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Table 1 Physical parameters of conductor with crescent-shaped ice(ice thickness: 12 mm)

diameter of bare conductor d /mm 27.6
Young’ s modulus E/(N/m?) 7x10'"°
torsional stiffness GJ/(N -m*-rad™") 101
moment of inertia per unit length 1/(kg +m) 2.68x107
cross-section area A /mm? 451.55
mass of iced conductor per unit length w/(kg/m) 1.732

damping ratio & 0.5%
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Table 2 Natural frequencies and modes of iced quad-bundle conductor lines

300 m (span) 400 m (span)

vibration

direction fi fi
requency mode requency
f,/Hz f,/Hz

0.443 T 0.293 AT
in-plane 0.391 AT 0383 ==~ -

mode

0.621 AN A 0.512 LN
0.196 — 0.147 T
out-of-plane 0392 SR Nl 0.294 e
0.589 AINAD 0.441 LN A
0.348 one loop 0.294 one loop
torsion 0.392 two loops 0.315 two loops
0.599 three loops 0.460 three loops
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Fig.3 Displacement time histories at the mid-point of sub-conductor 1 in steady wind field
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Fig.7 Displacement time histories at the mid-point of sub-conductor 1 in stochastic wind field

1000
t/s

1500

2000

1000
t/s

0 500

(b) H48E 400 m Zk
(b) 400 m span line
B 7 FIAIGTHFRE 1 AR R

(a) #4300 m
(a) 300 m span line
B8 KEHLAIG T TS 1| P BB HLE

Fig.8 Motion traces at the mid-point of sub-conductor 1 in stochastic wind field

-3

sub-conductor 1

sub-conductor 2

sub-conductor 4

sub-conductor 3

-3

x/m

(a) F4E 300 m
(a) 300 m span line
B9 Kb T34 1 b Sl ks

Fig.9 Galloping orbits at the mid-point of sub-conductor 1 in stochastic wind field

E

N

£
N

1500

5
4
3
2
1E

oF
-1F

RR g e S (S W
x/m

(b) F4HE 400 m

(b) 400 m span line

5

4] sub-conductor 1
33
21
13
01

-1

2]

=37 sub-conductor 2

41

-5 T

sub-conductor 4

sub-conductor 3

-5-4-3-2-1 0 1 2
x/m

(b) #4400 m

3

(b) 400 m span line

4

5

2000



FATE N LRI BEVK Y 73 28 R AR b B 2l 47

8 F1 9 Fron il v 52k 1 b i s M EEsh B, i 181 9 Al UL, 300 m A48 54k
RIBESHBLLATS g 8 FHE | TNT 400 m RIS 24 1) SR Sl A3 AU A — e B B A ) T A2 K%
HEI L, BERLIAZ Hh S R WA A0 55 T A S 4 B sl R BRI 14 o DXL )

1.5x10°

4x10*
1.2x10°+
— _3x10°
o 9.0x10" -
g g
~ ~ 2x10
r/? 6.0x10% 4
3.0x10%] 1x10° ’&[
|
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 02 03 0.4 0.5 0.6
f/Hz f/Hz
1.0x10° 70
601
8.0x107]
504
o 6.0x10*] o 401
E E 40
S~ ~ 307
= 2] =
& 4.0x10 i
20
2 ]
2.0x10 10] | JJ
0 . J. . T . 0“"I'ML“\M""l"‘\HML'l'“
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 02 03 04 05 0.6
f/Hz f/Hz
1.0x1072 1.0x1072
8.0x107 8.0x10
o 6.0x10 o 6.0x10
< <
£ £
24.0x107 3 4.0%10
2 v
2.0x10 | 2.0x10 Aﬂ
0 h m!uLnL‘JI . )MIL e 0 ,h“““““. . ' A st T
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
f/Hz f/Hz
(a) 4l 300 m (b) #4FH 400 m
(a) 300 m span line (b) 400 m span line
10 FENLASG PS4 1 P b 0 RS S 2 £ i 1o 33
Fig.10  Spectra of displacements and torsional angles at the mid-point of sub-conductor 1 in stochastic wind field
K10 258 148 1 vh st 0 B RS £ o o A5 R BT 10 (a) AT I, RTS8 KU L

