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Iced conductor motion is induced by the aerodynamic instability of these conductors. The unsteady aerodynamic characteristics
are different from the steady aerodynamic characteristics. The unsteady aerodynamic coefficients of typical iced conductors’
models under torsional motion are measured by the unsteady wind tunnel test. The unsteady aerodynamic coefficients of crescent-
shape and sector-shape iced 4-bundle conductors under different torsional motion frequencies, wind velocities, and ice
thicknesses are obtained. Wind test results show that there are significant differences between the unsteady and steady aero-
dynamic coefficients. The unsteady aerodynamic coefficients curve is a loop which is different from the steady aerodynamic
coeflicients. In addition, the obvious differences exist between unsteady aerodynamic coefficients of crescent-shape and sector-
shape iced bundle conductors. Critical parameters, including torsional motion frequencies, wind velocity, ice shape, and ice
thickness, have significant influences on unsteady aerodynamic coefficients. It shows that the wind tunnel experiment results are
able to provide necessary data for the investigation of iced bundle conductor motion and their prevention techniques.

1. Introduction

4-bundle conductor 500kV ultra-high voltage (UHV)
transmission lines have been widely launched to solve the
imbalance problem between electric power supply and
demand. Because of the complexity and instability of
natural environment, the safe operation of iced trans-
mission lines has attracted wide attention when the
conductors are covered with heavy ice [1, 2]. Transmission
lines may be subjected to iced conductor motion in the
forms of galloping, wake-induced oscillation, and ice
jump [3]. Iced conductor motion may lead to short circuit
hardware failure, conductor’s failure, and even collapse of
towers, which usually leads to power interruption. Thus,
the control of iced conductor motion is still a hot topic in
electrical engineering. The iced conductor motion of
bundle conductor transmission lines is a typical fluid
structure interaction (FSI) motion [4]. These motions are

induced by the aerodynamic instability of conductors.
However, lack of profound understanding of iced con-
ductor motion response has frustrated the improvement
of anticonductor motion techniques.The ice accumulated
on the bundle conductors is noncircular due to its large
torsional stiffness; thus, it occurs more common on the
bundle conductors than on a single conductor [5].
Therefore, it is necessary to investigate the aerodynamic
forces of the bundle conductors in UHV transmission
lines, especially the heavy iced 4-bundle conductors in
cold regions.

The aerodynamic characteristics should be determined
firstly, in order to investigate iced conductor motion be-
haviors of iced bundle transmission lines [3]. The aero-
dynamic coefficients of different types of iced conductor
models were measured and anglicized in the research of
Hartog [4]. They pointed out that the aerodynamic co-
efficients determined by the quasisteady wind tunnel test
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appear to be reasonable descriptions of the conductor
motion phenomena in uniform and turbulent flows.
Numerical models for motion analysis of subconductors
rely on quasisteady theory (QST) [5-10]. Then, the tor-
sional motion mechanism and the protective measures of
galloping were proposed by Nigol et al. [11-13] through
the experimental investigation of these iced single con-
ductors. Chabart and Lilien [14] measured the steady
aerodynamic characteristics of a series of single conduc-
tors by using the wind tunnel test. These test studies fo-
cused on the steady aerodynamic coefficients of single
conductors.

