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A B S T R A C T

Aerodynamic coefficients of single and 4-bundled ice-accreted conductors are investigated using the LES turbu-
lence model and compared with the results of the wind tunnel test. Single conductors with span lengths of L¼ 1D
and 10D are simulated, and the predicted aerodynamic coefficients with a span length of L¼ 10D show good
agreement with the measured those within the estimated error range of the wind tunnel test, where D is the
diameter of the single conductor. A systematic error estimation using the models with L¼ 2D, 3D, and 6D is
conducted; the results show that a span length of L¼ 10D is long enough to predict aerodynamic coefficients. The
effect of the accreted ice height, H, on the aerodynamic coefficients is investigated. It is found that negative
pressure at the lower face near the leading edge significantly affects CL and CM and leads to the maximum absolute
values of CL and CM at 12� for the conductor with H¼ 1D and at 16� for the conductor with H¼ 0.5D. The wake
effect of 4-bundled conductors is also investigated by the analysis of the aerodynamic coefficients and the pressure
distribution for each conductor. The wake of the windward conductors has a significant impact on CL and CM.
Correction coefficients for leeward conductors are proposed to account for the wake effect, and the results show
good agreement with the predicted aerodynamic coefficients of the 4-bundled conductors.
1. Introduction

Large-amplitude wind-induced vibrations of ice-accreted trans-
mission lines, called galloping, a form of single-degree-of-freedom
aerodynamic instability, which can occur for long bodies with certain
cross-sections (Holmes, 2001), could cause inter-phase short circuits or
damage to insulators and support structures; in the worst case, such
damage results in the shutdown of a transmission line (Scanlan, 1972).
Hence, it is important to understand and evaluate the galloping phe-
nomenon to establish countermeasures to prevent an accident. Many
studies have reported the assessment of the galloping phenomenon (Den
Hartog, 1956; Parkinson, 1971; Novak, 1972; Cooper, 1973; Kimura
et al., 1999; Matsumiya and Nishihara, 2012). In a galloping evaluation,
numerical analysis based on a quasi-steady approach is widely used in
which the aerodynamic coefficients are obtained first and then response
analysis is performed to evaluate the amplitude of vibrations. Software
has been developed to predict the response of a transmission line. For
example, Shimizu and Sato (2001) developed a finite element analysis
code that accounts for the geometrical non-linearity of a transmission
line, by which galloping simulations and analysis of the vibration
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characteristics are conducted. In general, aerodynamic coefficients are
required for input data in such code. It is possible to obtain aerodynamic
coefficients of ice-accreted transmission lines using a wind tunnel test
(Shimizu et al., 2004; Matsumiya et al., 2010). However, a wind tunnel
test is time consuming and costly because of the need to create a new
model every time for each test. The aerodynamic coefficients of each
sub-conductor must be obtained to predict the galloping of 4-bundled
conductors accurately (Matsumiya and Nishihara, 2013). Shimizu et al.
(2004) proposed a method to convert the aerodynamic coefficients of a
single conductor into those of 4-bundled conductors; the results were in
good agreement with those for the 4-bundled conductor by the wind
tunnel test with regard to CD and CL, but a discrepancy was observed in
CM because the wake effect was not taken into account in the method.
Matsumiya et al. (2010) clarified the wake effects of windward con-
ductors on the leeward conductors using pressure measurements for all of
the sub-conductors. However, in contrast to the force balance test, it is
difficult to create models with pressure measurement probes. In addition,
the locations and the number of measurement points are sensitive to the
results.

Recently, numerical analysis has become a popular method for
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obtaining aerodynamic coefficients of bluff bodies, such as circular cyl-
inders and rectangular prisms. Oka and Ishihara (2009) used LES to
predict the aerodynamic coefficients of a square prism, and they were
found to be in good agreement with the wind tunnel test results. In
addition, Oka and Ishihara (2010) showed that the aerodynamic co-
efficients of a single conductor using LES for ice-accreted transmissions
lines were in good agreement with the experiments for the region of
angle of attacks from 0� to 12�. However, a discrepancy was found be-
tween 16� and 20�, where the lift coefficients change substantially. In
that research, correction formulas were proposed for the 4-bundled
conductor model, for which the wake effects of windward conductors
were taken into account, and improvements were observed in predicting
CD at angles of attack in the range from 0� to 90�; however, no results
were presented for CL or CM.

