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A1 3 (14) 00, 3R B0 I 23 18] 22 A0 R 1 ) 2 Wi TR 3R
AR REAEAR o (A, §) N R o PR L LA
B Wl 3 HE A B R A5 3R B, Oy FE AR R BT



el

WRIGEAE , 45« JCIE 8 S 2 1 Jay 310 il T ol DXL 8 ey i s 4 265

TE Jey El A T 04 B o Rz R 4R AR B I S B
A P 2 B R R 3R 50, A SO (1) 147 1 1
Ao A

2.1 fEE5=EIE

BT SRR G /NS R R AE (T LR

NN
yi=hkJ1+i20 ~k(1+i8) (15)
WHAARK(14) , 15
Y(x/a)=
~ Rsin [(£+ kg )(L — a)]sin [(k+ik{)x ]
(k= ik )sin [(k+ ikE )L ]
(0<ar<a)

~ Rsin[(£+ kL )(L —x)Jsin [(k+ ik{)a ] (16)
(AT ifC )sin [(£+ )L |
(a<ax<L)
K2 (16) A Y IE 5% I U T, 3% PR AY
RB. (3,

7(/3+ik§)ﬂo (0<r<<a)

Y(x/a)= RB,B (17)
m (a<<x<L)

A Br=sin(kL)cosh(£¢L) +icos(kL)sinh(£¢L), B,=
sin[4(L — a)]cosh[ LI — a)]+icos[A(L — a)]sinh[ AL —
a)], f.=sin(kr)cosh(kfxr) +icos(kr)sinh(kfr), [,=
sin[A(L. —x)]cosh[ KL —x)]+icos[k(L. —x)]sinh[ &L —
)], f.=sin(kxr)cosh(kfa)+icos(kr)sinh(kfa).

FERTEW o B B S RO, B A=
w,m/T = nn/L K HARAR(17) i EZB L g
S IE K, i R (17) 4k o n IR A

Y(zx/a)=
R B2

(—1 )"i’;—“ (1+ i¢ )sinh (#xg)

R B

(—1)"1"Li (1+ i¢ )sinh (#xg)

A gu=sin[nx(1—a/L) Jcosh[nnf(1—a/L) ]+
icos [nn (1— a/L) ] sinh [an¢ (1— a/L) ] ,
f=sin (nnx/L) cosh (nngx/L) +icos (nmax/L) -
sinh(nngx/L) , Byy=sin[nn(1—x/L) Jcosh[ nnf(1—
z/L) ] +icos [nx (1—x/L) ]sinh [an& (1—2x/L) ],
fu=sin (nnx/L) cosh (nnfa/L) +icos (nma/L) -
sinh(nréa/L) .

2 (18) B Ay /INBH Je 5K "B 5% A A A AT: 25 Jmy 40 ] 1%
WA T B Bl 2 S e N R . R T/ INBELE TR A A
FRELLT e 5 0 .

2.2 HRASEHSH

Hr 2 (18) 1, 4% 30 U 19 2 16 U 30 45 1k 1 58
g, R,a/ LAEFE oA SC A BT AT 0, B 302K 7 g
5 9 0 0 £ R R T 4 R R A
B EORE I 0 T B4R . B R BB, 2 (3
R R R R 5 R A
L 5 58 IR R O/ | W (R 55 4 5 R I T ik R
k.

T B T80 s bR B KA S R O AC, A
R A0 e Y R B TS I ST A 7E 19 U K A,
TEAE X R b= n/ L, AT R 5080 1 52 00 28 7T
FR A g/ Lo WL (7 30 26 i B B
nn B LR T LB AL

DBV B KL H K T, 5 B R I B,
SRR LZ . I g K B A ROK L S
24 B e U DR 5 O 9 T TG £ 9 A 3
B A7 /A ik A U 5 0 3 4 3 bl T ) B RE A K
I L T I S il 1 0 R 7 T 9 2 I
B DT AS S 5 R 5 PR 2 — R
AT U2 W0 T A AE I 2, 5 4 R B 5 3 B M B
)3 .