To investigate the effects of the air flow on the bundle
conductors, Wardlaw and Cooper [15] conducted wind
tunnel test to investigate the steady aerodynamic forces on
2-bundle conductors. The steady aerodynamic coefficients
of crescent-shape iced 4-bundle conductors varying with
wind attack angle measured by wind tunnel tests were
presented by Hu et al. [16]. In addition, in the finite element
method (FEM) ABAQUS software, the cable elements were
created by the releasing of the bending degree-of-freedom
of Euler beam element. The galloping behaviors of iced 4-
bundle conductors under different working conditions
were numerically simulated. Then, the effects of wake in-
terference around these subconductors on transmission
lines motion characteristics were discussed. Xie et al. [17]
implemented a series of wind tunnel experiments to obtain
the steady drag coefficients (same as wind pressure co-
efficients) of the bundle conductors to investigate the
differences between global drag coefficients of bundle
conductors and single conductor. Diana et al. [18]
implemented a wind tunnel experiment to acquire the
steady aerodynamic coeflicients of the 4-bundle conduc-
tors. The experiment test concluded that the effect of air
flow interference around subconductors cannot be ignored.
Yan et al. [19] used wind tunnel test to measure the
aerodynamic coeflicients of 4-bundle conductors; the
aerodynamic coefficients of each subconductor varying
with wind attack angles were obtained. Yan et al. [20]
proposed the numerical method to investigate galloping
behaviors of iced 4-bundle conductor lines based on the
results of crescent-shape iced 4-bundle conductors ob-
tained by the wind tunnel test. Wind tunnel tests were
carried out by Li et al. [21] to obtain the steady aero-
dynamic characteristics of crescent-shape iced 4-bundle
conductors which are used in 500kV UHV transmission
lines with different test conditions (ice thicknesses, initial
ice accretion angles, bundle spaces, and wind attack an-
gles). Wind tunnel tests were carried out by Lou et al. [22]
to acquire the steady aerodynamic characteristics of iced 6-
bundle conductors in different analysis parameters which
are used in 750kV UHV transmission lines. Similar con-
clusions have been obtained by Zhou et al. [23]; the steady
aerodynamic coefficients of crescent-shape iced 8-bundle
conductors were obtained by the wind tunnel test. The test
models with a real rough surface were made of the actual
conductors. Cai et al. [24] used FEM ABAQUES software to
validate the availability of the aerodynamic coefficients
determined by computational fluid dynamics (CFD) in the
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analysis of galloping characteristics of iced 4-bundle
conductors and compared numerical results with the
steady aerodynamic coefficients of these iced 4-bundle
conductors acquired by wind tunnel measurements. Wu
et al. [25] used CFD FLUENT software to obtain the
aerodynamic coefficients of 2-bundle conductors with
conceding the different conductor space.

These studies mentioned above are all based on qua-
sisteady theory. The steady aerodynamic coefficients are
obtained from the wind tunnel experiments. Investigation
on the unsteady aerodynamic loads of iced bundle con-
ductors is still lacking, so it is urgent to obtain the unsteady
aerodynamic loads of each subconductor of iced bundle
conductors. Meanwhile, the above studies focused on the
bare bundle conductors or crescent-shape and D-shape iced
bundle conductors; the investigations on aerodynamic co-
efficients of sector-shape iced bundle conductors are also less
reported.

Here, the unsteady aerodynamic behaviors of crescent-
shape and sector-shape iced 4-bundle conductors are firstly
acquired by wind tunnel measurements, in order to study
the unsteady aerodynamic coeflicients of 4-bundle 500 kV
transmission lines. Tests are put into effect to acquire the
unsteady aerodynamic characteristics of iced 4-bundle
conductors varying with the wind attack angles under dif-
ferent torsional motion frequencies, ice shape, wind ve-
locities, and ice thicknesses in the wind tunnel. The obtained
results may provide the fundamental data for the devel-
opment of antimotion techniques of 4-bundled conductor
transmission lines.

2. Wind Tunnel Measurements for the Unsteady
Aerodynamic Coefficients

2.1. Test Model. The aerodynamic forces of bundle con-
ductors are the foundations of analysis of the conductor
motion of transmission lines [5]. The aerodynamic loads
acted on the 4-bundle conductors are obtained by experi-
ments. The distance between two adjacent subconductors
(D) is 450 mm. The length, L, of the conductor model is
710 mm. The material of ice model is wood and the length of
test model is 710 mm. The outside layer of conductor model
has been put on some rubber tubes to simulate the surface of
real conductor.