Based on the above discussion, a numerical analysis of single-
conductor transmission lines is conducted to clarify the impact of the
span length on the accuracy of the aerodynamic coefficients. Firstly, the
span length independent aerodynamic coefficients are evaluated to
determine a span length that is sufficiently long to capture the three-
dimensionality of turbulence. Next, the aerodynamic coefficients with
respect to the different height of the accreted ice are investigated and
effects of the height of the accreted ice on the aerodynamic character-
istics are clarified by the predicted pressure distributions. Finally, the
aerodynamic coefficients and pressure distributions of sub-conductors
for 4-bundled conductors are investigated to show the wake effects of
windward conductors on the aerodynamic coefficients of leeward con-
ductors. In addition, correction coefficients are proposed for leeward
conductors in the conversion from the single-conductor aerodynamic
coefficients to the 4-bundled conductor ones to account for the wake
effect.

2. Numerical model and boundary conditions

2.1. Governing equations

The governing equations for the LES model are obtained by filtering
the time-dependent Navier-Stokes equations as follows:

∂ρ~ui
∂xi

¼ 0; (1)

∂
∂t ðρ~uiÞ þ

∂
∂xj

�
ρ~ui~uj

� ¼ ∂
∂xj

�
μ
∂~ui
∂xj

�
� ∂~P
∂xi

� ∂τij
∂xj

; (2)

where ~uj and ~p are the filtered mean velocity and the filtered pressure,
respectively. ρ is the density, and τij is the subgrid-scale stress defined by

τij ¼ ρ~ui~uj � ρguiuj (3)

The subgrid-scale stresses resulting from the filtering operations are
unknown and are modeled as follows:

τij ¼ �2μt~Sij þ
1
3
τkkδij; (4)
Fig. 1. Cross-sectional dimensions of the con
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where μt is the subgrid-scale turbulent viscosity and ~Sij is the rate-of-
strain tensor for the resolved scale and is defined by

~Sij ¼ 1
2

�
∂~ui
∂xj

þ ∂~uj
∂xi

�
: (5)

The Smagorinsky model (Smagorinsky, 1963) is used for the
subgrid-scale turbulent viscosity, μt .

μt ¼ ρL2
s

��~S�� ¼ ρLs

ffiffiffiffiffiffiffiffiffiffiffiffi
2~Sij~Sij

q
; (6)

where Ls is the mixing length for subgrid-scales and is defined as

Ls ¼ min
�
κδ;CsV1=3

�
: (7)

where κ is the von Karman constant, 0.42; Cs is the Smagorinsky constant,
with 0.032 used in this study (Oka and Ishihara, 2009); δ is the distance
to the closest wall; and V is the volume of a computational cell.

2.2. Boundary conditions

When a wall-adjacent cell is in the laminar sublayer, the wall shear
stress is obtained from the laminar stress-strain relationship as follows:

~u
uτ

¼ ρuτy
μ

; (8)

If a mesh cannot resolve the laminar sublayer, then it is assumed that
the centroid of the wall-adjacent cells falls within the logarithmic region
of the boundary layer, and the law-of-the-wall is employed.

~u
uττ

¼ 1
κ
ln E

�
ρuτy
μ

�
: (9)

where ~u is the filtered velocity that is tangential to the wall, uτ is the
friction velocity, κ is the von K�arm�an constant, and the constant E has a
value of 9.8. The uniform velocity condition is specified at the inlet
boundary, and the zero-diffusive conditions are used at the outlet
boundary. Symmetry conditions are given for both sides and for the
upper/lower boundaries.

2.3. Numerical set-up

The finite volume method and the unstructured collocated mesh are
used for the present simulations. The second-order central difference
scheme is used for the convective and viscosity term, and the second-
order implicit scheme is used for the unsteady term. The SIMPLE
(Semi-Implicit Pressure Linked Equations) algorithm is employed for
solving the discretized equations (Ferziger and Peric, 2002). All simu-
lations are performed with ANSYS FLUENT.

Fig. 1 shows the cross-sectional dimensions of the ice-accreted
conductor geometry models used in this study. Table 1 shows the
major parameters for the analysis. Fig. 2 shows the mesh near the ice-
accreted single conductor in which the diameter of the single
ductors and the accreted ice geometry.



Table 1
Main parameters used in this study.

