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ABSTRACT

The stability and galloping characteristics of iced quad bundle conductor are studied in this paper. Firstly, the
aerodynamic coefficients of iced quad bundle conductor and single conductor under four different working
conditions are obtained by wind tunnel test. Secondly, the equivalent aerodynamic coefficients at the central
axis of the quad bundle conductor are obtained, and the equivalent aerodynamic coefficients are compared with
the aerodynamic coefficients of each sub-conductor of the quad bundle conductor. Then, based on the Den
Hartog instability mechanism and Nigol instability mechanism, the stable and unstable range of the equivalent
coefficients of the quad bundle conductor are analyzed. Finally, the galloping characteristics of the quad bundle
conductor are studied by combining with the equivalent aerodynamic coefficients at the central axis of quad
bundle conductor. The results of the wind tunnel test show that the aerodynamic coefficients increase with the
decreasing of the wind speed. The stability analyses show that the higher the wind speed is, the smaller the Den
Hartog coefficient is the easier the Den Hartog” galloping would occur. Furthermore, the higher the wind speed
is, the smaller the Nigol coefficient is, the easier the Nigol’ galloping would occur. The analysis of galloping
characteristics shows that when the conductor is located at stable state, the displacement in the y-axis direction
would be much greater than the displacement in the z-axis direction.
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NOMENCLATURE
A cross-sectional area pz aerodynamic load in the z-axis direction
Co aerodynamic drag coefficient U average wind speed
CL aerodynamic lift coefficient u(x,t) displacements in the x-axis direction
Cwm aerodynamic moment coefficient v (x,t) displacements in the y-axis direction
D diameter of conductor w (x,t) displacements in the z-axis direction
E Young’s modulus
Fo aerodynamic drag y (X) static profile of conductor
Fo aerodynamic lift a angle of attack
fy viscous damping in the y-axis direction ot relative angle of attack
fz viscous damping in the z-axis direction ao initial angle of attack
H static tension ok kinetic energy of conductor
L length of conductor ol kinetic energy of conductor
| span length owk’ virtual work
M; aerodynamic moment 6 (x, t) displacements in the #-axis direction
m mass per unit length P air density

Py aerodynamic load in the y-axis direction
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1. INTRODUCTION

In order to solve the unbalanced supply and demand
of electric power, a lot of long-span conductors have
been established in China (Cai et al. 2019). While
Chinais a large country with unique topographic and
complicated engineering geology, under the action
of winter monsoon, the surface of the conductor
would be iced exceptionally easily. When the iced
conductor is located at the certain angle of attack,
due to the influences of aerodynamic lift, the iced
conductor would to be galloping easily (Nigol et al.
1981a). Lee et al. (1992) and Zhang et al. (2000)
closely explained the galloping of iced conductor is
a kind of self-excited vibration with low-frequency
and large-amplitude, which has strong geometric
nonlinearity. The research of Braun et al. (2005) and
Liu et al. (2019) expounded that the large-scale
galloping of iced conductor would cause frequent
tripping, power failure, collapsed tower and other
accidents. Meanwhile the alternating tension caused
by long-term and large-scale galloping would lead to
serious accidents such as broken strands, wore
hardware and damaged tower arm (Cai et al. 2019
and Liu et al. 2019), which are shown in Fig.1 and
Fig.2.

Fig. 2 Collapsed tower.

Based on these researches above, the study on
galloping of iced conductor has a lot of application
value in electric and civil engineering.

For the study of galloping characteristics of the iced
conductor, aerodynamic coefficients are important
physical parameters, which are used to analyze the
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galloping and stability characteristics of single and
bundle conductor. Therefore, scholars have done a
lot of work in this area for getting breakthrough
results. And for the investigation on aerodynamic
coefficients, there are only two commonly accepted
research methods (Moghimi et al. 2018 and Wang et
al. 2019), namely, numerical simulation method and
wind tunnel test. As is known to us, the costs of wind
tunnel test are extremely expensive but its results are
accurate, since using different methods in different
situations needs to be judged according to the actual
situation. Peng et al. (2014) used the numerical
simulation method to obtain the aerodynamic
coefficients of iced bundle conductor, then obtained
the aerodynamic coefficients of the iced bundle
conductor again by wind tunnel test. By analyzing
the results of these two methods, the rationality of
numerical simulation method was proved. Li (1995)
and Li (2000) also systematically investigated the
dynamic and static aerodynamic coefficients of iced
single and bundle conductor under different
conditions through wind tunnel test, then the
differences of dynamic and static aerodynamic
coefficients are compared. In view of the lack of
aerodynamic coefficients of iced quad bundle
conductors, Zhang et al. (2011) carried out a static
wind tunnel test on the aerodynamic characters of
iced quad bundle conductors and some conclusions
obtained by him have been applied to electric and
civil engineering.