Hard ice and glaze deposits are tough enough; they have
enough elasticity and strength so that they cannot be moved
away. Wind-driven wet snow may accumulate gradually on
the windward sides of subconductors, which cause a hard
and sharp leading edge. These formed ice shapes may lead to
conductor motion. Combined with actual observation,
crescent-shape and sector-shape can be generalized with
respect to the great variety of natural heavy ice shape
[16, 20]. The aerodynamic forces of bundle conductors are
the foundations of analysis of the conductor motion of
transmission lines [5]. Here, the unsteady aerodynamic
coefficients of crescent-shape and sector-shape iced 4-
bundle conductors are obtained by experiments. The cross
section of iced models is shown in Figure 1. The arc angle of
sector-shape ice type is 120° (Figure 1(b)).
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Figure 1: Cross section of iced model: (a) crescent and (b) sector.

The ice and conductor models are displayed in Fig-
ure 2. The stranded surface conductor model (4xLG]J-
400/50) is shown in Figure 2(a), which is close to the real
conductor. The diameter (d) of each subconductor is
27.63 mm. The diameter ratio of the real conductor model
to the test model is 1:1. The artificial crescent-shape and
sector-shape ice model with different ice thickness is
made of light wood with density close to the density of the
real ice (836.81kg/m®), and the ice is shown in
Figure 2(b). The ice thickness of crescent-shape ice type is
set as 14.5 mm, 24 mm, and 33 mm, respectively. The ice
thickness of sector-shape ice type is set as 21.5mm and
30 mm, respectively. As shown in Figure 2, these studies
are closer to the real situation than the smooth surface
cylinder and those artificial with rubber tubes used in
most literature experiments. The ice type is fixed on the
surface of the conductor model.

2.2. Wind Tunnel. As shown in Figure 3(a), the conductor
models are installed vertical between two circular plates
which can keep two-dimensional characteristics of the
inflow. The tests of the sectional 4-bundle conductors are
arranged in the wind tunnel (1.4 m x 1.4 m) (Figure 3). The
crescent-shape iced and sector-shape iced 4-bundle
conductors in wind tunnel are listed in Figures 3(a)
and 3(b).

The length of test section is 2.8 m (Figure 4(a)), the
conductor model is in the middle of wind tunnel, and the
range of wind velocity is 0 m/s~65m/s. Observation of
transmission lines galloping shows that iced conductor
motion occurs in the wind velocity (from 4 m/s to 20 m/s)
in most cases. In Figure 4(b), the wind attack angle («)
is defined. The initial wind attack angle is 0°, based on
the test of Nigol and the filed survey. The aerody-
namic forces at all subconductors are measured under
different wind attack angles in the range from —45° to 45°,
with an increment of 0.5° (considering the cost and
accuracy of wind tunnel test, the increment is set to be
0.5°). All aerodynamic forces are in wind coordinate
system. The Symbols and abbreviations are listed in
Table 1.

As shown in Figure 5, the TG0151 rod-type balance is
installed inside the conductor model. The conductor

(b)

FiGure 2: The test model of conductor: (a) conductor model and
(b) ice model.

models and balance are linked by connecting pieces, which
are fixed in the middle position of the conductor model
(Figure 5(a)). The upper side of the balance is arranged on
the steel brackets, which is fixed on the rigid frame of the
special supporting device for the conductor model. The
steel bracket has a groove to accommodate the balance
signal line. The conductor model is mounted vertically on a
special supporting device located at the center of the
turntable in the wind tunnel test section. The special
supporting device is divided into three parts: the base, the
rotating shaft (drive motor), and the fixing frame
(Figure 5(b)). The drive motor is made of steel, covered
with a circular upper end plate. The turntable and the fixing
frame are directly fixed and connected with the base
through bearings.