Conductor type Single conductor 4-bundled conductor

Diameter D (mm) 19
Height of the accreted ice
H (mm)

1D, 0.5D, 0.25D 1D

Representative diameter B (mm) 19 247
Projection area A (mm2) 38 ,100 48 ,260
Calculation domain (mm) 60D� 120D 90D� 180D
Span length L (mm) 1D, 10D 10D
Grid number 465 , 50 (L¼1D)

4 ,651 ,500 (L¼10D)
10 ,344 ,500 (L¼10D)

Cell size in the span direction 0.1D
Non-dimensional time step size Δt 0.04
Inflow wind velocity
U (m/s)

10

Air density ρ (kg/m3) 1.225
Viscosity μ (kg/ms) 1.789� 105

Reynolds number
Re (¼ρUD/μ)

13 ,007

Fig. 2. Mesh near the ice-accreted single conductor.
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conductor, D, is 19mm. The computational domain is 60D for the
crosswind direction and 120D for the alongwind direction. The domain
sizes of the upstream and downstream flows from the center of the
conductor are set to 30D and 90D, respectively. The blockages of 0� and
30� are 1.7% and 2.5%, respectively, which indicates that the blockage
effect is sufficiently low. Fig. 3 shows the mesh near the ice-accreted 4-
bundled conductors. The diameter of each sub-conductor, D, is 19mm,
the same as that of a single conductor. The computational domain is 60D
for the crosswind direction and 180D for the alongwind direction. The
domain sizes of the upstream and downstream flows from the center of
the conductor are set to 60D and 120D, respectively. The blockages of
0� and 30� are 2.2% and 3.3%, respectively, which indicates that the
blockage effect is sufficiently low as well.

A uniform flow with a 10m/s wind velocity is used for the inflow
boundary condition. The non-diffusive condition is used for the outlet
boundary condition, and the symmetry conditions are used for the side,
top, and bottom walls. A set of 5 000 time step calculations is performed
in which the mean aerodynamic coefficients are obtained by taking the
average from the 1 000-steps data to the 5 000-steps data.

The mesh for the perimeter of the ice-accreted conductors of single
conductor is divided into 150 grids. In addition, the span length, L, is set
to L¼ 1D and 10D for the single conductor model, and L¼ 10D is used for
the 4-bundled conductor model. Six cases, i.e., the angles of attack of 0�,
8�, 12�, 16�, 20�, and 28�, are calculated for both single and 4-bundled
conductor models in this study. The Reynolds number is 13 ,007 for both
single and 4-bundled conductor models in which the diameter of the sub-
conductor of the 4-bundled conductor is a typical size of the wind tunnel
test. The values of the Reynolds number (Shimizu et al., 2004) for the
wind tunnel tests are between 1.24� 104 and 1.95� 104; in this range,
the Reynold's effect can be ignored.
2.4. Definition of the aerodynamic coefficient and the pressure coefficient

2.4.1. Pressure coefficient
The following equation shows the definition for the pressure coeffi-

cient Cpi in the i-th grid on the surface of the ice-accreted conductors.

Cpi ¼ pi � pref
1
2 ρU

2
(10)

where pref is the reference pressure, which uses the pressure value at the
center in the span direction for the bottom left corner of the inflow
boundary. ρ is the air density, with a value of 1.225 kg/m3, and U is the
reference wind speed, which is the same as the inflow wind speed. The
average in the spanwise direction after averaging Cpi over time steps
ranging between 1 000 and 5 000 is used for the pressure coefficient Cp
for the single conductor models. The same averaging operations are also
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used for the drag, lift, and moment coefficients.

2.4.2. Definitions of the drag, lift, and moment coefficients
Fig. 4 shows the definition of the direction for the aerodynamic co-

efficients and the angle of attack for the single conductor and 4-bundled
conductors, which is a positive direction. The drag, lift, and moment
coefficients (CD, CL, and CM, respectively) for the single conductor are
defined in the following equations.

CD ¼
2
P
i
FDiAi

ρLDU2
(11)

CL ¼
2
P
i
FLiAi

ρLDU2
(12)

CL ¼
2
P
i
FMiAi

ρLDU2
(13)

where FDi, FLi, FMi, and Ai are the drag, lift, moment, and surface area,
respectively, of the i-th grid on the ice-accreted conductor surface. L
denotes the span length of the model, and B represents the reference
diameter, which is 19mm (¼D) for the single conductor.

