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The Effect of Eccentricity on the Nonlinear Galloping of Cables under
Combined Wind Flow and Support Motion in 1:1 Internal Resonance

Saman Sadripour, Amir Jalali”

Department of Mechanical Engineering, Shahrood University of Technology, Shahrood, Iran
*P.0.B. 3619995161, Shahrood, Iran, amirjalali@shahroodut.ac.ir

ARTICLE INFORMATION ABSTRACT
Original Research Paper Galloping of cables is a kind of self-excited vibration and is characterized by high amplitude and low
Received 07 August 2016 frequency. In this paper for investigating the nonlinear galloping of an inclined cable, considering
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€ ’ flexural and torsional stiffness, a cable-beam model is used. The iced cable is formulated under the
Available Online 14 November 2016

effects of combined wind flow and support motion. Assuming low sag to span ratio and using physical
parameter values of the cable, the governing equations of motion are obtained as classical equations of

K ds: . . . h .

G?,’,‘g;:n; the perfectly flexible cable, plus a further equation governing the twist motion. These two degrees of
Cable freedom system is discretized via the Galerkin method, by taking one in-plane and one out-of-plane
Wind Flow modes as trial function. Two resulting non-homogeneous ordinary differential equations are coupled

Curved Beam

A and contain quadratic and cubic nonlinearities in both velocity and displacement terms. By using
Perturbation method

multiple scale method for 1:1 internal resonance, a first order amplitude-phase modulation equation,
governing the slow dynamic of the cable is obtained. In this paper the wind speed and the eccentricity of
the iced section are set as control parameters. Without considering the eccentricity, the value of
amplitude is increased as the wind speed is increase. But considering the eccentricity, it is reduced to
first increasing and then decreasing the amplitude.
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Fig. 2 Cable configurations and corresponding coordinates
ol & bgye olatino 5 JIS slo oSy 2 JSCi

M; = (s = 1/2)pAg(ey cos(@) + e, Sin(P)) 5 iwd slagles

Sl Erey sex s S Ot =0 ol o 1) i lee
Sl B3 58z jsome 4 S IS glaie

(8) @50 4 (6) 6 (3) L, 50,5 4ol L [17] el ool

@ Gle |y oS> oYolee (7) salolee (o oyl cols 18 4 (10) &

ety (18) 5 (15) 55,0 Lul, olyom & (14) b (11) baly, 5

8,591
— 1 12 12
E—u—KU+§(U +w'?) (8)
ki =9 +xw +w'v" 9)
k, = —w" + k9 +9v" (10)
EA€' — pAii— Cyit+ by =0 (11)
EA(ev') + EAxe + Tv" — pAi — C,v — ps,d

+b, =0 (12)
EA(ew') + Tw' — pAvW — C,,w — ps30 + b3 =0 (13)
Gk, — ElLkk, — pJ§ — Cod + ¢; — My(v" + k)

—Msw'"" — Mykv' — ps, U — pssw =0 (14)
u(0)=0 , u(l) =nf(t)sina (15)
v(0) =0 , v() =nf(t)cosa (16)
w() =0 , w(l) =0 @n
Gk, (0)=0 , Gk =0 (18)

5 b R A o T S e o gl Sl e
GRS 5 A Ol e dlior S (i R B A e S
ST 9 (92, Cu 0 skl ol Al w8 0,8 Lhals |,
also Cawoas (19) galasl, by =0 pols 513 L sl o oo Lol
18]

u(s, t) = (nf(t)sin a)% i ;fl(m, h % [U’Z + W'Z])ds
0

N l S
e [ oG 0ds -5 [ @60+ w07
0 0

ol 3l aS cul gesly ogb el eole ooy 4 o oS gl )
b oacs )0 el oolaiwl owsle Bb oYolae (gl (SoS (galolrn ylgicay

(19)

gl oo a3 (22) 5 (20) & jeo 4 oS > SYolee € = 0 by )

#(K +v") [Tlf(t) sina — fol <;cv - l1;’2 - w’z) ds]

2
+Tv" — pAv — ps,d — C,v+ b, =0 (20)
l
%w" [Uf(t) sina — f (kv - 117’2 - W’Z) ds]
I . 2