The aerodynamic coeflicients of 4-bundle conductors
(i.e., the drag coefficients, lift coefficients, and torsional
moment coefficients) are measured by TG0151 balance.
The TGO151 balance is applied to measure drag, lift, and
moment of conductors’ model (Figure 5(b)). The data
acquisition system is PXI system. The angle and velocity
control are realized by the corresponding industrial
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FIGURE 4: Support device for test conductor model: (a) wind tunnel and (b) 2D schematic diagram.

TaBLE 1: Symbols and abbreviations.

Symbols Ttems Unit
Fp Drag N
F Lift N
Mz Moment Nm
Cq Drag coeflicients

CL Lift coefficients

Cn Moment coefficients

U Wind velocity m/s
o Wind attack angle °

control computer system. Communication between de-
vices is transmitted by network communication. The
parameters of scale and precision of balance TGO151 is
shown in Table 2.

The width of the wind tunnel (w,) is 1400 mm.
According to Figures 2 and 3, the width of single bare
conductor (w.,,) is 27.6mm. For crescent-shape iced
conductors, the minimum blockage occurs under the wind
attack angle of 0° with single conductor and maximum
blockage occurs under the wind attack angle of +45° with
two conductors. However, for sector-shape iced conductor,
the minimum blockage occurs under the wind attack angle
of +45° with single conductor and maximum blockage oc-
curs under the wind attack angle of 0° with two conductors.
Photos of iced 4-bundle conductors in wind tunnel are
shown in Figure 3.

Meanwhile, the minimum blockage and maximum
blockage are listed in Table 3; it can be seen that the
blockages of iced conductors are different under different
wind attack angles and locations. Only few blockages are



Advances in Civil Engineering

FiGure 5: Balance and test device: (a) TGO151 balance; (b) testing device.

TaBLE 2: Scale and precision of TG0151 balance.

Items Y MZ X MX VA MY
Design load (N, Nm) 60 8 20 1 60 8

Static calibration (%) 0.3 0.3 0.5 0.3 0.3 0.3
Error (%) 0.9 0.9 1.5 0.9 0.9 0.9

TaBLE 3: Minimum and maximum blockage.

Ice shape
Crescent Sector
Ice thickness (mm) 145 24 33 21.5 30

Blockage (s Minimum 394 394 394 301 406
8¢ %) Maximum 425 521 612 873 10.83

more than 5%. In order to compare, in this test, the data are
set to be conservative. All the aerodynamic coeflicients have
not been corrected. Although it may have some influences
on the calculation of aerodynamic coefficients, it does not
affect the main conclusions.

3. Unsteady Aerodynamic Coefficients of Iced
4-Bundle Conductors

Compared with the aerodynamic coeflicients of single
conductor, owing to the wake flow induced by the wind-
ward subconductors, the aerodynamic coeflicients of the
subconductors located in leeward side are significantly
different with each other. The definition about the drag, lift,
and torsional moment coefficients of the iced subconductor
is shown in the references [16, 20, 23]. In the test, the
aerodynamic loads exerted on each subconductor are
measured by balance; the unsteady drag coefficient Cp, lift
coefficient C;, and moment coeflicient Cy; of each sub-
conductor can be calculated with equation (1), where p is
the density of the air at room temperature, L is the length of
the conductor, and U is the wind velocity. It is known that
iced conductor motion usually occurs in a certain wind
velocity range from 4 m/s to 20 m/s (Section 2.2); the wind
velocity is set to be 10m/s, 12m/s, 14m/s, and 18 m/s
during wind tunnel test.

5
Turn monitor
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According to Table 1, Fp, Fy, and M are the drag, lift, and
torsional moment located on the iced subconductors, re-
spectively. They depend on the parameters such as cross-
sectional geometry characteristics of the iced subconductors,
the location, and wind attack angle in certain time. The
unsteady aerodynamic forces of the subconductors are
different between each other. The unsteady inertial force of
the model was measured before the dynamic test.

In order to ensure the accuracy of galloping traces
measured in the test, the data are the average of eight cycles.
The main purpose of average galloping trace is to ensure the
stability of the data when the galloping state taken in the test
result is stable.