Based on numerical simulation method or wind
tunnel test, the aerodynamic coefficients of iced
conductor can be obtained in detail, then the
galloping characteristics of iced conductor can be
further studied. Liu et al. (2009) used finite element
method to studied the galloping of iced conductor
combined with wind tunnel test, which provides
valuable advice for electric and civil engineering.
Liu et al. (2013) studied the hysteresis phenomenon
in the galloping of the D-shape iced conductor, and
many meaningful conclusions were obtained. Based
on the wind tunnel test, Lou et al (2014) studied the
influences of iced thickness and initial iced accretion
angle on the galloping characteristics of iced bundle
conductor, and Lou et al. (2017) further investigated
the critical wind speed of iced 6-bundled conductor
combined with wind tunnel test.

Due to the randomness and diversity of iced shape of
conductor, the currently existing aerodynamic
coefficients could not meet the complex and
changeable actual electric and civil engineering.
Based on this concept, the wind tunnel test of iced
quad bundle conductor is carried out in this paper,
and the aerodynamic coefficients of quad bundle
conductor obtained by this wind tunnel test can give
some references for electric and civil engineering.
Then, the influences of wind speed on the
aerodynamic coefficients of quad bundle conductor
is also studied systematically under four different
working conditions. What’ more, the equivalent
aerodynamic coefficients at the central axis of quad
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bundle conductor are obtained by a reasonable
method. In addition, the equivalent aerodynamic
coefficients of iced quad bundle are compared with
the aerodynamic coefficients of each sub-conductor
of quad bundle conductor. Finally, the equivalent
aerodynamic coefficients are fitted by Taylor’ rules
and galloping characteristics of iced quad bundle
conductor is studied by combining the instability
mechanism.

2. WIND TUNNEL TEST OF ICED QUAD
BUNDLE CONDUCTOR

2.1 Equipment of Wind Tunnel Test

Although the different of topography, temperature,
wind speed, and other factors would make iced type
of conductor numerous and diverse, according to the
investigation of Japanese scholars, the iced type of
conductor is mainly crescent iced type (Cigre 2007).
Meanwhile, in order to solve the unbalanced demand
of electric energy, a lot of long-span quad bundle
conductor have been launched in China (Cai et al.
2019). Based on these conclusions above, the
stability and galloping characteristics of crescent
iced quad bundle conductor are mainly studied in
this paper.

In order to investigated the influences of wind speed
on the aerodynamic coefficients of iced quad bundle
conductor, the test is divided into four conditions
according to the wind speed. The ice thicknesses of
each sub-conductor of quad conductor both are
12mm. In order to facilitate research, the schematic
diagram of the transverse segmental model of the
quad bundle is established, which as shown in Fig.3.
The ice is assumed evenly distributed on each sub-
conductor of quad conductor.

According to the quality management requirements
for large-scale wind tunnel test (GJB1452-1992), the
wind tunnel test was conducted by the Institute of
China Aerodynamics Research and Development
Center in the 1.4mx1.4m wind tunnel.

Fig. 3 Schematic diagram of the transverse
segmental model of the quad bundle.
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Fig. 4. Balance of TG0151A and TG0151B.

Table 1 Outward Sizes of TG0151A and
TG0151B (mm)

Diameter | Length Front Back | Screw
(D) (L) cone cone hole
1:5, 1.5,
15 130 O15x21 | ©15x21 M5

Table 2 Measurement range and accuracy of

TGO151A
Project Y |MZ| X |MX]| Z | MY
Load range (N, ol sl2l1l6ls
Nm)
Static
calibration (%) 03/03|05]03[03]03
Limiterror (%) (09| 09 (15| 09|09 0.9

Table 3 Measurement range and accuracy of

TG0151B
Project Y |MZ| X |MX| Z | MY
Loadrange (N | 60| g | 20| 1 |60 8
Nm)
Static calibration 05/ 0505050505
(%)
Limiterror (%) 15| 15|15 15|15]|15

In this wind tunnel test, two types of balances are
required, namely TG0151A and TG0151B. And the
two types of balances are used to measure
aerodynamic drag, lift, and moment of iced quad
bundle conductor. The picture of these two balances
of TGO151A and TG0151B is shown in Fig.4, and
the dimensions, ranges and accuracy of the two types
of balance are listed in Tables. 1 to 3.