The equation for converting the aerodynamic coefficient for the single
conductor into that for the 4-bundled conductors is as follows (Shimizu
et al., 2004).

C4
D ¼ 1

2

�
C4�1

D þ C4�2
D þ C4�3

D þ C4�4
D

�
(14)

C4
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1
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L

�
(15)

C4
M ¼ D

2B

�
C4�1

M þ C4�2
M þ C4�3

M þ C4�4
M

�
þ 1

2
ffiffiffi
2

p �� C4�1
D þ C4�2

L þ C4�3
D þ C4�4

L

�
sin

�π
4
� α

	

þ 1

2
ffiffiffi
2

p �� C4�1
L þ C4�2

D þ C4�3
L þ C4�4

D

�
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�π
4
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(16)

where the suffix 4-1～4-4 denotes the corresponding conductors.

3. Verification of the numerical model

A sufficiently long model in the spanwise direction is necessary to
capture the three-dimensionality of the turbulence flow (Rodi, 1997; Oka
and Ishihara, 2010). In this section, the aerodynamic coefficients of a
single-conductor transmission line is predicted for H¼ 1D models that
vary with span length. Next, the aerodynamic coefficients of the 4-bundle
conductor model with the span length of L¼ 10D are predicted to
investigate the accuracy of the numerical analysis and the wind tunnel
test, which was performed in the Wind Engineering Laboratory of the



Fig. 3. Mesh near the ice-accreted 4-bundled conductor.
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University of Tokyo and described in detail by Shimizu et al. (2004).
3.1. Verification of single-conductor models

Fig. 5 shows the variation of the aerodynamic coefficients with the
angle of attack for a single conductor with H¼ 1D for L¼ 1D and
L¼ 10D. Regarding CD, the predicted results exhibit a flat response with
an angle of attack in the range between 0� and 12�, followed by an
Fig. 4. Definition of the aerodynamic coefficients of (a

Fig. 5. Variation of the aerodynamic coefficients with the angle of attack for a s
lated values).

63
increase as the angle of attack increases. The results of L¼ 1D and
L¼ 10D show the same trends and are in good agreement with the wind
tunnel test results. In the case of CL, linear decreases are observed until an
angle of attack of 12�; thereafter, the figure exhibits an acute increase at
approximately 12�, followed by a steady decrease for angles greater than
20�. The absolute values for CL when L¼ 1D at 16� and 20� are over-
estimated, whereas significant improvement was observed for L¼ 10D.
Regarding CM, the figure shows a linear increase until 12�, followed by a
decrease from the peak at approximately 12�; the value steadily
increased for angles greater than 20�. These trends and values are in good
agreement with the experiments.

The three-dimensional characteristics of the flow are studied to
clarify the effects of the span length on the flow pattern. Fig. 6 shows the
pressure contour at the angle of attack of 16� for L¼ 1D and L¼ 10D. As
shown in the figure, strong three-dimensionality is observed for L¼ 10D
in the pressure distributions because the wake significantly varies in the
spanwise direction. In contrast, two-dimensional characteristics are
observed for L¼ 1D because the span length is short, which restricts the
three-dimensional mixture of the flow in the wake.

Fig. 7 shows the variation of the mean surface-pressure coefficient
distribution with span length for 16�. The pressure distribution for the
) single conductor and (b) 4-bundled conductors.

ingle conductor with H¼ 1D. (Exp. and Cal. denote the measured and calcu-



Fig. 6. Pressure contour at the angle of attack of 16�: (a) L¼ 1D and
(b) L¼ 10D.
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region around the leading edge of the lower face (X/D¼ 1.5) of the
conductor in the L¼ 1D case exhibits strong negative pressure co-
efficients compared with the L¼ 10D case, in which negative pressures
are weakened due to the mixture of a large vortex in the wake. It is
indicated that those differences in the pressure distributions cause the
overestimation of the absolute value of CL for L¼ 1D.

The spanwise length used in the wind tunnel test is L¼ 90D (Shimizu
et al., 2004), whereas L¼ 10D is used in the analysis. Next, a systematic
error estimation with the predicted results of three cases, L¼ 2D, 3D, and
6D, is conducted to validate whether L¼ 10D is sufficiently long for this
study. Here, a predicted aerodynamic coefficient with a span length of
L¼ γD is defined as φγ, and the corresponding estimated error is εγ. The
aerodynamic coefficient with a sufficiently long span length model, Φ,
can be expressed using the following equation.