3.1. Influence of Torsional Motion Frequencies on Unsteady
Aerodynamic Coefficients. At the wind attack angles —45° to
45°, the unsteady aerodynamic coeflicients of iced 4-bundle
conductors under typical torsional frequencies (0.1 Hz,
0.2Hz, and 0.33 Hz, Section 2.2) are shown in Figure 6.
Comparing the unsteady and steady (0 Hz, [16]) drag co-
efficients of crescent-shape iced 4-bundle conductors, the
trend of the unsteady and steady aerodynamic character-
istics curve of the crescent-shape ice is similar.

For the crescent-shape ice, the unsteady drag coeflicient
Cp, curve of subconductor 1, presents an approximate
parabolic loop from —45° to 45° with a middle low and two
sides high (Figure 6(a)), which is different with steady co-
efficients [16]. Because of the separation of flow and the
shedding of vortex at typical wind attack angles, the aero-
dynamic forces loaded on the conductor surface lag the
conductor motion, which makes the aerodynamic force
show hysteresis effect with the variety of unsteady wind
attack angle. This phenomenon is named “aerodynamic
hysteresis effect.” Meanwhile, most curves of steady
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FIGURE 6: The unsteady aerodynamic coefficients of crescent-shape and sector-shape iced subconductor 1 under different frequencies:
(a) drag coeflicients; (b) lift coefficients; (c) moment coeflicients.
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aerodynamic coefficients are within the loop of the unsteady
aerodynamic coeflicients curve. As can be seen from
Figure 5(a), the higher the frequency is, the larger the en-
velope of the unsteady Cp curve is.

The unsteady lift coefficients C; and unsteady moment
coeflicients Cy; of iced 4-bundle conductors varying with the
wind attack angles from —45° to 45" under different torsional
frequencies are shown in Figures 6(b) and 6(c). Similarly, the
steady lift and moment coefficients are nearly within the
envelope of the unsteady coefficients curve. Similar with the
unsteady Cp curve, as shown in Figures 6(b) and 6(c), the
higher the frequency is, the larger the envelope of the un-
steady lift and moment coefficients curve is.

For the sector-shape ice, the unsteady Cp curve of
subconductor 1 presents an approximate parabolic loop
from —45° to 45" with a middle high and two sides low
(Figure 6(a)). Similar with unsteady Cp, curve of crescent-
shape iced subconductor 1, the unsteady Cp curve of
subconductor 1 shows the loop in the wind attack angle of
—45° to 45°, which is different with steady aerodynamic
coeflicients. The unsteady C;. curve of the sector-shape iced
4-bundle conductors varies from positive to negative, and
there are two negative peaks on each side of the curve
(Figure 6(b)). The unsteady Cy curves present W-shape
loop (Figure 6(c)). The unsteady C; and Cy of sector-shape
iced subconductor suddenly drop under the wind attack
angle of 35" because of the ice shape.

3.2. Unsteady Aerodynamic Coefficients of Different
Subconductors. Compared with single conductor, the
aerodynamic coeflicients of the subconductors located in
leeward side are obviously different which is attributed to the
wake flow induced by the windward subconductors. For
crescent-shape ice, the unsteady Cp, curve of subconductor 1
shows V-shape loop (Figure 7(a), left). The unsteady Cp
curve of subconductor 3 shows M-shape loop. The unsteady
Cp curve of subconductor 2 and 4 shows S-shape loop.
Meanwhile, it shows that the unsteady Cp curve of the
subconductors 2 and 4 are substantially antisymmetric at the
wind attack angles ranging from —45° to 45".

At the wind attack angle of —45°, the subconductors 3
and 4 are in downstream of subconductors 2 and 1, which
can result in significant dropping at this wind attack angle.
Similarly, at wind attack angle of 45°, the subconductors 3
and 2 are in downstream of subconductors 4 and 1, which
also results in significant dropping of Cp, at the wind attack
angle of 45°, referring to Figure 4(b). Meanwhile, the sub-
conductor 1 is always located in the windward side from
attack angle —45° to 45°. These results note the unsteady
aerodynamic characteristics of bundle conductors are ob-
viously affected by the wake disturbance of air flow around
bundle conductors.

