to install . maintain and change,we
investigated a kind of rotational eddy current damper with cable bracing which can be
applied to the field of civil engineering.This damping has many advantages such as
Non-contact, easy installation, good energy-saving effect, easy to adjust the damping,
durability and so on,which has great potential and application value in the field of
structure of energy dissipation and vibration control.

In this paper, the characteristics of this damping are studied from four aspects :
the electromagnetic field analysis of eddy current damper, finite element simulation,
damper calculation theory and experiment. The main contents and achievements of the
paper are as follows:

(1) The research status and background of the eddy current damper are expounded.
The concept design of the new eddy current damper and the structural details needing
attention are pointed out. The characteristics of the inertial container and the energy
dissipation damper with cable support are analyzed. The relationship between the
displacement between the cable and the damper is calculated in detail.

(2) The air gap flux density in the medium is studied from the aspects of magnetic
circuit analysis and finite element simulation. The influence of the key factors such as
the size of the air gap, the material of the conductor plate and the thickness of the
conductor plate on the main magnetic induction is discussed. Through the simulation
analysis of the magnetic circuit optimization, the reasonable arrangement of the damper
is determined, which lays the foundation for the later structural design and experiment.

(3) This paper introduces the calculation theory of several commonly used eddy
current damping coefficients. Based on the uniform magnetic field, the theoretical
formula of the eddy current damping coefficient is deduced. The correction coefficient
is used to consider the nonuniformity of the actual distribution of the magnetic field.
And the dynamic characteristics of the damper are analyzed. Finally, the reasonable
value of the correction coefficient is deduced by the damper test, which provides an

important reference for engineering design.
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(4) The free vibration test of the cable type rotary eddy current damper in the finite
element simulation results and the actual situation is carried out. The damping ratio of
the damper is measured by the free vibration test. The damping ratio and natural
frequency under different working conditions are calculated and analyzed by
logarithmic attenuation method. The variation rules of eddy current damping coefficient
with the size of air gap, the material and thickness of conductor plate are discussed, and

the damping ratio is compared between the calculated value and the test value.

Key Word: Cable, eddy current damper, magnetic circuit analysis, air gap flux density,

transfer mechanism, logarithmic attenuation method, damping ratio, free vibration test
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&, WRLREFPHRSINT , BRSHE SRS, 1 E#GR R R E , e R %K
AN C AN Cy  HEZLR AR 5 AR AL A%« S SE RN B 7 s u U
U, ¥rHENmE. MEEMANEEDNER e ¢ ¢, FLRSKTHEEK
KN 6, IR, FUENESK T A4S NIETT ), e 7 I e sy
15, BIHAEZR 1IE B Tl T AR

—mUi = c,u+ Ku+T cosé (3.18)

X T8 1R H NI e Bl g 1t
Jp=—C,p—nM +Tr, (3.19)

X 3.18. 3.19 FHEKSHIIIERE S m o NHERR M &, K ONHESEHL
MINIE, 3 A% TFRESINE, nNET FKBHAEL M OB RIESR AL
Je 156, P 3.17 K15

22 7P 7 R T R B A i 1] 3.3 BT

U _‘gu _‘Cou ‘gu
T,
Ty
//
P
cpi/ A0
T
—
(a) FEEHgzgRER (b) FEERRZ I EE

3.3 MRzl 2 JimE R
Rz ot BT RREIEERK, YOS RAT K, JF BRiizshid
FE PR LR PR T, A AR PR PR, HHEZR 551 R

DI IAR R 3.4 s, frR DA SHEZEZ RIAE XA FZ (B O RN -
o=ucosd (3.20)
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_usiné
L

e s NRRMMAZE, A0 NRREAM, uNEENE, 08T R 5Kk
fi, LR K.
T R A [ AR 5 R A G TR IR AR N
0 =, (3.22)

{ u

AG (3.2D)