The model of quad bundle conductor is 4XLGJ-
400/50 and each sub-conductor has the same
structural parameters. The diameter of all the sub-
conductors is 27.6mm and the type of FJZ-400
spacer is used between the quad bundle conductor,
which is to make the spacing between the adjacent
sub-conductors be 450mm, so the sub-conductor
would not be entangled when they are galloping.

The model of the conductor is shown in Fig.5, and
the model of iced shape is shown in Fig.6. The main
content of this wind tunnel test is to obtain the
aerodynamic coefficients of quad bundle conductor
and single conductor under different wind speed.
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The change range of « is 0° to 360°, and the direction
of turning for force-measured device is clockwise.

Fig. 5. Model of conductor.

Fig. 6. Model of iced shape.

Fig. 7. Force-measured device of single
conductor and quad bundle conductor.

The pictures of static traverse force-measured device
of quad bundle conductor and single conductor are
shown in Fig.7 above. The aerodynamic coefficients
measured by this test including aerodynamic drag,
lift, and moment coefficient, then the dimensionless
aerodynamic parameters are defined as follows:

Cp= 2'2:D , G = le:L » Cu= Zyzz
pULD pJ LD pU LD

)

Where Fp, FL, and Mz are the drag, lift, and moment
of conductor respectively. p is the air density, U is
the average wind speed, L is the length of conductor
and D is the diameter of conductor.

2.2 Aerodynamic characteristics of quad
bundle conductor

In this wind tunnel test, the aerodynamic coefficients
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of crescent iced quad bundle conductor with 12mm
ice thickness are tested under the wind speed of
10m/s, 12m/s, 14m/s and 18m/s respectively. The
aerodynamic coefficients of each sub-conductor of
quad bundle conductor are shown in Fig.8 to Fig.10.

This test considered the influences of different wind
speed on the aerodynamic characteristics of each
sub-conductor of quad bundle conductor. Form Fig.8
to Fig.10, it can obtain that the static aerodynamic
characteristics of iced quad bundle conductor under
various wind speeds.

(1) When a is less than 40°, C. shows an upward
trend. When the o is located at the range of 40° to
120°, CL shows a downward trend. When the « is
located at the range of 120° to 160°, CL has an
upward trend again, but the upward trend is more
obvious than those when « is located at the range of
40° to 120°. The trend of C. is antisymmetric when
a is located at the leeward 180° and when a is
located at the windward 180°.

(2) When o keeps constant, it can obtain that Cp of
each sub-conductor decreases with the increasing of
wind speed. For the different location of each sub-
conductor, there are different wake effects, and the
sudden drop location of Cop for each sub-conductor
of iced quad bundle is also different. Cp of sub-
conductor 1 is affected by the wake effects of sub-
conductor 2 when « is located at the range of 130°.to
135°. Cp of sub-conductor 3 drops suddenly when o
is 45° influenced by the wake effects of sub-
conductor 2. Cp of sub-conductor 4 is affected by the
wake effects of sub-conductor 1, 2 and 3 when « is
about 45°, 90° and 135° respectively.

(3) When « is less than 45°, Cwm increases with the
increasing of &, while when o is greater than 45°, Cm
decreases with the increasing of a. The trend of Cwm
is antisymmetric when « is located at the latter 180°
and when o, is located at the former 180°.

2.3 Equivalent Aerodynamic Coefficient of
Quad Bundle Conductor

For the different location of each sub-conductor of
quad bundle would result in different wake effects,
so the variation of aerodynamic coefficients of each
sub-conductor with a can’t accurately reflect the
variation of the equivalent aerodynamic coefficients
at the central axis of quad bundle conductor with a.
In order to obtain the variation of the equivalent
aerodynamic coefficients at the central axis of iced
quad bundle conductor with «, the definitions of
equivalent lift and drag coefficient of quad bundle
conductor are shown in follows.

Cl =12 Cl (22
CHO=YCh (2b)
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Fig. 8. Lift coefficient of iced quad bundle conductor under various wind speeds.