EE TS ant /L OB R, SRR LK,
TV RO/ U1 DA TR S A R
1L % BV RS 3 L 9% S0 5 T BB D A5, T 92 B T
TR P A AT DO L T
R0 T BLE [ A R f, = (n/T/m )/(2L ); th
Strouhal & B AT, W8 AR £ = St - u/ d , % T i 2 1)
RHE 0 il 28 51, RGR A 3 1 . R 1T 5
28I B LB K, R B I R (B BB B U
T, SEW R B n AL 0 R A T & R A1,
T /R Bl 20 % 1 Ll 8 D R 1 S

092 1 S 0 B W A 25 S B K U TR B
B £ 9 R 0, o R I 9 2 R S BELJE e ¢
BB TS B, B2k K B T 9 B 0 A4 1 B
O o 1 B A B BOR L 3R A 4R 3 3
HH

R g SR 7 06 45 A R Gk Pk 2 1, o — 5%
BB, R B R OR % A R G0 R ) K Bt
(14) fHg WA T L R 109K /NS 2 B2 4 30 0 119 2 1]
RS, PR O O £ W £

SR 9 85 oo/ L% R 25 0 3 9 1 8 060 7 T R 1
WL, — S 8 30 AR AR R G, B e = 0 5 a =
L, e o 6 2 A S 2R 296 7 S 14T S5 0 R AR B R
F WD S 356 A R % — 1 . — o O 2 T



266 & 3 T

034 %

Ve RITE RGN SAE B AL E X — 1 00 B — Rk,
PEE A S F bR R A2 5 4 1 PRANIE .

3 KENEBSH

R o3 M 2R G B R BB el g i AE S
Lol fla= L/240 . T SCR 3 P A8 =5 6] /9 7
Ay R R R ] 388 A A P R 0 TR 8 3 8 28 2R 4 i =
B n& B4 R XS L B SR 5 2R B0 A4 5 R
M

3.1 #RBhK A E 5 AR

R 53 A 57 A% W 7 0 L A 2 ] 8 A1 B L, 222 1
TR 2] (=0) 03U R GEALAE P 5 (1 23 1)
I3 ATREE AT 3 PR o DNIETHR AT

(1) i [] 7 5 e A oL BRI 3l i A
VAl A R T S R i AR R R . B R
ng AR 3R Bl A 25 (] A 52 B0 H R AN TR Y =
TR SIS , 181 3(a) A1 (e ) Shy 1 Aol A 3 1 0

(2) 0 3Ca) i, FLAEAR B /N E 267 T BE
S ng=0.05, B4 5 2k 1 0 1oy W] L FEAS PR A5 A2
R B B 904 W R U, D AR L 4 B A 3 F
3 5 181 3(b) rh A5 2 8 ng=0.7, P 3y 8 Wi 1 76 DA
R Dl A, 1) 0 i 1 4 o R v R R T R R (H PR T R
U DR 1 RN 52 /1 0 il o A AR Bl D MK AR g
g B384 3, (EL A% S I 501 BE /I T 980h X MO, X —
PG 3 BN P f A i U sl 26 78 114 o AR S

Bl 3(e) 4R A B 46 18 8 BiE I, A 5 =
Bn8="7.9, I B WAL AL 1 1 B2 P DR 3EE T2, A AE B
Al 5 PP A /IS T PR R A 90 80 R A A i £
Ab 3 2T RIE IR B B G 3 — Wi D P 5 Rk K
T 2R A SR T SR % 8 3 s (8] g A R AR 2
L, il DX ) 4 2l 0 AR B A 6 20 4% i 198 2 5 8 RS <

(3)1E . 3Ca) 1 (b) Hh, 4k 2l ik 24 BE 4% 1% 4 21 44
Uit , 29 R G A A 0 SR 5 AL 90 14 SR S8, S A i
55N W A A A S Y A e (iR B )
i )57, T 1] 3 Ce) H, I 2l I bR T 3 i, R 8] 32K A6 i £
C 3 5 R, DRI AR Bl 10 7 B R S 2 9 R B O PR
LUl A4 7 5 WD

3.2 RBVKAIE =R

TR R B F3 o 1 5% AR 1 sl L BRI
T R T W) SO A g [ A 3R B I % LAY, O L IR
) P A I SR 23 5 A PR DA 7 A 1 B D
B B 2 i TS R AR B P i s A L A 4
JI 7R

180
160
140
120
1001
80
601
401
20

PRI R R Y (x)

0 1 1 1 1 1
0 0.1020304050.6070809 1.0
Z A MbRx / L
(a) n{=0.05 (n=5, {=0.01)