3.4 PRA SR KR E
Jl
@ =ucosd (3.23)

Xt 3.23 733K — B S BN - Fr 505 -

@ =ucoso

r,@=ucosd (3.24)

g =ucosé
NTHEERMPFRPNT, HPLX 3.17~3.24, 15

2
Jcos’ @, .. nc,cos’ O c, cos’ @

(m+ — )i+ ( - +Cy+ —)u+Ku=0 (3.25)
r0 r.0 r0
NITEBEHEEA:
ali+alu+au=0 (3.26)
Horh =H 809
_Jcos’o
r
nc, cos’ & c, cos® 0
, = ——+C, -
r-0 r0
a, =K
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XT3 3.26 (1) SR AMER TR, RFIETTRE N

ax’ +a,x+a, =0 (3.27)
AR 73 7 N -
2
x,, = 2N —Aaa, (3.28)
3 2a1
o3 T R B AR -
ut)=Ce* +C,e* (3.29)

e RMC, . C, i ZARYE B RN AIIR S EE . RIAIIR A% u(0) AA)
HIZa0)=0, H 3.29 WA E RBUEI AR, &J5H RS FEAEARNTX
3.18 5 3.19 HIAI R RIRL RIS IME, it B R B Hse 2, #ubib A
HRR.

3.3.2 HISEIRETHIHESR

bR TR AR B HIRBPRES T BN R AR 1R e A8 2 52
BRSPS B 122N, X R IR RS s PR 2 1 A 8,
PRI B T IR R TR AN ARTF IR, MRS IR B2 — TiURR, BEoR
RN R o, AR RS E S AYHBHESZ B AN A% LR 5232 30
AT

u=a,sinQt (3.30)
JUHE 2 S TR AR X S PN »

U =a,Q2cos Ot (3.3
JUPHE 22 TR AR R e A

i =-a,Q*sint (3.32)

A, 8 NiRIE, o NIRENE
FIREECEHE A S S RE P s s An o, A ff R AR GK Ty, BRI
BRI SHER R MBI FD,  HR RS e T
T-r,-C,p-n-M=1J-¢ (3.33)

ARNAZIE il 5 R -
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nM +cC,p+J-¢
T= TP (3.34)
r0
RN R 7 FE st — 215 2
T:ncocosﬁjczcosequJcozseu (3.35)
r-O r-0
RN 3.31 A= 3.32 15
Q(nc, cos@+c. cosd 2
T=ao (nc, g )coth+Msith (3.36)

r2

2
I 0

0

HI T Cy RFH, FIIR R E RN 5 ) Cy AEAE LE ol TR 5 52 1~ A1 #4 3 51
R B e R ¥ e, K152, Jf Hild & B IE AL A T il L iR BE 4, wT LUK
JEE il N B 0 BV B EE R A RSCR, DRI sie P TH SRR AT Tl DA ¢ 10, 2K
3.36 A& N:
Ja, 0’ cos &

2
r0

T a,Qnc, cosd
2

cosQt + sin Ot (3.37)

rO
AR 3.17, 53

2 2 2
_ nta,Q(»B)"N Scos6’COSQH Ja,Q cosesirIQt
2p r? (3.38)

=AcCosQt+AsinOQt =T +T,

T

FAvEE
_ nta,Q(nB)*N?*Scosé
2p

A

_ Ja,Q*cosH

2
r0

A,

M EGFT 5IRME a) LA ASR o LI, RrR I HIHz 7 B Wk 5 24
HUR LB 51 AR I T, 52 ARG 90 MR MBI 51 eI )
T,, SRR [RIAHAL .