+Tw" — pAw — ps38 — C,,Ww + by =0 (21)
GJ9" + (G] + EL)kw" — ELLxk%*9 — M,(v" + k)

—Msw'"" — Mkv' — ps, U — pssw =0 (22)

b auglie )0 S3 557 Cudly jo S loyielily ooy &5 2ol
(20) =Y¥oles 3 pS38 5 PS03l Glgies ol ply wiin S>o5 L5 A

OSoal 550 Lalpd IS eyp 350 pens 08 S0 (21)

11 o lesis 16 093 1395 yare (w30 Suilse w e

Sealiss i 5l 86 gyl 5 ol 8 T ;>0 lo o WS &5
gl so )l ol & Cely S gl 25 > 5 0l (Senluog nl slag e
1 ol 5l b o Coadse § G Slazio 5 Sl 0 IS 2l ol 5o
U, ahie mho cosdge 5 X = X(5,8) Jop 5l eslizal b ol oo
JUst ol tales B = @505, £, @3(5, £), TS, O} ooyl s
o sl eslial b lesoe 1) (Bl ooy 4 gz oSy
25 iy (2) 5 (1) wabal, Syge w0 o agly s U plral>
s Slaisie 5 "1 JS8" 0 LS 0l sasly 5 (Bl 5 a2 0 0 Sy
solo ylis M2 S o el a8 S Jasys slasans Sy slp LIS aladie

] 00
i=X+14 @
_':E+19XE: 2)

al

Ly SzsS gailes 4 oS Camd (2,8 b g [17] 2z ye 5l oolazl b

GRS om Bl GlPee i 9 e slagae BS J
3,551 sy (6) 5 (3) Jge,d & ygots |, olral>

e=u —xv +%[(v’ +xu)? +w'? ©)
ky =0+ kw! + kK?ow’ +w'v" + k'vw’ (4)
Iy = —w" + 1k + [ — k)w'] + 9[(xu) + v"] ®)
ks =v" + (xu)’ + 9v” —%K(f)z +w'?

—[(eu+v) (W' — kv)l’ (6)

e g S ks g Ky (i (S Ry o8iS S € ) 0 oS
9 g ol {@, @y, A3} slie o U Slralr oy slodilse {u, v, W} 5
G b obaly cwl BB gadyl bl i g gt mhe Aoy
Orizmed Wilboo b ooy 58 (s Jsb bl 4 atuly dhaie o
bl ce § a4 S Gidie gosimslis f T cudle

51 ool U lgics |y o8 > c¥olee silean il 5l eslizal |
[6] 251 oy (7) (sl

t, rl
SH = J J {pAuST + V8V + WW) + pJ9sY
t; J0

+p(US,80 + 95,60 + WwS389 + 9S386W)

+(by — C u)6u + (b, — C,v)6v + (b — C,,W)Sw

+(C1 — C1919)619 + EAebe + G]k16k1 + E12k26k2

+E13k36k3 + T66N + M25kév + M35kév

+M, 5kN}dsdt )
i FA aie gl colewd (82 p Jobl o 5 o5
u\...ul.usc UL[S w LgLa:GJ.Lu E13 9 EIZ 9 (T G.JLM»G] «S )97
st‘& Cq1 5b3 Abz Abl ‘Lg)l.'l.‘;L-u Q.S"‘)"'A w‘r.é Cg 5CW ACU ‘Cu
ERCVS P SN GO R PP
s Jom o Jgl Gles i 5 4 853 = exA 555 = —eyA 5 adly o

T a Cond Bidn godmoslis ‘

Fig. 1 Inclined cable: (a) reference configuration; (b) reference and
actual configuration

s G,y 5 a2 e s Sy (D) ez o (g0 S0y (8) Tansul JIS 1 S

880


www.sid.ir

W sl 99350 390 (youn

1i1 GBS 53 doglpub 53 daly <S55 9 b 9l xS Lo ol i pat SiggllS 3 65 20 3l Z9sd piils