Where the physical meaning of Eq. (2a) and Eq. (2b)
is that the equivalent aerodynamic lift coefficient is
equal to the average value of lift coefficient of each
sub-conductor, and the equivalent aerodynamic drag
coefficient is equal to the average value of drag
coefficient of each sub-conductor.

The equivalent moment coefficient at the central axis
of quad bundle conductor is defined as:

CHO=[ChOClo®+ClL O] @

Where Cy, (1) , Clio(t) , Cp . (t) respectively
represents the contribution of the moment, drag, and
lift of each sub-conductor to the equivalent moment
coefficient. Meanwhile, for the iced quad bundle
conductor N is 4, then it can obtain that

Cis®=2Cl 0 @
1 .
w.0=—=[Co(t) ~CoO)Isin(= +a) -
2 4 5)

iz[cz‘)(t) ~Ci(vleos( + )

NA
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1
C&,L:ﬁ

[Cit) - CE(t)] cos(% +a)

[CH(t) - CE)Isin(E +a) -
4
. (6)

NG

Due to the complexity of the mathematical symbols
of equivalent aerodynamic coefficients, C., Cp and
Cm are also used to represent the equivalent
aerodynamic lift, drag, and moment coefficients of
the iced quad bundle conductor. Then, the
aerodynamic coefficients in Fig.8 to 10 are sorted
out according to the definitions of Eq. (2a), Eq. (2b)
and Eg. (3), then the equivalent aerodynamic
coefficients of quad bundle conductor are obtained
which are shown in Fig.11 and Fig.13.

It can also be seen from Fig.11 to Fig.13 that the
influences of wind speed on the aerodynamic
coefficient is not very obvious.

2.4 Analysis of Instability

According to the Den Hartog instability mechanism
of galloping (Den Hartog 1932), the stability of iced
conductor can be determined according to Eq. (7).

Den= %G,
oa

+C, <0 @)
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Fig. 9. Drag coefficient of iced quad bundle conductor under various wind speeds.

Where Den is the Den Hartog coefficient, and if Den
is less than zero, galloping would occur for iced
conductor. It can be also seen form Eq. (7) that the
aerodynamic coefficients affecting Den Hartog
coefficient are Cp and Cy.

Take the first derivative of CL and add it to Cp to
obtain the Den Hartog coefficient, which is shown in
Fig.12.

It can be seen from Fig.14 that the unstable range of
a of quad bundle conductor are located at the range
of 50° to 80°, 130° to 180°, 180° to 230° and 280° to
310° respectively. With the increasing of wind
speed, the values of the Den Hartog coefficient of
iced quad bundle and single conductor decreases,
that is to say, the higher the wind speed is, the more
likely the Den Hartog galloping would occur.
Comparing the Den Hartog coefficient in Fig.14 of
single conductor with the Den Hartog coefficient of
quad bundle conductor in Fig.15, it can be found that
the general trend of Fig.14 is almost the same as that
of Fig.15, but the place where the maximum value is
obtained is different. The den Hartog coefficient of
quad bundle conductor reaches the maximum value
at both ends of curve and the minimum value in the
middle of curve. While the Den Hartog coefficient
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of single conductor reaches the maximum when « is
150° or 220°, and reaches the minimum value in the
middle of curve.

According to the Nigol instability mechanism (Nigol
1981b), the necessary conditions for the occurrence
of Nigol galloping can be expressed as follows.

oC,,
Ooa

Taking the first derivative of Cm can obtain the Nigol
coefficient, which is shown in Fig.16 to Fig.17.

Ni= <0 (8)

It can be seen from Fig.16 to Fig.17 that the unstable
range of Nigol galloping for quad bundle conductor
is wider than that for single conductor, because most
of the values of Nigol coefficient in Fig.16 to Fig.17
are negative, which also directly shows that the
torsional effect of iced conductor could not be
ignored in the actual working condition. The effect
of wind speed on Nigol coefficient is similar to that
of wind speed on Den Hartog coefficient, that is,
with the increasing of wind speed, the Nigol
coefficient would decreases, and the higher the wind
speed, the more likely the Nigol galloping would
occur.
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Fig. 10. Moment coefficient of iced quad bundle conductor under various wind speeds.
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bundle conductor.
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3. THE EQUATION OF FREE VIBRATION

3.1 Vibration model of conductor

The mathematical model of single conductor is
established as shown in Fig.18. The two ends of the
conductor are constrained by fixed supports. I'1 is the
equilibrium profile under the action of gravity, while
T2 is the dynamic profile under the action of gravity
and other external loads.