300 m YA TR RS w437 B AT AE B ] NP P RS A A0 0.391 Hz BT A — IR, 7K T 1 Jif
FEER I A A% 0.196 Hz BT AT AR 2N, R TR0 WAL & T A PR 3w
Iy A B0 R Ao 285 RS 1) 52 38 B sl . o A, FEFHLG Ff e A% v, B T LR S Rz 4, R T

51032 ) B B R — B W AEL B AL X3 v S 2z s il R R 4TS SR A7 7 U35 1) A ] 7K S 41 26 19 RE
SRS BRSO R A s 3.



48 T 4 XN 2 LS JE A AT

WE 10(b) Fim , 25 T A2 E KB B, 400 m R4 A B2 1] 328 S i 0 3 7 — 2 AR 2 [ 5 45
R 0.383 Hz BrA — W (E. R, /K 7 A i X3 v o 42 2. B&Tﬁﬁm%mﬁa&*ﬁlﬁm@
W7 A1 | IS FE A 1] 7K ST BAE AR 25 [ AT % 0.147 Hz R =2 S [ A % 0.441 Hz B AF
TEVEAE. B Tk sl U fi i rh ZE ARSI [ 8 1) 7T B TR R 3 i 107 7 3202 DK 30 AUy 28008
Jah = Az T 2R I RN 2R R St L DR 7R BE ML R RS S B4 B S AR T
A 4.

3 45 1w

ARSOR FHAR LA BAE BT VAN, 18 A A ok pU 73 28 R A A KU FIBEHIL X T Y
PR WHFE T AE NIRRT SRS AR R BN T ROZ5IE . 1) BRI > L A7 1 N 3R
SRAFI LR BBl T v BB B A 88 1) RS AR 3 2 [ AN W7 52 4, Bl (Ui o 8 7.
2) KI5 T LA T P AT SIS S AT A PN SR I, o e A 68 i) AR 1) 7K ~F- 32 3 e 4
7.3) BEHLXIZ b LR UK U 73 28 S LR B Bl R AR DR S A2 W] S Ak, BV XL i) 1T 2152 38
AR5 KB R Gz 3.

3% 3k ( References)

[1]  EPRI Transmission Line Reference Book. Wind-Induced Conductor Motion[ M]. 2nd Ed. Palo
Alto, California; Electric Power Research Institute, 2009, 1018554.

[2] Nayfeh A H, Mook D T. Nonlinear Oscillation] M]. New York; Wiley , 1979.

[3] Lee C L, Perkins N C. Nonlinear oscillations of suspended cables containing a two-to-one in-
ternal resonance| J|. Nonlinear Dynamics, 1992, 3(6) : 465-490.

[4] Rega G, Lacarbonara W, Nayfeh A H, Chin C M. Multiple resonances in suspended cables:
direct versus reduced-order models [ J |. International Journal of Now-Linear Mechanics,
1999, 34(5) . 901-924.

[5] Nayfeh A H, Arafat H N. Multimode interactions in suspended cables[ J|. Journal of Vibra-
tion and Control, 2002, 8(3) . 337-387.

[6] Luongo A, Piccardo G. Non-linear galloping of sagged cables in 1:2 internal resonance| J].
Journal of Sound and Vibration, 1998, 214(5) : 915-940.

[7] Luongo A, Zulli D, Piccardo G. Analytical and numerical approaches to nonlinear galloping of
internally resonant suspended cables[ J]. Journal of Sound and Vibration, 2008, 315(3):
375-393.