S0lis29 1T (53w Jn -3-2
Sealinng ol slog s [17,16] ool (Solingpl Jow o 5l olazwl b
ah (5,95~ 10 ,5] Cawods (g oy Sles 5l eoliiul b 1y by g by
& mg teud Sl 0 LIS bl 5l -0 18] el ond i 5 )l o L
SBro Seolipognl slohsS 5l =o toailigy 1) B Jsb colgisy jsba
Sy wloaa] Camods bz oo oS e b byl —o todd Lk
ool les 3 JSs o az ] aile el sud Jlaidh o ied slag)go
Ce g 35 peal bodjgce B gamio 4 U cepu by ol sl ous
S92 45 U sailse (34) (saba, 5l oalial b JIS' glaio o (59, 31
FE Sl gasls B ol 0 oS Wi Comsay 35 a I B alate
Sopon Y sabex saly wibioe HS sl sl @ g ok 4 s
Sglse e g e sy Sy g aalle ay oud o0y ol S (i S
ol oah 43S Mg azye e Glyiea 83 jeme Alis ol o &S
50 45 3550 Cewoas (35) adal, 5l eoliinl b lgs oo |, ¥ galo (sausl;

w0 = |7

U= UJcosz(g) + sin2(a)sin2(B) (34)
y = —arcsin(% - az)
= arcsin( sin(a)sin(B)
Jcos?(a) + sinz(a)sin?(B) (35)

Olsise (36) sakaly 5l oslanl b 1, by 5 by (Seolnognl slog s

.a)j-l Cawddy
1 - -
b; = EpairVT(Ca[V]V + Gilylas x V) (36)
Pair oo & Cod ol (o H-cf*’]_/) wlex gy ol o o8
o Sy NIV = [V 5 S saasin sbhsT dop JK>
4 aS aiiee S0 5 cdd Sealusgpl colps Cg 50 uizen (ol
Ngd o iy y25 (37) sakal, b g ails (Ko alax gaygly g adnie JSi

1 2 1 3
Clyl = aayo +aa 1 x + Eaal,z)( + gaaLsX

1
Calyl = aazo + aay 1 x + Eaaz,z)fz + gaaz,s)(s (37)

alpd A0y j olpo g oghioe gy (38) Sjgoa x T o &S
7 @l 5 eolitl LS it o @z e san,S 0 (Saslisgpl
D4 s iy ,25 (40) 5 (39) Ly, & ypo 5 9] co Casoay

X =0+ 7 cos(p) — o sin() (38)
aaio = @ v Al = (CIT_V]),
aa,; = (alyD” . aa;z = (C@m (39)
aazo = CM y adzq = (Cdﬂ)l
aaz, = (calyD)” , aazz = (calyD)” (40)

Fig. 3 Inclined cable subjected to wind with slope « and yaw angle
Sl yme 5 B Sl gl 5 6t b ot B 3 JSC

381

(B (55y0 bl i b Jolee pieas (0,51 Cowdas jalaieas 1V il oo
Db o2y (23) Jsos lal yo
v(s, t) = (s)nf (t) + ¥(s, t) (23)
Jo Sl gadlga T(s,0) 5 Lhand adlga D(s) I 0 &5
oudshs (Seal g U 5l D(5) bbars saddye ailoo
mamio Sl 45 el Casods lai o (25) (550 dal b ol jenay (24)
g 9ly ganal b gl &8> 5 WS oe cnogi 1) BB ot b3 5
Sed o Jlesl T s oloj 5l Jaes

EA EA L

TKSina—Tszﬁds+Tﬁ”=O (24)
0

?(0)=0 , ?(l) =cosa (25)

el 0 iy x5 (28) 5 (27) Lals, L Cy 5 €y ]

D(s) = C;s2 + Cys (26)
o= —3EAmgcos?(a)(2sin(a) T =mglcos?(a)) @7)
te EAm2g2cos3(a)l3 + 12731

= 6EAmglcos(a)sin(a)T — 2EAm? g?cos3(a)l? + 12T3
2 EAm2g2cos3(a)l® + 12T31

(28)

Yol gilw vy o2 -2-2
5 (30) Loy, &gt o5 > ¥lee s S5 (29) ppolie ciy a5 L
..\.,,‘—lu_a cessas (32)

*_S *_U
A VT
*—E *:K
YT WTT
t* = wt 9* =9 (29)

@"nf +v" +1)nf sina
1 1 1
= [ tctons +v) =5 @nf + 032 = Swas]
0
+1(0"'nf +v") + by — m(Pnf + V) —c,(9nf +v) =0