0.8
0.7F
0.61
0.5F
04
03
0.2
0.1f

0

PRIBEE LY (x)

0 0.102030405060.70809 1.0
ZE A Ak FRx / L

e (b) n{=0.7 (n=T7, =0.1)

4.5
4.0
3.5r
3.0r
2.5F
2.0
1.5r
1.0
0.5F

0

PRIBE AL Y (x)

0 0.I1 0.I2 0;3 0.4 0j5 0.6 017 018 019 1.0
7 E] A dx / L
(¢) n{=1.9 (n=79, (=0.1)
K3 S qe iUl T B9 ALA% - J7 AR i iz
Fig.3 Displacement square of response to a unit harmonic

force at L/2

P 4 Hr g = b g I S LA 1) 4R 3 I A I S
L S AN 2 4 R S B ey e Bl
NG AT WAL R I 1] o P 4 Ca) v s 5 2 Tl 1) 9 I
P AT SR B, I 5 P A Z ) A A i, 71 A
PR FE AT T2, g FRAE A BE I 0 B, 2 W] 5 2 A SR T
VRN B AR T RS BIUE ; 18] 4(b) AT I
AU T T Rl S, T 1) A i R L A
Uit J 18 SR T BE e (44T I A 4% 2 5 LA o ik A
S5, RS B S I 0 | (5 RE B 4R TR AR AT
DX, 3 — M )37 L 1 AT PRI R AR iR 30 15 {6 ek
{H SR B — & 1 J P 5 P 4. Ce) v 8 47 38t 0 i T
WL AT AR ) A e 2 % o A D R R 3R B A
TG BRA 45 A4 A 4R Bl 4 Ak, IR Bl M 30 1 T S 2
i) 24 S 0 0 7% , 91 8 28 9 O L O R A T i
A A S

Or BT AR S IR AT R T 2 AE SR R A T B



%5 2

WRIGEAE , 45« JCIE 8 S 2 1 Jay 310 il T ol DXL 8 ey i s 4 267

SEHIRMEN NI 2 2 [

= o

*i—"lﬁ% X-axis
(2) BB R (nE=0.05)
(a) Standing wave (n{=0.05)
SRR 12 2

200 15
180}
160 10
140 5
120
g 100 0
* 80 -
60 3
40 -10
20
0 tas -15
0 50 150 200

(b) BEBRIAT I FIVR A5 1 S (1n¢=0.5)
(b) Standing wave and traveling wave (n{=0.5)

SRR LI 2 = 1
QR

180 I EU
160 Ao 20
140
L 120 10
% 100 0
gg -10
40 —20
28 Nl \ -30
0 50 100 150 200
R4 Heals WA
() AT MR (n=2)

(c) Traveling wave (n{=2)
L4 w7 Ay e 2 AL 25 1 (0<<a<<L/2)

Fig.4 Displacement temporal-spatial evolution

DR By 780 0 ol B i B 2 . — FBOR U, R AE )
VRN X Sl B AT I AN GE BIEAE . 6T
KAgte w34, i TR B g, B e /b 3R &=
T TR SRRV, MRS LA, h TR
JE R T, Pk 3l 35 B s, AR e 08 R el 3 42
G, ik 2l 7 )08 e #5022 T AL 2 Ul 2, BT
A A% B S A, B LR A /N Y, T S B
R B BE B AR 5, Bk b S LR B 5y B AT B
MRS o SCHRL 17 JAE ¥ 1 4 S0 R i IR 3 5 o
WAFE T HPIEEE

4 HRGLE R i

TE W 20 2 B 53 A v A B, 0k sl o Rz 5 98l U A7
BRAEY . NEM SR SIEESKRE ML
AT AE PR i A 0, — 2 Y R P 7 B AR A
B R A TR AR T AL

4.1 HERIEREERBET

Pl 5 g 3 il 2 A P 3 4 Hp e I 8 B 30 3
L NCELVIE

(1) X6 Rz A3 K B 9 2l , DU w3880 Dl 7 84 B A
HRAE P 0 B AL, CRE S O WK, L I S S 38l
WA RGEMRE RN, s R/, HE E R LUE A
BRI Eh R . SR BT R B A O A
ARAAT /N 3 B, AR AR BE S 5 1 AL R T 4 i R (EL Y
WU, ik — IR AE /N JE 25 F T 2 3%, WK 5(a)
PR