Ferieantiie J Bt B dh MR, PSSR, HRYE SO
Serb L e S e S RN -

1

1 1
J==mr’==p-zr*-t-r* == pzutr* (3.39)
2 2P 2P

qrb, moABREFE, r ARG, p NERE, « NERE;
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3.4 PEREsswit

BHJE 28 18 TE 32 BLALRE K AR ) e 45 S A B L TR Bl AT AR ) 8 T DL S A O
MG
FH T S 2 0 IR L BB 5 FAR IR RS I ) Z TR BB A Rk R, BRI T
KA e AR K, & 2B i g A R o o BRI e, TSR 52 K A
WLERER A1 & TR, 8 e A RARFR T eSO S5 R8I R, FIH
FRAS JIE N B bR R T IA 2 28 B M Re LAk e i B 11
FRAE/NFBR maxwell W 7723 247
B B?S
- 244
KA B—SBRBLERN R, A] DA WL RE 7 B BA BR TG Bt 3 AT 1R 7 145 2 5
S UBMBORITR: 2SR,

2k, B 3.5 gt 7 EAR 25mm, ANERE TN R S K R R TR 9K AR
2k, FRIREH RS RN, AWK, IR EZEhE TARA,
ek R FETE 20mm 7247 BN AR

F (3.40)

250
o & 6—o—H—%
o e e
200 | A e
" -
o - ! o
= 150 P & -
< i
5 e
S B2mm
=100
—e- A BE5mm
A BE10mm
50 - =S BE15mm| -
—- S [20mm
S FH25mm
0 1 L L 1 T
0 10 20 30 40 50 60

KB Imm
Kl 3.5 ST RZIR 75 7 A R K R
SRR, ARSZK B E T FaK MR F B T, R iR S R )
Ko XTSRS IR IR BOEEN, K G U O SCHEAE TR E R
2, RN TR S SR AL, BT KA B R RRYE, THER &
B /12 FARBGHAT VF 5 AR REARAEMIAR b A7 B DA B A ) vt 3 165 P o il
K] 3.6 f13.7 AT amo
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S/ N
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o -
& VR .
-
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P
1 s filfs —
| 240 N N
| i

// }f\ g e ARA: 4\
ay L @
AN
Bp gl
\\ N >/ \\\(\ J / T>\
N

Kl 3.7 AR TS T (xﬁﬁmﬁa%v%*ﬁ)
HHHESE. KBIERA 25mm, JEJE 20mm, B 12 4, #in=24, W
WS 58 2) S A0 EAEMIAR b, 7RG RO BEVR Sl A0 BE B R =75mm, SRR R &
t=5mm,E 1% D=95mm, WRHEL, WA RHBUEA:

w bt (3.41)
6
b=—- 27, Iy
2 6
7 163 785 T AL ) 25
M =F(R-r) (3.42)
IR 7 5 P O D) -
c=M 6] (3.43)
W
H= 3.41-3.43, 15
36FR

n>—— (3.44)
36F + zt*[o]

BVFN /) [o]=235Mpa , AT THT F =147.02N, X R 10mm, X
ABUE T HAG 2
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‘s 36x147.02x75
07 36x147.02+3.14x5% x 235

WF SRR SRR ER, EFENZ T AIREITRE, AR
A N EASBRRRT, TR S SR E R VR S g . R
B4 25mm .

=15.7mm

3.5 EFEIBMIEIT

PHJE #% SAEZETS i AR P 0% 8, HOyRe BN, FiR P ih )5 i
MY EEL, PR FRHJE SR AERERE sk, R hh oK. MR R R IE M
W R AR 2% A

LAtk RE . MBS R RELE, &) TOMGRAEIRHN b

2.9 AN T AR

3.9 FIL, HEHMEREL

AT H R AR ZAE BRSNS i, OB SR R A B R 55 PERE

PHJE #5 SR R N 2 e i, NS I BT R AR 4 FH JEé R 8004 7€
AL B KB ) T O AR 10mm, #ARJERE Smm, JEABEINaR. et
N=75/125=6, &2 =12.5mm, 120w 1 e & i i e 23 %) )2 7]
R GE D BIBCRAE H - e 3758 % B #R4FE ansoft Maxwell 2587545 04 0.273T
FHT L% p=1.56x10° O2-m »

A 3.39 tHEH TR &

1
‘] = Eﬂ-[zpcu 'tcu ' (rl4 - r04) + pre 'tfe ’ (rl4 - r04) +pFe ’ I ’ r04]
= %72’[2 x (8900 + 7850) x 0.005x (0.095* —0.0125*) + 7850x 0.4 x 0.0125%)
=0.0215kg - m?