(30)
w"[nfsina
1 1 1,
—f [k(Onf +v) — E(ﬁ'nf +v')?% — EW' 1ds]
0
+tw" + by —mw —c,w =0 (31)
M,l
19" — K29+ (1 + )rew' — E—zl(ﬁ”nf +v" + k)
M3l ” Mll ~r , p52w213i7'
I [ + s
TS El
pszw?lBw 0
EI (32)

5 ol sad Bhs gluesle jslitedy K LugWL o s a8

ol s3] Cawsts (33) & g0 o] 50 o sloos e

w *
@ T EA®? ‘e T g
T . wl?

T= FA ) Cn EZ,A Cn

* w L—
L= ﬁh b, = ﬂbi

_d .
X ! (33)

L U VW gosid Giuled M g5 5 o) 50 a5

11 o)l 16 0093 1395 ) xL)u)'J.n ‘_(»Kn S


www.sid.ir

W sl 99350 390 (youn

1i1 GBS 53 doglpub 53 daly <S55 9 b 9l xS Lo ol i pat SiggllS 3 65 20 3l Z9sd piils

G + w2 — ((na +gzanf + gs,zUZfZ)CI1

+(ginf + gan*f? + ganf + gan*f*)qz

+(n5 + gs,ﬂ?f)‘hz + (n7 + g7,1’7f)Q22 +ny5q,°3

+nygq,° + (ns + gs,l”lf + 96,277f)‘?1QZ

+(ng + gganf)ards + (no + go1nf) 4261

+(n11 + 911,177f)Q1‘?2 + (nlz + glz,lﬁf)‘lz‘?z

+N1641°q2 + N17G102° + N19G1q1 % + M21G1G2°

50,012 + Np7Gaq2® + N2 Q1 + Np3di’qy

+Nn310,°q1 + N32G2° 2 + N0 010261 + N2641G242

+N,5001G102 + NpoG2d1G2 + N3ad2’

+(n14 + g14,1’7f)‘?22

+(ny + goanf + g2 2m*f 1)@z + n2as’

+(7110 + 910,177f)Q12

+(n1 + 91,171f + 91,2772f2)‘?1

+(n13 "'.913,177]&)‘?1{12 + n30‘?12q.2 + n33‘?1‘?22

+93saNf + g3s2n°f% + hsssnf?) =0 (45)
5 amio (49,8 saels i ia qa(8) 5 qu(E) ol o &5 (5 eba
Gopls Gl uilS B Wy 5wy Gl 45 4T 5 e e Gialed | amin 5l z )15
Ny My calpo 5 RS sambo noges g B 5 oges Suz )0 i @

il oo Sl culys By 9 i

UL (8 595 -4
Sealips cipog jslaieds (MSM) alais lo wbis by, dlis ool 5o
ol o &S T 5l gy 5 (45) 5 (44) S¥olae ;5 et )]
55 S¥olas (IS 925 dus A je g 90 e b d lap 5 SYslee
11 151 uibis), lie ol 5o sl 5 )50 A g4 yo b bz
oz Gl slapite gy = W1 FE0 (g 95 0 )1 (ow)yp 3590
Ty 5Ti s g Sloj obiiie To O )2 45 Wi oo iy 5 (46) & )50 &
Sogohs (eur £95 51wl oS wiibee LTSl slagalie
s al Soms ganlsn ol o a5 ssiee 28 f(E) S apsin(Qt)
5l (M3 9ny g gy My any) ol A5 Sedice Bl € A
45 Nglios (i e ligTa (1B S slepy g wilh & s

Ligd Bl pgw dye )3

T,=¢"t, n=012 (46)
3
qi(t,e) = Z e (To, T T2) o i=12 (47)
=

m; =emm; i=1-4 (48)
oy (49) 5 (48) akal, Sygods 58 pgs g Jgl (Sloy G

n; =e&nn;

d
E:D0+SD1+£2D2+"' (49)
dZ
<53 = Do® + 26DoDy + €2(Dy” + 2DoDz) + - (50)

e s (44) 5 (43) colee 5 (50) b (46) S¥olee ools i b
(53) salsleo 5 O(E) 51 (52) 5 (51) selolan & g ool T 33,5

lin sty O(E?) (sl (56) 5 (55) adoles 5 O(€%) (51,2 (54)
0(¢)

D§qi o+ wiqio =0 (51)
D§qz0 + w3G20 =0 (52)
0(£?)