(2)BE%E R GERLJE L 3g , NI 5(b) & BE,
e 7 A A AR W] A R SRR L S PR AT AR B AR A
P i ARE NN X i T RLE A7 A, A A
BSR4 TE 1 58 42 7 OY i B AR B O, S Bk 3 d
PP W o R AR A S5 2R o i T RS A 777, 2 AR
R T 2R B8 E Ik 3l 75 BN WA B8 B DIl U Ab 7
K, PRI 52 B 5 4 A 2l Bk 2 AN 2 i BB AL 181 1 A

hi#s

0 02 04 06 08 1.0
x/L

(a) FHJE EE50.01
(a) Damping ratio is 0.01

0 02 04 06 08 10
x/L
(b) FHJB HA0.1
(b) Damping ratio is 0.1
K5 ZHiEshE(e/L = 1/2)
Fig.5 Second order vibration wave(a/L = 1/2)



268 & 3 T

S

34 B

0, L AL R U S B T £ b A — R TE 4R B O R4
I 7 o ) ORI AL B A R IR BN A Bk
JUFAE . P52 PR S R 4k 3l 0 A 2™ 4% 2 X L
0 5 30, TR A AR AT IR . A HER T, S8l
OV IS /INBELJE 2% 10 ) B /NI A7 B o3 o PR AR/ A
SLRELRMNFPILE X5 ESCH P s 2K R 53
Bt — 2y .

4.2 HRIEREBEBIKE

U 6 Jir i, SO A T AE B I i B AR iR
frE . AR

30

hi#s

-20
-30 PR S T R S S SR S T |
00.10.2 0.30.40.50.60.70.80.91.0
x/L
(a) B JE EE2R0.01
(a) Damping ratio is 0.01

- 00.10.2 0.30.40.50.60.70.80.91.0
x/L

(b) FHJE L A0.1
(b) Damping ratio is 0.1

K6 —MiEshE(a/L = 1/4)
Fig. 6 Second order vibration wave (/L = 1/4)

(1) 25 380l A/ 7 0 o7 5, DA 8 L R, Ak
A R GERE R A P AR B B IR

(2) BB ng B/NEE, W 6 (a) BT R A TE BN
HRAELRR) 5 Bl L 00 R AR E R AR — i, 25 A LB
I AR B, A7 Pl 8

(3)Un B 6 (b) 7 , Fifi BHL & HE 38 R (2 8 ng 14
), BAR W A B T — @ R A BT . i
R 3 1 10 Sl e L 0 AR R D/ (S A i o L )
1090 ) , L3l 07 5 b 14 30z WA s A 5 — 0 9
G3 BTN R B TR A X BRI 7 TR S
F14 1 7% 38 J3E A [5) 1T A 7% S e S ) 5 7 ) 3 S 3 3k
A3 e 2B S 5 A I S S D A P AR i — i ]
DRI T 1P 870 A7 A AL 22 9 S 3 A7 I8 7 8 o 7 o e LA

TE BB AR GE 4, A7 I 45 1 BE R AE 22 YR o A v B
BELJE 15 #E , 5 B BHJE 38 I B R B U R 50 /) 5 1 2
P S 1) A 904 1 i A T, AT B i B 2 3 VR
JEEIX — B AFAEH AN B ), DA 3] 3K 44 3 18, 47
e #5417 B8 Bl , B T 0 4 o — 30, e i ad A
HR PR RE R 0 O A [RD) i A DA AT I R I . MO
G T il — O A i 114 26— A M e

7 RS T P (s Sk D 1) S 0 ) 4% 4 D7 1 )

Fig.7 Reflection diagram (arrows point to the wave propaga-

tion directions)

(4) G 8 F 9 B 7R, A A VE F7E 3, 4 B % 3
1) BRI B A D B L . DRI R B A R
TN A7 Ak A W e A G 3 9 Tl A6 Y 0 AR YR U
JIN R IR ity (28 8 R — ) 1 58— A D T B /) <