HEZE = 1000mm, #E4E GB50011—2010 (EHPiE & iHHiiE) B4 12.3.6
FHEHZH FEMALS0 F155 8.6 TiAH CHUE i€ nghil . 4% GB 50011—
2010 (EESIPUR VI ANTED) 55 5.5 T HIE : HEZRSE K/ 1/550h,.. =1.82mm , HE
BREE R K RAE T S S J2 (R 8% £ BRAE 1/ 50N .. = 20mm ; HE L 45 14 o 5= A 4
FURE I A S IR AE AT U 1/ 150N, =6.67mm , AR THLN, o2z, 8 it
1/50h,, =20mm, RN 3.38 T4
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242 42N 4 22
Fmaxzachose\/nt (7748)28 N +J ?

P o
0.02x27 [24°x0.005” x0.4* x0.273" x 7° x 0.025° x 6* .\ 0.02157 ol
J5 16x4x1.56x107° 0.0125*
=2276.1N

A Al e A% sk A (B

_ nta,Q(nB)*N?cosf  24x0.005x 27 x0.273° x6°
2 2x1.56x10° x /5

R 7 38 PR sh sy B G i s = AR iR A48, BRIRUAT DL 2
WL B E AR 2mm N2k, e KK 294kg.
FHJB#S ML RATRE 3 M 24 2 (R AL R AR VE AL RS u =126.8mm I, F7 R FRATFE

o =ucos@d=56.7mm

F = 2275.6N

TR B B HON -
)
27r,

BT DA B AE VR B Se it B A 1~2 B RIAT . o T — M Ol N R R AR AT
REHRH A2 2K
PR, SRR E 206Gpa, LR KIEZN

m = =0.72

|-_n"n =1X‘/§=1.118m
2cos@ 2
PR A I TH AR
2 2
A=Y X2 g aomm?
4
R

_Fl_ 2276.1x1.118
EA  206x10°x3.142

WO R 52 715 R AR/ AT ZIg AN T
RENEZ : TRIBNE PR 52 BIRL BRI L /7, HrH SR O — P 147 52
HAR IR 22 T Ab ) 2 A G

Al

=0.004mm = iI
279

PPN
Hrh F=2276.IN, a=b=0.2m, |=0.4m
hj Mo = F%b =227.61IN.m
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e AR AT B R N BRI

3 3
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JELL T LA R

(1) HEZLHUANE B5 5

(2): ZRALRE A A T 5

(3): HEZRGSHY E IR A 5
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I.' ||'
Ziter !-" f
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I F
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il N 6hig£%£%f
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3.9 HE4EPY F1E
F 2K 70 2 S8 AR T e 5 AT RO A S 25 AT B 9 0058, — - AT I E

12iA7F° 12in/F

LTI I

LT H T

- EHE

- - 3
K _ o, 121 _24i _24El _2Ebh

N N R E

(3.45)

RO 5 FARRE B B b e s B L h /1 e, 24 5R FH L4 8mim 1 W HEFLI
Hg R FLEE M 20, UBEEN 2d =16mm, HE 3d = 24mm, 435 B EE 15mm ,
HEE30mm, Elb=30+15x2 =60mm , & & EA1=1000mm, JE&Eh=3mm. }E
IR R an i 3.10. K 3.11 o

30 30
2l R4 R4 2
oo oo
[{elN ) o 0
o R4 RA 4 -
L 1000 |
4 A
3.10 AEZLAEF i
5 L 195 L 195 L
"o W 1 W
©w o o o
Sl NL &
o & | e 4 et g
o™
[T T [T [T
uﬂ: 16 8, 26 18,22 8|, 292 1822 8111
11 T Kl T
50 390