DOZCI1‘1 + (U1ZCI1,1 = —2DyD1q1,0 + M12G2,0D0q2,0

2
"'"17612,02 + mgq1,0Doq1,0 + m14(DOCI2,0)

11 o lesis 16 093 1395 yare (w30 Suilse w e

sdoles ;o (40) b (37) wY¥oles 4 (35) 5 (34) w¥oles (yols L5 L

@7 sby92e 595 2 01 595 29@ s 3 po 450 B ] Lo (36)
il o Camdas (41) salal) &0 4 5,0 sloadlie @3 g

3 3
b; = b; + Z cij(@)§; + Z cijie(@)é;éx
=1 jk=1
3

+ Z Cijrr €k

jkl=1 (41)
58S el gl &= (9,0, W)T g el 3,0 =23 6l a5
aS sl LS"")‘@ Cijkl 9Cijk ‘Cij ..A.S)l.) )‘).9 JAMM.A ‘SLQJ._M SALAJ UT
S g 5 (Seeliogpl colpo il o aule adsl (s0i,S
G b = by sk (Sealinsg ] sl (Sbiul i3 by ool ous
a e Gy &5 ead (558 a5 gl ol ol glag s (Sealiyo
g el a8 15 ol glagys  Solinl Ceond cout = 0F floj 5o
ol B s Bl SIS S i s g al o L]
5 &S oo Sl 1) @i oly (soges sazan b g sl slasran 00,8y
005 18 S (gamio g8 g a4 ol opl aiejls Jols ass
(82) abkul, B samio p ogee Sz 50 wnly gadlye B> sl

Ll 1,8

b3(p,U) +mgsin(p) = 0 (42)
Cewsay 1y B ES o Jolas pnse g5 o0 (42) sk, 5l solizul L

.0)31

S ) diannd” -3

Ao b S8 g, 5l eolatwl L (32) U (30) &¥olee Cuond ol yo
9 = flslgz[t] sw = folslgalt] w = filslqilt]l oly o35
2 050 Zaz 0 05 US4 f3ls] 5 fols] fuills] 0Ty o5 09 00 s
a3lt] 5 @2t @ult] 5 rome a0 9 B samio p ogee (S
(43) aba, (22) alsles yo @l cnl ols )13 L cadlge o garals
iy wlys 5 (43) alal, 5l eslitl b uizees 18] wlse ooy
] e awsay (45) 5 (44) gabail) & jpody ataS Jow conds

4z = p191 + 292 (43)
i1+ w1® = ((hanf + han?f2 + hanf + han*f?)qy

+(m4 + h4,177f + h4,2712f2)‘h

+(ms + hs1nf + hsonf) g

+(m7 + h7,177f + h7,277f)q22 +mysqq® + mygqy?

+(mg + he1nf) 192 + (mg + hg1nf)q1ds

+(m9 + h9,177f)‘h‘?1 + (mll + hll,lnf)‘h‘?z

+(myp + hiz1nf ) 242 + M16122 + My7G145°

+M19q1q1”° + M21G1q2" + Masq2qs® + Ma7q2q2°

+m22q'12q1. +mMy3G1°q; + m31‘7226h. + M32G2°q,

+M30q14291 + M26q1G242 + M25q1G14>

+My9q2G142 + Maada’ + (Myy + hiaanf)ds’

+(m2 + hz,ﬂ’lf + hz,zﬂzfz)flz + Myedy

+(m10 + h1o,171f)‘?12

+(m1 + h1,1TIf + h1‘2772f2)‘?1

+(myz + h13,177f)511‘?2 +m30G1°q, + m33“h"?22

+has 1n0f + hsson*f? + h35,3773f3" + h3s4nf

+hsssn?f? + hasen’f> + has7nf) =0 (44)

382


www.sid.ir

W sl 99350 390 (youn

1i1 GBS 53 doglpub 53 daly <S55 9 b 9l xS Lo ol i pat SiggllS 3 65 20 3l Z9sd piils