For the sector-shape ice (Figure 7(a), right), the un-
steady Cp curve of subconductor 1 presents an approxi-
mate inverse parabolic loop with higher in middle and
lower at two sides. The unsteady Cp, curve of subconductor
2 presents the loop shape with higher value around wind
attack angle of —15° and lower at two sides. The unsteady Cp,

curve of subconductor 3 shows an approximate M-shape
loop, which is caused by the ice shape. The unsteady Cp
curve of subconductor 4 shows the loop with higher value
around wind attack angle of 15° and lower at two sides.
Compared with unsteady aerodynamic coeflicients of
crescent-shape iced 4-bundle conductors, it is obvious that
the aerodynamic forces of the crescent-shape iced 4-bundle
conductors changing with the wind attack angles are dif-
ferent from that of the sector-shape ice.

At the wind attack angles —45° to 45°, the unsteady Cy, of
two types of ice-shape covered subconductors is sub-
stantially antisymmetric, which is shown in Figure 6(b). The
unsteady Cy, curves of crescent-shape iced conductors show
S-shape loop with higher on the right side and lower on the
left side (Figure 7(b), left). However, the unsteady Cy curves
of sector-shape iced conductors show wave-shape loop with
higher on the left side and lower on the right side
(Figure 7(b), right). It shows that wake disturbance has
evident effects on lift coefficients of leeward subconductors
in Figure 7(b).

In Figure 7(c), at the wind attack angles —45° to 45°, it can
be seen that the unsteady Cy; of the subconductor is also
asymmetric, and the variation tendency is similar as the lift
coefficients. The unsteady Cy; curves of crescent-shape iced
conductors show S-shape loop with left side high and right
side low (Figure 7(c), left). However, the unsteady Cy; curves
of sector-shape iced conductors show wave-shape loop with
higher on the left side and lower on the right side
(Figure 7(c), right). Compared with unsteady Cp
(Figure 7(a)), it explains that the wake flow has no obvious
effect on the moment coefficients of leeward subconductors,
which is shown in Figure 7(c).

It is obvious that the unsteady aerodynamic coefficients
of the sector-shape iced 4-bundle conductors varying with
the wind attack angles are different from that of the crescent-
shape ice (Figures 6 and 7). The variation of the aerodynamic
coeflicients varying with wind angle of attack of these two
types of shape of iced subconductors is totally different. The
influence of ice shape on aerodynamic characteristics of iced
bundle conductors is significant.

3.3. Influence of Wind Velocity on Unsteady Aerodynamic
Coefficients. In order to research the influence of wind
velocity on unsteady aerodynamic coefficients, the un-
steady aerodynamic parameters of crescent-shape and
sector-shape iced subconductor 1 under typical wind ve-
locity (10 m/s, 12 m/s, 14 m/s, and 18 m/s) are measured. It
can be seen in Figure 8(a) that the unsteady Cp, of crescent-
shape and sector-shape iced subconductor 1 slightly de-
creases when wind velocity increases. The unsteady Cy, and
Cy; of crescent-shape and sector-shape iced subconductor 1
are almost the same under these four different wind ve-
locities (Figures 8(b) and 8(c)).

In the wind test condition, the Reynolds number (Re) is
an important parameter of the type of flow characteristics.
The range corresponds to the range including the so-called
critical range, where the characteristics of lift and moment
indicate a drastic transition.
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FiGUure 7: The unsteady aerodynamic coefficients of each iced subconductors: (a) drag coefficients; (b) lift coefficients; (c) moment
coeflicients.