When the equilibrium profile changes under the
action of other external loads, the corresponding
micro element length becomes ds™, then extensional
strain in the conductor is
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_ds—ds" __'I%a_u 1.0u,,

ds I ds 0s E(E) ©
d_y@+1 @)2 +%@+l(@)2ds
dsdos 2 0s dsos 205

Where u(x, t), v(x, t) and w(x, t) are the displacements
measured form the equilibrium profile in the x-axis,
y-axis and z-axis direction respectively.

The vibration equation of single-span conductor can

be obtained by the variational principle for
Hamiltonian
A xu)

Equilibrium profile

\n

Dvnamic profile

Fig. 18. Mathematical model of conductor.

[ok —[sTT+[ow, =0 (10)
Where ok is the kinetic energy of conductor, 511 is
the potential energy of conductor, and dwk” is the
virtual work is associated with gravity, external and
damping forces.

Ignoring displacement in the x-axis direction of
conductor and according to Eqg. (10), it can obtain
that

82 +EA d’y av)j dyav

6x dx? OX dx ax (11a)
= ——)?ldx=mv + f V-
2[(ax) (ax) 1 N=py

o*w EAdwpou dyov

| ===+

oX I ox°gox  dxox (11b)

[( ) +( )]dx mw -+ f,W—p,

Where fy, f; are the viscous damping coefficients in
the y- and z-co-ordinate direction respectively. Py (x,
t), Pz (x, t) are the aerodynamic loads per unit length
in the y-axis and z-axis direction of conductor
respectively. m is mass per unit length. H is static
tension, E is Young’s modulus, A is cross-sectional
area and y(x) represents static profile of conductor,
respectively.

The vibration displacement of the conductor can be
written as

u(x,t) =, (), () (122)
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V(x1) =y, (x)q,(t) (12b)

W(X,t) = w3 (X)g5(t) (12c)

where w1(X), w2(x) and ys3(x) are mode shapes, qi(x),
g2(x) and ga(x) are vibration functions.

Substituting Eq. (12) into Eq. (11) leads to

2PN SR
7(y + l/IZqZ)J‘V/lql +Yyw,q, + E(‘l/zzqz2 +
0

(13)
l//;quz)dX =my,G, + fy.d, - p, — Hyq,
E o 1 2 2
vxgqsfwlql Vit + 5 e, + ”
V/ézqaz)dx = m‘//3q3 + le/laqa -P, - H‘//é/qs

By multiplying Eq. (13) by 2 and integrating the
outcomes over x€[0,l], the ordinary differential
galloping equation of iced conductor in y-axis
direction can be obtained

b1q2 + quZ + b4q2 + b5q22 + (15)
byds +by05 +by0, 05 = P,
Where

| |
b, = [myZdx b, = [ fyldx,
0 0
I

EA .0
b3 = *I (Ty _(['//1 dX)y/de )

L EA
b=y

b, = j{(—y wfdx)+—wz j Yy d)0x

_[ Wy dx = Hy, o0,

0

b, :j <EA "Jz//3’2dx)1//2dx

| EA |
b, = _I (Tvlznj.l/ll,dx)vlzdx '
0 0

| EA |
_ n” 1”2
b, = '([(WZ J‘/’z dx)y,dx

I I |
EA " !

by = *J‘ (E‘/’z IV’:; de)l/lde, p, = I Pyw,dX

0 0 0
By multiplying Eq. (14) by ys and integrating the
outcomes over x€[0,1], the ordinary differential
galloping equation of the iced conductor in z-axis
direction can be obtained

€y + CCls +Cy05 + 0,05 + €030 +C,05 = P, (16)

Where

Ps

I | |
G = Iml//azdx G = I fysdx, ¢, = J-(_H'//3”)‘//3dx '
0 0 0

125

| |
EA n ’
_I (TV/3 _['/’1 dX)l/Ing,
0 0
[ EA Lo
=[G [yw,dowdx,
0 0

t EA
—I (j'//s

0

|
C = "y, 2w
0

| EA ) | , |
= __[(i(/@ J.l//3 de)l/I3dX v Py = I pz‘//?,dx )
0 0 0

3.2 Aerodynamic Loads on
Bundle Conductor

lced Quad

In this paper, for the iced single-span conductor, only
the Den Hartog instability mechanism is considered.
The relative wind speed and wind direction caused
by the relative motion of the conductor are shown in
Fig.19. Form Fig.19, a is the relative wind angle of
attack associated with the movement in the y-axis
and G-axis directions of the conductor.