"'91,2772][:21)0‘11,0 + 98,177fQ_1,oDoqLo + ge,zﬂf‘h,oqz,o
+914,171f(D0‘I2,0)2 + 92,1?7fDOQZ,o + gz,znzf.zDo(h,o
"'96‘177](‘.?1,0‘22,0 + 912,177f‘I2,qDo‘I2‘0 + 99‘17)](‘12,0[)0‘.11,0
+.911‘177f‘?1,0D0‘h,0 + .913,171fDOQ110D0‘Z2‘0 + 935,.1771[
+g35,277.2f2 + 94772f292,0 + 97,1Uffh,02 + 95,177.}5‘?1,02
+g310Mf G0 *+ 9321 f *q10 + 911f G20 + 921°f 2420
+931f 420
(56)
(58) 5 (57) k!, JS& 4 cuijia (52) 5 (51) w¥oles &ub
e Ay g Ag Llsw zg05e ;.4:5)54.‘-152 5./Tl Ol 5 a8 oo Caoay
ol ;9 G20 910 &Sl b il o (T1, T2) 5 ol 50,0 4
oS lile a4 yomie 5 slao e Bi>  0(€) caloles 5 0(€%)
il se Cawody (62) 5 (59) Laslg, cigis o

Gro = AleiwlTo +A_le—ia)1T0 (57)
G20 = AzeiszD +A_Ze—icu2T0 (58)
DA = f1(A1,47) (59)
D1 4; = f,(A1,43) (60)

DA, = gl(AlvAZrA%‘ql!AlAzA_lvA%A_LA%AZvAlAZAbA%AZ)
(61)
D,A, = gz(AleZaA%A_LAlAZA_lyA%ALA%A_LAPAZAZ'A%A_Z)
(62)

ol 0 45 (63) &jg0a Az 5 Ay sy (oodad JSb iy a5 3l oolital b
il alS ¥ole witen gloy b pite 6 5 auba 5@
Cewsay (67) b (65) Luly, ojp0t (64) cuymi b asls en¥sns
IRV g
1

A= Ea]-[t] exp(ia[t])  j=12 (63)
P[t] = a,lt] — ay[t] + €0 (64)
. 1 3
a; =pp1aas + 2PP3104

+(COS('P) pp21 — sin(¥) sz,z)az

+%(COS('P) PP — SIN(Y) pps; +0s(¥) ppe s

_ 1
+sin(¥) pps2)aia, + 7 (©0s¥)pps,

. 1
—SinQ¥) pps2 + Pp71)a1a3 + 7 (cos(¥) pps.,
—sin(¥) PPs,z)a%
(65)
. . 1
dz = (cos(¥) qq11 + sin(¥)qqu2)as + 7 (cos(¥) qqs,
"'S:Iin(w)qqiz)aig +q9z1a;
+Z (qu + cos(2¥) qqe1 + Sin(2¥) CI%‘z)a%az
1 .
"'Z (cos(¥)qqs, — sin(¥) qqs 2 + cos(¥) qq71
. 1
+sin(¥)qq72)a163 + 744819
(66)
a,a,¥ = (—sin(¥) qq.1 + cos(¥) qq; »)a?
1 .
+£_1 (— sin(¥) qqs; + cos(¥) ‘1‘13,2)511t

1 2
+(e0 — pp12 + q4z2)a1a; — 2PP320i%

1 .
*7 (9942 — sin(2¥) qq6 1
+¢0s(2¥) qq¢2)a3 a,

383

+my3D0q1,0D0q2,0 + M6q1,092,0 + M1191,0D092,0

2

+mmyDoqq0 + mlO(DOql,O) + Moy q20D0q1,0
2

+mmyq, o + mmyDoqy o + Msqyp

(53)

2 2 _ 2
Dy“qz1 + w2%qz1 = —2DgD1q20 + nw(Do‘h,o)
+n11G1,0D0G20 + N6G1,0920 + MN3q1,0 + N7q320°
+n43D0q1,0D0q2,0 + Nsq1,0° + Ny Doy g
+142420D092,0 + 19q20D0q1,0 + M2 Doq20
2