Advances in Civil Engineering

2.0 3.0
1.5 2.5
g g
£ =
i) RSt
2 2
£ 10 - § 20
<] <]
o o
o0 on
g &
A [=)
0.5 1 1.5
H=14.5mm, f=0.1Hz
Crescent shape
0'0 T T T T T T T T T 1‘0
-50 -40 -30 -20 -10 O 10 20 30 40 50
a(®)
— Cp-10m/s — Cp-14m/s
— Cp-12m/s — Cp-18m/s
(@
1.0 1.0
0.5 4 0.5
g g
= b=
5 g
g g
& 0.0 E 00
1% L
38 S
k= =
— —
-0.5 | -0.5
H=14.5mm, f=0.1Hz
Crescent shape
-1.0 T T T T T T T T T -1.0
-50 -40 -30 -20 -10 O 10 20 30 40 50
a(®)
— C;-10m/s — C;-14m/s
— C;-12m/s — C;-18m/s
(b)
1.0 1.0
o 05 - s 05
Q Q
£ b=}
2 2
5 Q
&g &
L L
g 0.0+ g 00
I =
Q Q
= g
S o
= 05 - = 05
H=14.5mm, f=0.1Hz
Sector shape
-1.0 T T T T T T T T T -1.0
-50 -40 -30 -20 -10 O 10 20 30 40 50
a(®)
— Cy10m/s — Cy-14m/s
— Cy-12m/s — Cy-18m/s

FiGUure 8: The unsteady aerodynamic coefficients of iced subconductor 1 under different wind velocities: (a) drag coefficients; (b) lift

coefhicients; (c) moment coefficients.

(c)

H=215mm, f=0.1Hz
Sector shape

-50 -40 -30 -20 -10 O 10 20 30 40 50
a(®)
— Cp-10m/s — Cp-14m/s
— Cp-12m/s — Cp-18m/s
H=215mm, f=0.1Hz
Sector shape
-50 -40 -30 -20 -10 O 10 20 30 40 50
a(®)
— C;-10m/s — C;-14m/s
— C;-12m/s — C;-18m/s

H=215mm, f=0.1Hz
Sector shape

-50 -40 -30 -20 -10 O 10 20 30 40
a(®)
— Cy-10m/s — Cy-14m/s
— Cy-12m/s — Cy-18m/s



10

Re = PULy = %, (2)
U v

where y is the viscosity of the air. v =p/u is the kinematic
viscosity. Ly is simplified as the diameter of the sub-
conductor and the ice thickness. The kinematic viscosity
of the air is 1.7894x107°. These wind velocities are
ranging from 10 m/s to 18 m/s; the corresponding Re is
around 2.0 x10%-5.0 x10* in this condition. The results
indicate that in the range of magnitude (10*) of Re, the
unsteady aerodynamic coeflicients are almost not
changing with Re.

3.4. Influence of Ice Thickness on Unsteady Aerodynamic
Coefficients. In order to research the effects of ice thickness
on unsteady aerodynamic behaviors, the unsteady aero-
dynamic coefficients of crescent-shape iced (14.5mm,
24mm, and 33mm) and sector-shape iced (14.5mm and
30 mm) subconductor 1 are measured and analyzed. The
unsteady aerodynamic coefficients of subconductor 1 with
different ice thicknesses are shown in Figure 9.

At the wind attack angles —45° to 45°, the unsteady Cp, of
crescent-shape iced subconductor 1 with different ice
thicknesses (14.5mm, 24 mm, and 33 mm) is shown in
Figure 9(a) (left). When the ice thickness increases to thicker
ice thickness (i.e., 24 mm or 33 mm), it shows that the
unsteady Cp of subconductor 1 suddenly drops at the wind
attack angle of 0°; this is mainly because the outline of the
conductor is changed suddenly around the wind attack angle
of 0” according to the incoming flow, which means the wind
attack angle of 0° is a critical angle. It can be seen that at the
wind attack angle (—45° to 45°), the unsteady Cp of the
windward subconductor 1 is substantially symmetrical.
Meanwhile, when the wind attack angle is around —45°~—15"
and 15°~45°, the unsteady Cp of the windward crescent-
shape iced subconductor 1 decreases with the increase of the
ice thickness.