For the displacement in the 6-axis direction is very
small, the influences of the displacement in the 6-
axis direction on the galloping characteristics of iced
conductor is not considered in this paper. Based on
this concept, the iced conductor is subjected to the
aerodynamic loads in two directions: Py, P; are the
aerodynamic loads per unit length, acting on the
conductor in the y-axis and z-axis directions
respectively. Then, it can obtain that

p, = F cos(e,) — Fysin(,)=0.50U°DC, ()  (17)

p, = F,_sin(e,) + F, cos(e,)=0.5pU°DC, (o) (18)

Where Cy (a), C: («) are aerodynamic coefficients
fitted with a cubic curve in the y-axis and z-axis
direction, respectively.

The Taylor expansion of Cy(a) at a=0 is carried out,
and the higher order small quantities of order 4 and
above 4 are omitted

Cy(a):(Cy‘a :0)+(@‘a =0)a

2

(19)

+( Cy\a 0)a? +( y\a 0)a® +0(a*)

The right terms of Eq. (19) can be expressed as

(C,|a=0)=C, cos(a) +Cy,sin(a) = (C,_|a=0) (20a)

oC

(87‘ a=0)= ((

COSO{ C sina+

o (20b)

Lo sing +C, cow)\a = O):a—LJrCD
o
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’C
o =0)=((

Py sina —
o

2

2 CZL cosar 2%

o o

2
2.c0sa +2 %Ly cosa — (20c)

(04 (04

C, cosa +

2
FC ¢ 2%

C,sin =0)=
. a)‘a ) oo’ oo

AT
(52 e =0) = ((

3 2
2 C3L cosar ~3° CZL sina —
oa oa

3

3% cosa +C, sina +—2sina +
oa a (ZOd)

2
9 Cf cosa —38C—Dsina -Cpcosa)|a =0)
o oa

_ 03CL _3£+362CD B
oa® oa oa’

3

Co

Forelative lift

(b) Relative flow in the quasi-steady assumption
Fig. 19. Cross-sectional model of iced conductor
and relative flow.

Since the constant term in Eq (20a) would not affect
the galloping characteristics of the iced quad bundle
conductor. If the constant term is ignored and Eq.
(20) is substituted into Eq. (19), then it can be
obtained that

2
o, +Cpla+ (aaCL -C + Zac—f’)oc2
1%

2
o°C o oC 0°C ’ (1)
i b _C.)a’+0(a?)

C,=(

£ -3—+4+3—
oa o oa

+(

Similarly, the aerodynamic coefficients fitted with a

cubic curve in the z-axis direction can be obtained.

ac, 8°C ac,

C,= +Ca+ D_C,-2 a’
: (aa L) (aaz b 6a) -
&c, .oC, ,o°C

+ -3 _3=4C,)a*+0(a*
(6a3 oa oa’ J (@)

Let the coefficient of the primary term, secondary
term and tertiary term of « in Eq. (21) be y1, y2, and
x3 respectively, leads to

oC, 0*C oC

+C,=y,—=-C +2-22
oa b= 4 oa’ - oa
o°C, _38CL N 3820D

oo’ oa oa’

=2
(23)

-Co =21

Then, Cy(a) can be expressed as
C, = Zla+;(2a2 +;(3a3 (24)

Similarly, Cz(a) can be expressed as
C, =va+uv,a® +va’ (25)

Where a=q, v ,then Eq. (17) and Eq. (18) can be
converted into

b, = %pU zD[Ul(—Ul) + Uz(—Ul)z + U3(—Ul)3] 27)

When a is 55°, the first, second, and third derivatives
of the aerodynamic coefficients are calculated,
respectively, then substituting these derivatives into
Eqg. (24) and Eq. (25), it can obtain that

C, =-0.96060c —1.40716c* +97.62315¢°  (28a)

y =

C, =2.39795x — 7.008260° —119.95612¢°  (28b)

Similarly, when o is 180°, it can obtain that

C, =-1.86364a +11.04465¢° +144.171260°  (28c)

C, =0.49898c + 7.80258¢° —39.21599¢°  (28d)

By substituting Eq. (26) into Eq. (15), then a new
galloping equation of the conductor considering the
influences of aerodynamic loads in the y-axis
direction can be obtained.