B 3.11 HEZREET

S A ZE BT Dy -
2Ebh?® B 2x 206 x10° x60x 3°
N 1000°

LIRS ETHE 2075 50mm 7 2 66.73N [ /3, Ny et T HTRT LA, 5 2 it
S9FE A BB K

FAE e AR R A

HIBRFL AT, AT 1 2

K= =667.3N/m

45



[FIGF R W2 i S0 S SUE e B i FELE e 38 Sk Ba it 7t

_ 7°El _3.1416% x206x10° x60x 3°

- = =2745N (3.46)
(u)? 12 x (1x1000)°

F

AR P it BRI T [ AR A A 1 it e DA R 2 P ) e i 3K -
m, = 28.441kg

FRRMERAE AR R 1 N
G :%mlg :%x28.44l><9.8= 69.68N < F

DITHEAEZL 5 AR JE A, TR R A HE RS E m .

BB B R TN BxW =0.06mx0.003m , KJF L=1m, FEHR A
p=7850kg /m® . LA T2 H o FE LA RS HEAT U0 —,  DURREVE R SR )
JREA:

m,, =4[ m(x)p(x)2dx (3.47)

b, m(x) R RERE R 5 A0 s, AR RIS o(X)
NSRRI i B, Al BRI — (B w1 Ja, Hi A%
-

x=0,p(x)=0
x=1,p(x)=1
FH I AR A RN 5 K 2 R AT
o(x)=x*(BL-2x)/° (3.48)
LR E A
m,, =2.099kg

Zx LT IR RIREN R GRS m -
m=m,, +m, =30.54kg

HEZR S5 B IR 30 0 15

T2z | M _op [ 3954 g5 (3.49)
V2K =\ 2x6673

B S S0 )R AT DA R AR B B G B S e S T AT HE SR A Ay 5 S 1
G, KEGRS B 1 AR T AR R
w =2n°
6

46



=8 PR e i e 2 BRI T

AR R ML 25 K IE RIS B R A F I B A B D R M
N

60x3°

M, =WF, = x235x10°N-m=21.15N-m

FHEZE N T A S M SR AL A IR RN
6iA _6EIA _3ERWA
[ N

M = (3.50)

MEZEJZ (R ST A2 R
_ 1 235x10002
3Eh 3x206x10°*x3

I FHJE 85 1B ZE AT 2 IR S 2 Bt AT 1, WOHESRRE TSI I 46 7 72 A H
RFHESLIFANEAL RS, 36 S ME ST Hh D028 1 1o 52 a6 ) MR E 4T

=126.8mm

3.7 MimMPERELITE

PRV AR i BELJE 2% 45 451 2 AL B I BEL e bt R 55 R0k i BELJE LE 178
LI R PR RE R AR SE, BIAE— DN IRSIEA A LB S ROk L e Pril AE I RE &
5 SEBRLE B AR RE AR S . SE AP JE LT 42 h UM 5

_ W (3.51)
S 47N,

e &, AR BELJE B0 M F BTSSR B JE L W, P24 e U AT
B FAEIE T AR AR Y, W, ARG e BUSIRC RS 3 BASRY

SRR SR, T AT MITE B ARALRS R SR .
FEHELI, W, TTHCF R

W, :%ZFi.ui (3.52)
St T AR SR T 2 -
W, =K-a
3.71 FEEEI TIBREFAIMIIMEEEE

FEARTBCE 7K HEARIN , 75 5 1 1) [ 52 AR -2 18] A7 L2 Al i FELJE A D AR RE &
— N EZ AW T AR REE DN
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T 5 cos’h .
W, :J.o |Cg¢’|'|(l’ldt_A’J.oZQ G 2 U -udt
Z cos’ld .
=4_|'02ch > -2, Sin Qt - a,Q cos Qtdt (3.53)
0
4a’Qcos’ 6c, 2a2 cos® 6c
=¥-1293in9t-cosﬁtdt=¥
I 0 Iy
B IO FEJE EE A
cos® 6c
go= Mo _ d (3.54)

TanW,  27Ke
THE A A5 9 Smm AR AR R B OINBELJE EE . KRG B JE R HCN 16.59
N-s-mm, r,=12.5mm, FipEELLA:

_cos’fc;  0.2x16.59x0.001
b 27Kr}  2x3.1416%667.3x0.0125°

=5.065%

R 3L GG TSR G 0L, R AN [ R~ A I 15 A s B B JE BE
M 3L AT DAE Y, BEINFE e b5 15 4 ARt L e AR MURIEHE, SR ~E AR
PO RU E o TRERE ORG B E K, 7 5 R R A I i i R R R MR AR
R R IE e 15 e 1 IR 22 18] R A ARGE 7% o

* 31 PUEakELE T EAE (%)

T R Cy r,=10mm | r,=125mm | r, =15mm
/N-s-mm
Cu5-g-20 16.59 7.914 5.065 3.517
Fe5-g-20 14.55 6.941 4.442 3.085
Cul10-g-20 17.22 8.214 5.257 3.651
Cubfe5-g-20 18.17 8.667 5.547 3.852

3.7.2 ®ISEsITERAEEEEEAIMI MR EEE

TERCE KBRS, — NS AN, IR BH e THFE I BE = N -
cos’ 0

2
rO

-U-udt

T . %
W, =n| lc,¢t] ¢l dt=4n|2c,

cos® 6

= 4nj§cd % sin Qt - a,Q cos Qtdt (3.55)
0
2 2 K 2 2
_ 4naOchos oc, -IZQsith-cothdt _ 2na, cc;s oc,
r0 0 l‘O
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BRERCA A A A IR R A W, =W+ W,

WP I BELE LE A -

W, _ cos®6(c, +nc,)
47, 27Kr?

T S AN Smm BT S 20mm. BRI LB R 30N 24%0.884 = 21.21
N-s-mm, r,=12.5mm, FhnpHEtA:

_cos®O(c, +nc,)  0.2x(16.59 +24x0.884)

AT 27Kr? 2x3.1416x667.3x0.01252

(3.56)

Sa

=11.54%

FIHR S r, =12.5mm, AR FE O N TN E b ansk 3.2 fras. M3k 3.2
TBVE RN SRR 5 RS EE T FL i it FELJE A RE MR Ko
% 3.2 il e s i e THEAE (%)

T4 ABR 10mm | ASFE 20mm | ASEE 30mm | B 40mm

Cu5s-d 19.4 11.54 7.31 474

Fe5-d 22.2 14.1 6.99 5.14
Cul0-d 20.37 12.6 9.45 5.87
Cubfebs-d 22.76 15.1 10.45 7.96

3.7.3 IRt HE

WRAEHTHE I AT R, T3 TR sh 2l e BB S8 F8 7r BEIN B JE , iy LI 87y
e AN RS Y DR LA T R TP U PELJE 4% B0 AR IS T b 203 Fal by HR 30 YA R
SOERIELE 70 B R THE, e ¥ aAT i et WIRHERE, B, WnT3k
A SRR R, ST HAsMELL, SRAFESHIAE HARALRE T BB N2
BE, T SRAGREJE &% Fr B VH FE A BE BB, 38 ARG 2 s i O B B O BH 2 &1 7
H TR E 518 2 KR A ok, JAT A0 KT MR it 1 € KRG AT
B RSFLEALE, 85T ARG H AR EE e EL R (/R 3 o 5 LA S K A
B, ARIEHLEE A B BR T (7 iERAF B AR SRAE, fJa iR i g 1 RE e
S SRS S AT SR IS, 5L, EDIRREREAT i, ER Bk
Fe, EEIZMBERTGENR, BSSmIdiiit. stk 3.12 s,
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ok, SIS e T h R B BUE 5 RIS AT, X T LR sl A 4R
FE X
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BERIIRINBEE » 2R 5 AR 7K B PR & B VIR N 5 P 7 A AR K H B B 2 1
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Fam NRAJEF BRI E AR 5
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IR T BRI F15247 0 NLRE R AR BEAT 1 204, IRt HORFHJE A% 1 %
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JEEE, SR JE = AR JE o0 R R EEAT 1 BRI A, R
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AR A SCHINE S Bt SKAH SR ER 73 i, #4SE HH — PR B2 1B A e
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