The unsteady Cp of sector-shape iced subconductor 1
with different ice thicknesses (21.5 mm and 33 mm) under
wind attack angle of —45°~45° is shown in Figure 9(a) (right).
It shows that at these wind attack angles (—45° to 45°), the
unsteady Cp of the sector-shape iced subconductor 1 sig-
nificantly decreases with the increasing of the ice thickness.

The unsteady Cp, of crescent-shape iced subconductor 1
with different ice thicknesses (14.5 mm, 24 mm, and 33 mm)
is shown in Figure 9(b) (left). The unsteady Cy, of crescent-
shape iced subconductor 1 increases with the increasing of
the ice thickness at these wind attack angles (—45" to 45°),
particularly around the wind attack angle of +20°. The reason
for that phenomenon is that the unsteady C; of crescent-
shape iced subconductors rapidly increases with the increase
of the ice thickness.

The unsteady C; of sector-shape iced subconductor 1
with different ice thicknesses (21.5 mm and 33 mm) is shown
in Figure 9(b) (right). At the range of the wind attack angles
different with the unsteady Cy of crescent-shape subcon-
ductor, sector-shape iced subconductor 1 slowly increases
with the increase of the ice thickness. Because of the wind
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attack angle ranging from —45° to 45, the surface outline of
the conductor changes slowly according to the incoming
flow.

At the wind attack angles —45° to 45°, the unsteady Cy; of
subconductor 1 with different ice thicknesses is shown in
Figure 9(c). The profiles of unsteady Cy; of two types of ice-
shape covered subconductor 1 are approximately antisym-
metric, the same as the unsteady C; at the wind attack angles
(—45° to 45%). There is a great influence of ice thickness on the
unsteady Cy; of the crescent-shape iced subconductor 1; the
absolute values of the unsteady Cy; increase with the increase
of the ice thickness. The increasing trend of the coefficients
curve increases much obviously than that of the increasing of
ice thickness.

However, different from crescent-shape iced subcon-
ductors, at the range of wind attack angles, the unsteady Cy
of sector-shape iced subconductor 1 increases slowly with
the increase of the ice thickness (Figure 9(c), right). Be-
cause at the wind attack angles (—45° to 45°), the surface
outline of the sector-shape iced conductor changes slowly.
The absolute value of unsteady Cy; of sector-shape iced
subconductor 1 increases slightly around the wind attack
angle of +30°.

4. Conclusions

In the study, wind tunnel tests are used to acquire the
unsteady aerodynamic coefficients of iced 4-bundle con-
ductors. These influences of several key factors on those
unsteady aerodynamic characteristics of iced 4-bundle
conductors at varying wind attack angles are studied in
detail. According to the results, the following conclusions
can be drawn:

(1) The unsteady aerodynamic behaviors of individual
subconductors are obviously different due to the
surrounding flow interference. The unsteady drag
coeflicients of iced 4-bundle conductors are obvi-
ously affected by the wake flow, but the unsteady lift
and moment coefficients are less affected.

(2) Different from steady aerodynamic coefficients, the
unsteady aerodynamic coefficient curve of iced
conductor is loop shape.

(3) Because of the different cross section of iced 4-
bundle conductors, the unsteady aerodynamic
characteristics of crescent-shape and sector-shape
iced 4-bundle conductors are totally different.

(4) Within the given range of wind velocity, the wind
velocity has nearly no influence on the lift and
moment coefficients but has a less influence on the
drag coefficients.

(5) The unsteady drag, lift, and moment coefficients of
these iced 4-bundle conductors increase with the
increase of the ice thickness at the whole wind attack
angles.

These test results provide some useful references and
theoretical basis for the study of conductor motion in cold
regions.
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