7150 01 02 03 04 05 06 07 08 09 1.0

x/L
K8 —FrigshE (Bt 0.01)
Fig.8 Third order vibration wave (damping ratio 0. 01)

ol ; i ;
0 01 02 03 04 05 06 07 08 09 1.0
x/L

B9 DUk i s (BRJE HE 0. 01)
Fig.9 Fourth order vibration wave (damping ratio 0. 01)

25 b, 2 XU B BAE DX G A B AE BE AR
U SR AE LUE BB W S as sy . A Y
VRN A PR AE 22 G0 0 R BT i, B 5 9O Y R IR 1
iz sh, X — AN RE R 1WAk B W S
W TR R, SR SRR AR, 476 0.1
Haz, R i MG AR /) an XGH oy 1 om/s, & AR
20 mm, B 307 45 55 W A R0 R U A AR 369 0 R 24 Oy



el

WRIGEAE , 45« JCIE 8 S 2 1 Jay 310 il T ol DXL 8 ey i s 4 269

10 Hz, % W A £R 565 100 B4z 2l , DAL > 2 4 /08,
Z PRI R AL P X T RETE L RS 2 R BB
T TE I M A RE SRR AT g R T R T KU IR B
R =R

N AR R s AR S T A O R Bl R L 7R
1855 PN (P AR S i e VAN =R R A
47 BELJE 5 B2 5% 7R AT 25 A6 A ot o A e ) R TR
il B4 £ AR B g SR Y 8 g T A R A S A A
T3 T ) A A A, B T/ BEL R AR B 0 A 5 e 1R
E2IR U o

(1) Hh TR B AF A, S PR 26 i [0] 4% kAR A i
gy, Pk Bl G P ANAT PR B

(2) 41 Bl 1) P2 5 4TI by 055 2 B0 5 P
Wro S Eng BNEE GE PR T BOR, B
2 1) 1z gl 2 I MY BRSBTS
VL DAl O A i I, B 2 B G B I R, S R iz
Ay B 3, B 2 0z B AR B JC PR B
T2 AL B W) 57 R

(3) WiV 1 7 45 4R 30 I 9 i {EOC R 30
9l o7 1 P R — o IR 3l i e O B A AR
2y e R (B A, A A D8 3 6 6 I, LT i A 35 )

S & L ik:

[1] Langlois Sebastien, Legeron Frederic. Prediction of ae-
olian vibration on transmission line conductors using a
nonlinear time history model—Part I: Damper model
[J]. IEEE Transactions on Power Delivery, 2014, 29
(3):1168-1175.

[2] Wang J. Overhead transmission line vibration and gal-
loping [C]. International Conference on High Voltage
Engineering and Application. IEEE, Chongqing, Chi-
na, 2009:120-123.

[3] Newman D, Karniadakis G E. Simulations of flow over
a flexible cable: A comparison of forced and flow-in-
duced vibration[J]. Journal of Fluids &. Structures,
1996, 10(10):439-453.

(4] ERUE, s, WP, 55 e i oK 8 i Bk 50 1
SHEBUEAE B ST ] KB i ot SR, 2011,
26(4):437-443.

WANG Chengguan, Wang Jiasong, Tian Zhongxu, et
al. Three dimensional numerical simulation of VIV on

marine riser[J]. Chinese Journal of Hydrodynamics,

[5]

[10]

[11]

[14]

[15]

2011, 26(4):437-443.
Wu X, Ge F, Hong Y. A review of recent studies on
vortex induced vibrations of long slender cylinders[J].
Journal of Fluids &. Structures, 2012, 28(1):292-308.
Violette R, Langre E D, Szydlowski J. A linear stabili-
ty approach to vortex-induced vibrations and waves[J].
Journal of Fluids & Structures, 2010, 26(3) :442-466.
MR R, oo ok, 2% . R otk 2 il 4k 1 A AL I 22
(AR RESRVAR= DI AR & ) ML IVAG o /TR M B 3 e
2010, 27(5): 240-246.

CHEN Weimin, ZHANG Liwu, LI Min. Prediction of
vortex induced vibration of flexible riser using improved
wake-oscillator model[J].

2010, 27(5) : 240-246.