2

bytj, + (b, +b)d, +b,q, +bsa; +bya;
+bng3 + b9q2q32 + bquz + bqu =0
Where

(29)
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b= -2 AU By, (07,

B, = [~3 AUD2w. (0K

B, = [P D G 00'ex

By substituting Eq. (27) into Eqg. (16), then a new
galloping equation of the conductor considering the
influences of aerodynamic loads in the z-axis
direction can be obtained.

.. . 2
Cyls + Co0, + G35 + 50,05 + Cs02 05

3, > 3 (30)
+C;05 + g, +Co, +Cyd, =0

Where

=5 AU Loy 00w (00,

0

Cq

J-5 0D

0

B
U2

B
U3
3.3 Characteristics of Galloping

G )y, (s (x)dx

6 = |2 DLl (0T, 0K,

The physical parameters of conductor are shown in
Table. 4, and mode shapes are w2(x)=sin(zx/l) and
wa(X)=sin(zx/1).

Table 4 Physical parameters

Notation Units For line

AE 106N 13.30
d 10°m 18.80
H 10°N 21.73

f, 102 0.08

f; 1072 3.79

m kg m? 1.53

| m 300

Substituting mode shapes and physical parameters
into the galloping equation of iced conductor, the
galloping displacement when « is 55° or 180° can be
obtained as shown in Fig. 20 and Fig. 21.

For comparing the differences between amplitude
and phase of iced quad bundle conductor at different
angles of attack, the galloping displacement is drawn
by taking the data of steady state in Fig. 20 and Fig.
21 above.

From Fig. 20 to Fig. 23, it can be obtained that the
amplitude in the z-axis direction is much smaller than
that in the y-axis direction when « is 55° and 180°.
And the differences for time between the z-axis

direction and the y-axis direction of the quad bundle
conductor to reach the stable state is not significant,
which is about 50s. It can also be seen from Fig. 20(c)
and Fig. 21(c) that the displacement in the z-axis
direction is large at the beginning of galloping, the
displacement in the y-axis direction increases with the
increasing of time gradually, finally the displacement
in the y-axis direction would be far greater than the
displacement in the z-axis direction. For that, at the
beginning of the galloping of conductor, the conductor
is affected by the wind loads in the z-axis direction,
then the displacement in the z-axis direction would be
generated under the action of wind loads. When the
displacement in the z-axis direction is generated, the
y-axis direction would start to gallop slowly because
of the influences of the aerodynamic loads on the
negative slope, so the displacement of conductor is
mainly represented by the displacement in the z-axis
direction at the beginning of galloping and the
displacement in the y-axis direction at the end of

galloping.

4, CONCLUSION

(1) For the influences of wake effects, there are
some differences between the aerodynamic
coefficients of each sub-conductor of iced
quad bundle conductor and the equivalent
aerodynamic coefficients at the central axis of
quad bundle conductor. Under the different
wind speed, it can obtain the higher the wind
speed is, the smaller the aerodynamic
coefficients are.

(2) The Den Hartog coefficient of quad bundle
conductor reaches the maximum value at both
ends of the curve of aerodynamic coefficients
and reaches the minimum value in the middle
of the curve of aerodynamic coefficients.
While the Den Hartog coefficient of iced
single conductor reaches the maximum when
a is 150° or 220°, and reaches the minimum
value in the middle of the curve of
aerodynamic coefficients. With the increasing
of wind speed, the values of the Den Hartog
coefficient of iced quad bundle and single
conductor would decrease, that is to say, the
higher the wind speed is, the more likely the
Den Hartog galloping would occur.

(3) The unstable range of Nigol galloping for iced
quad bundle conductor is wider than that for
iced single conductor. For most of the values
of Nigol coefficients of single and quad bundle
conductor are negative, which also directly
shows that the torsional effect of iced
conductor shouldn’t be ignored in the actual
engineering. The higher the wind speed is, the
smaller the Nigol coefficient of iced quad
bundle and single conductor is, and the Nigol
galloping would occur.
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(4) The displacement in the y-axis direction is
much smaller than that in the z-axis direction
at the beginning of galloping, and the period
would remain unchanged after the conductor is
located at steady state. With the increasing of
time, the displacement in the y-axis direction
increases, and when the conductor is located at
stable state, the displacement in the y-axis
direction would be far greater than the
displacement in the z-axis direction.
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