(81 XWhas, ™k, sKEME, FARS. BUKSFABR AR ERA I L[ T]. W HECA A1, 2009,
30(4) . 457-468. (LIU Xiao-hui, YAN Bo, ZHANG Hong-yan, ZHOU Song. Nonlinear numerical
simulation method for galloping of iced conductor[ J|. Applied Mathematics and Mechanics,
2009, 30(4) . 457-468.(in Chinese) )

(9] Desai Y M, Yu P, Popplewell N, Shah A H. Finite element modeling of transmission line gal-
loping[ J|. Computers & Structures, 1995, 57(3) . 407-420.

[10] Zhang Q, Popplewell N, Shah A H. Galloping of bundle conductor[ J]. Journal of Sound and
Vibration, 2000, 234(1) . 115-134.

[11] XW/hax, P2, REME, R, B RSB AART ok J]. ks 5,
2010, 29(6) : 129-133. ( LIU Xiao-hui, YAN Bo, ZHANG Hong-yan, ZHOU Song, TANG Jie.
Nonlinear finite element method for bundle conductors[ J]. Journal of Vibration and Shock,
2010, 29(6) : 129-133.(in Chinese) )

[12] HulJ, Yan B, Zhou S, Zhang H. Numerical investigation on galloping of iced quad bundle con-



FATE N LRI BEVK Y 73 28 R AR b B 2l 49

[15]

[16]

[17]

ductors| J|. IEEE Transactions on Power Delivery, 2012, 27(2) : 784-792.

Irvine H M, Caughey T K. The linear theory of free vibrations of a suspended cable[ J]. Pro-
ceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences,
1974, 341(1626) ; 299-315.

b1 N R Ll /A 73 o 4| VA NEE - QT3 L3 52 o S e DA B S v Ul AR R e DA
244R, 2011, 29(2) ; 23-27.( ZHANG Hong-yan, YAN Bo, ZHOU Song, HU Jing, LIU Xiao-hui.
Static test on aerodynamics of iced quad bundle conductors[ J]. Acta Aerodynamica Sinica,
2011, 29(2) . 23-27.(in Chinese) )

Simiu E, Scanlan R H. Wind Effects on Structures| M]. 2nd ed. New York: John Wiley &
Sons, 1986.

Yan B, Lin X, Luo W, Chen Z, Liu Z. Numerical study on dynamic swing of suspension insu-
lator string in overhead transmission line under wind load[ J]. IEEE Transactions on Power
Delivery, 2010, 25(1) . 248-259.

XWNgx, TR, SREME, RS, BEHLXIS LK I o3 2 S L B S B AL [ T ). B35 ki
2012, 31(13) : 16-21.(LIU Xiao-hui, YAN Bo, ZHANG Hong-yan, ZHOU Song. Numerical in-
vestigation on galloping of iced quad bundle conductor in stochastic wind field[ J]. Journal of
Vibration and Shock, 2012, 31(13): 16-21.(in Chinese) )

Nonlinear Galloping of Iced Quad-Bundle
Conductors With Internal Resonances

YAN Bo', LIU Xiao-hui’, ZHAO Li', ZHOU Lin-shu'
(1. College of Aerospace Engineering, Chongqing University,
Chongqing 400044, P.R.China;
2. School of Civil Engineering & Architecture, Chongqing Jiaotong University
Chongqing 400074, P.R.China)
( Contributed by YAN Bo, M. AMM Editorial Board)

Abstract: Galloping of iced quad-bundle conductors with internal resonance was numerically
investigated by means of nonlinear finite element method. Based on the numerical simulation of
galloping processes of the typical iced quad-bundle conductor lines in both the steady and the
stochastic wind fields, galloping characteristics of the iced conductor line with the ratio of the
frequency of the first symmetric in-plane mode to the frequency of the out-of-plane mode being
2 :1 were discussed. It is shown that energy continuously interchanges between the vertical mo-
tion and transverse horizontal motion as internal resonance exists, which is apparently different
from those of the line without internal resonance. The result provides a theoretical basis for the

understanding of the coupling mechanism of galloping.
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