Engineering Mechanics,

Lucor D, Imas L, Karniadakis G E. Vortex dislocations
and force distribution of long flexible cylinders subjected
to sheared flows [J]. Journal of Fluids &. Structures,
2001, 15(3-4):641-650.
Bourguet R, Karniadakis G E, Triantafyllou M S. Dis-
tributed lock-in drives broadband vortex-induced vibra-
tions of a long flexible cylinder in shear flow[J]. Journal
of Fluid Mechanics, 2013, 717: 361-375.
Facchinetti M L, Langre E D, Biolley F. Vortex-in-
duced travelling waves along a cable[J]. European Jour-
nal of Mechanics, 2004, 23(1):199-208.
Marcollo H, Eassom A, Fontaine E, et al. Traveling
wave response in full-scale drilling riser VIV measure-
ments [C]. ASME 2011, International Conference on
Ocean, Offshore and Arctic Engineering, Rotterdam,
The Netherlands, 2011:523-537.
Vandiver J K, Jaiswal V, Jhingran V. Insights on vor-
tex-induced, traveling waves on long risers[J]. Journal
of Fluids and Structures, 2009, 25: 641-653.
Newman D J, Karniadakis G E. A direct numerical sim-
ulation study of flow past a freely vibrating cable [J].
Journal of Fluid Mechanics, 1997, 344. 95-136.
BT 46 WLV R SF AR BT SOk mAET T 3
P R b AR S BB LT ] Jr 2 2 4, 2018, 50
(1):21-31.
JI Chunning, HUA Yang, XU Dong, et al. Numerical
simulation of vortex-induced vibration of a flexible cylin-
der exposed to shear flow at different shear rates[J].
Chinese Journal of Theoretical and Applied Mechanics,
2018, 50(1):21-31.
WRIGEIR , £ o, EBEAr, 55 S S L 705 MR
Bl XU Bl 19 s b o B [T]. I 3 T2 2% 4l L 2019, 32
(5):822-829.
CHEN Xiaojuan, WANG Meng, WANG Zhangqi, et
al. Green's function solution for aeolian vibration of long-

span conductors under local excitation[ J]. Journal of Vi-



270

& @ L

034 %

[16]

bration Engineering, 2019,32(5):822-829.

BBEAR . 7K R AR L &5 4 Wy i AR 8 A7 0 3 Jg 2 4
PEW S m R CL mEFR RS, PEEKD,
2014.

WU Xiaodong. Experimental study on dynamic features

of traveling wave of vortex-induced vibration of struc-

ture with large aspect ratio [C]. China Conference on

Computational Mechanics, Changsha, China, 2014.

[17] Zhang L., Chen W, Zheng Z. Controlling parameter for

wave types of long flexible cable undergoing vortex-in-
duced vibration[ J]. Procedia Engineering, 2010, 4(1):
161-170.

Response characteristics for aeolian vibration of long-span conductors

under local excitation

CHEN Xiao-juan'*, WANG Zhang-qi'
(1. Department of Mechanical Engineering, North China Electric Power University, Baoding 071003, China;
2. School of Mechanical Engineering, Inner Mongolia University of Science and Technology, Baotou 014010, China)

Abstract: Aeolian vibrations often occur on transmission lines, which can result in fatigue damage to the conductors and metal fit-
tings. In order to understand the mechanism of aeolian vibrations of long span conductors, a linear model of the forced vibration of
finitely long damped tensioned strings under single-point harmonic excitation is established, and the corresponding Green's function
solution of steady state response is derived. Based on the qualitative analysis of the parameters affecting the response type of the
system, the discriminant parameter of the control response type and its expression are proposed. The spatial distribution characteris-
tics and temporal and spatial evolution characteristics of wave responses under different discriminatory parameters are further ana-
lyzed. The relationship between the position of excitation and the amplitude of vibration wave is discussed. The results show that
the discriminant parameter which determines whether the conductor acts like infinite conductor or not is the product n{, where n is
the mode number of the highest resonantly excited mode in the system. When #n{ is small then single mode resonant response will
dominate the total response. When n{ is large, except when excited near an end, the conductor can be considered to behave dynami-
cally as if it were infinite in length. The excitation position has a significant effect on the amplitude of vibration wave. When the ex-
citation position acts on the ideal peak of a certain vibration wave, the amplitude of the vibration wave is the largest, and when the
excitation position acts on the ideal node position, it is difficult to form a significant vibration wave. The vibration wave of actual

conductor is a mixed wave of standing wave and traveling wave.
Key words: long-span overhead conductors; aeolian vibration; wave characteristics; local excitation; Green's function solution
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