+ngq1,0D0q1,0 + N1a (DOCIZ,O) (54)

0(e3)
Doquz + (U1ZCI1,2 = —2DyD3q1 — D1ZQ1,0 —2DgD1q11
2
+my3qz0 (Do‘h,o) + Moq2,0Doq1,1 + Moq20D1410
+M3142,0°Doqi,0 + M2041,0q2,0D0q1,0 + Moq2,1 D01 0
+M29G2,0D0q1,0D092,0 + M28G1,0D091,0D0G2,0
+my3D0G1,0D0G21 + M13Doq10D1G2,0 + M13D0G1,1D0G20
2
+my3D141,0D0q20 + M30(DoG10) Dodz0
2
+m33D0q10(Poq2,0)  * M19910° Dol
2 3
+M32q10(Doq10). + Meq10D191,0 + M34(DoG2,0)

2
+Meq1,0921 T Meq1,192,0 T M32G20 (DOQZ,O)
+Mi7G10920° + M27020°Doq20 + 2M7q2,0921

3

+2msqy 0G0+ Mps (Do‘h,o) +My6q1,0%q20

+My2G20D1q2,0 + MMaqr 1 +MigGao® + Mysqs°

+My1G1,0D0921 FM1191,0D1G2,0 + M1191,1D0q20

+My5q1,02DoGz,0 + M2641,0920D092,0

2

+m31Q1,0(DOQZ,0) +M12G20D0q21 + M12921D042,0

+2m14D0q2,0D0q2,1 + 2m14D0q2,0D142,0 + Mgq1,0D0G11

+mggs,1D0q1,0 + 2M19Doq1,0D091,1 + 2my10DoG10D191,0

"'mszof]z,l +mmyDiqz0 + m"leoqu +mmyDi1q10

+h35,677.3f3 + hyssnf? + h12,1’7f¢l2,oDofIg,o

+h2,177fD0q2,0 + hz,znzszO‘h,o + h14,171f(l?0q2,0)2

+h6,177f‘.h,0‘h,0 + hs,lﬂf{h,oDo‘h,o + h10,1'71f(D0‘h,0)2

thi11nfDoqro + h1,2772f2D9‘h,0 + hoanfqz20D0q1,0

+h11,177f:Q1,0DOCI2,0 + hlS,lUfDOQLODOQZ,O""' h35,5’7?f2

+h35,477f + hasanf + }}35,2772f2 + hzsonf + h4,17f‘12,0

+h4,2772.f26h,0 + hy1nfqa0% + hyanf Ga0® + h1‘77fq1,0

+han?f2q10 + hanfqio + han®f2q10 + hs11fq10®

+hs21f q10°

(55)

Doth,z + (UZZQZ,Z = —2DoD3q30 — D1ZQZ,0 —2DgD1q21

+12902,0D091,0D092,0 + N2891,0D091,0D042,0

+113D1410D0q2,0 + 113D0q1,0D0q2,1 + M13Doq1,0D192,0

2
+113D01,1D042,0 + 130(Doq10) Doz
2 2

+n33DOCI1,0(DOQZ,0) +n32Q2,0(DOCI2,0)

+137G2,0°Dodz,0 + M6q1,0q2,1 + N6q1,1920 + M17G10G2,0°

+M16q10°920 + 1199107 DoG10 + 217420921

2 3
+2n5G1 0911 + N2291,0 (Doch,o) + ngy (DOQZ,O)
3

+N92G2,0D1G2,0 + N2y (Dofh,o) +ngq1,0D1G1,0 + N15G10°

+N18G20° + 2n14D0q20D1 G20 + N1242,0D0921

+112G21D042,0 + 2110D0Gq1,0D1q1,0 + M8q1,0D041,1

2
+ngq11D0q1,0 + 2110D0G1,0D0q11 + nzan,o(Dofh,o)
+12091,092,0D091,0 + M9G2,0D0q1,1 + N9q20D191,0
2

+n9qz1Doq10 + n31Q1,0(DOQZ,0) + N,5q1,02Do G20

+12691,092,0D092,0 * 1191000921 + 111G10D1920

+1111,1D0G2,0 + N2142,0°Doqr,0 + M1 Doqy 1

+nn1D1q1‘Y0 + nnzDoflza +nn,D1q, +'nn3q1v1

+g353m°f3 + 910,177f(DOQ1,0)2 + g1.1Mf Doq10

11 o)l 16 0093 1395 ) xL)u)'J.n ‘_(»Kn S


www.sid.ir

W sl 99350 390 (youn

1i1 GBS 53 doglpub 53 daly <S55 9 b 9l xS Lo ol i pat SiggllS 3 65 20 3l Z9sd piils

Fig 4 Initial orientation of U shaped cable under wind flow
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1
+ Ecosz(<p) sin(g) aa, ; — 2cos(p)aay 1)
€323 = k(=2c0s?(¢) aay; + cos3(p) aa, ,
+25sin(¢p) aa; 1 — sin(g) cos?(p) aa, ,
—cos(¢) aa; , + cos(@) aay g
—2c0s?(¢p) sin(¢) aa, ; + sin(p)aa, )
k H 2 3
C333 = @(Sm((l’)@ cos?(¢p) aa, , + cos*(¢) aay 3
—cos(¢) aa, 3 — 3cos(p) aa; , — 6cos(p) aa, 4
+sin(p) cos?(¢) aa, 3 — 3sin(p) cos?(p) aa, ,

—sin(g) aay 3 — 3sin(g)aas2))
2

C3111 = ~ ¢~ (sin(p) aa, ;3 + cos(p)aa, 3)

kU .
C3112 — > (0052(‘0) aaq; — sin(¢) cos(¢) aa;;
+sin(¢) cos(g) aa, 3 — 2aa; , + cos?(p) aa, 3)
C3113 = EkU(_ COSZ(‘P) aaz, —aa,3
—sin(g) cos(p) aa, 3 +cos?(p) aa; 3 — aa,,
—sin(p) cos(p)aay 2)
1
C3122 = k(—50053(§0) adpsz — cos?(¢) aag
—sin(g) aa, 1 +2cos(¢) aa; ,

1
+sin(p) cos?(¢) aa,, — Esin(<p) cos?(¢) aa,3)
3123 = k(—sin(¢p) aa,; + cos(¢) aa; 3
—cos®(p) aa, 3 — 2sin(g) aa, ,
+2sin(g) cos?(¢) aa, , + sin(g) cos?(p) aa, 3
+2c0s3(¢) aa, , — cos(p)aay 1)

1. 1
C3133 = k(= Esm((ﬂ) aa;z — ECOS((p) aazs
1
—cos(p) aay s + ECOS3(<p) aday s

1
+ Esin(q;) cos?(¢) aa, 3 + cos3(p) aa; 5

—sin(p) cos*(¢) aa,, —sin(p) aa,,
—cos(p)aa, ;)

k ; 3
C3222 = 65U (cos(@)(65sin(yp) aa;; + 3¢0s®(p) aa,,
—3sin(g) cos?(¢) aa, , — 6cos(@) aay,
+00s3 () aa, 3 + sin(p) cos*(¢p) aa,3))

C3223 = % (4cos®(¢) aa, 4 +cos*(¢) aaq 3
—cos®(¢) aa; 3=2aa, 1 — sin(¢) cos3(¢) aa, 3
+c0s%(¢) aa, , — 3cos*(p) aa, ,
+25sin(¢p) cos(¢) aas; + 4sin(p) cos(e) aa ,
—3sin(¢) cos®(¢) aa, ;)

C3233 = % (sin(g) cos®(¢) aa;3—4 cos?(¢) aa;
+25sin(¢) cos(g) aa, ; + 3cos* (@) aa, ,
—c0s?(¢) aa, 3 — sin(p) cos(p) aa; 3
+c0s*(¢) aa, 3 — aa, , sin(g) cos(p) + 2aa, ,
—3sin(g) cos®(¢) aa,, + 2aa,,

—5c0s?(¢) aa )

C3333 = % (sin(p)(3cos® (@) aay ; + cos?(p) aay 3
—cos(¢p) aa, 3 — 3cos(p) aa; , — 6 cos() aa, 4
+sin(¢) cos?(¢) aa, 3 — 3sin(e) cos?(¢) aa,,
—sin(e) aa, 3 — 3sin(p)aa,,))
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