Φ ¼ φγ þ εγ (17)

Assuming that the predicted error monotonically decreases with an
increase in span length, the error term can be described using an expo-
nential function (Oka and Ishihara, 2009).

εγ ¼ βe�cγ (18)

where γ is a positive integer other than 0. Values of γ¼ 2, 3, and 6 are
used in this study. Coefficient β and decay factor c can be obtained using
the following equation (Oka and Ishihara, 2009).

β ¼ ϕγþ1 � ϕγ

1� e�c
ecγ ; c ¼ ln

ϕγþ1 � ϕγ

ϕγþ2 � ϕγþ1
(19)

Fig. 8 shows the variation of the prediction error of the lift coefficients
with span length at an angle of attack of 16�. The estimated error from
the estimation error curve for L¼ 10D is �0.02. The difference between
the results of the computation for CL with L¼ 10D and the estimated
Fig. 7. Variation of the distribution of the mean surface pressure coefficients
with span length.
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value (1.84) is only 0.08%, which indicates that there is no dependency
upon the span length; as a result, it can be concluded that L¼ 10D is a
sufficiently long length. However, as shown in Fig. 5(b), substantial
differences are found between the results of the wind tunnel test and the
values for CL obtained by the numerical analysis for L¼ 10D. The reason
for this difference is explained as follows. In general, it is impossible to
create a perfectly symmetrical geometry model, which may lead to
asymmetrical results of the wind tunnel test due to the asymmetrical
geometry. For a curved surface, the flow separation point is not fixed,
which causes an asymmetrical flow field, resulting in the aerodynamic
coefficients becoming asymmetrical. This behavior is observed in the
results of the wind tunnel test.

CL should be zero at an angle of attack of 0� if the model is completely
symmetrical; however, the wind tunnel test results show that CL at angle
of attack 0� is 0.22. In contrast, the model in the numerical analysis are
symmetrical, and CL is almost zero at the angle of attack 0�. Table 2
shows the difference between the measured and predicted values for CD,
CL and CM. The difference between the predicted value and the experi-
ments up to 16� is almost the same as the error (0.22) observed at 0� in
the experiment. Therefore, it is estimated that the discrepancy between
the predicted results and the experiments is caused by the imperfection of
the wind tunnel test model rather than numerical errors.

3.2. Verification for a 4-bundled conductor transmission line

Fig. 9 shows the variation of the aerodynamic coefficients with the
angle of attack for a 4-bundled conductor with H¼ 1D plotted with the
wind tunnel test results. From these figures, although the calculation
results for CM and CD for the 4-bundled conductors are good agreement
with the experimental results, the absolute values of CL overestimated the
experimental values for the range of 12�–20�. In the range between 12�

and 20�, the CL may be smoothed because the model of the wind tunnel
test is not completely symmetrical.

Fig. 10 shows a comparison of the experimental values of the
aerodynamic coefficients for the single conductor and the 4-bundled
conductor, in which the aerodynamic coefficients for the 4-bundled
conductor are estimated from that of both positive and negative sides
attack angles of the single conductor. As expected, the CL values of the
4-bundled conductor estimated from that of the single conductor from
the positive and negative sides of attack angles do not match the
experiment. However, the absolute values for CL between 12� and 20�

become smaller and approach the experimental values if the average of
both CL estimated from the positive and negative attack angles of the
single conductor is taken. Each conductor model is assumed to be
randomly asymmetrical, indicating that the peak values have smoothed
out together with the cancelling out of the asymmetrical characteristics
of the 4-bundled conductors. Thus, the discrepancy between CL and CM
from the wind tunnel test and the predicted those for the 4-bundled
conductors as shown in Fig. 9 (b) and (c) is regarded as the error caused
by model imperfection of the wind tunnel test rather than by numerical
error.
Fig. 8. Variation of the prediction error of the lift coefficients with span length
at the angle of attack of 16�.



Table 2
Difference between the measured and predicted values shown in Fig. 5 for the
cases with L¼ 10D.

Angle of attack � 0 8 12 16 20 28

ΔCD 0.13 0.04 0.00 0.02 0.06 0.10
ΔCL 0.22 0.14 0.25 0.28 0.15 0.08
ΔCM 0.03 0.13 0.17 0.10 0.00 0.02

Fig. 10. Comparison of the aerodynamic coefficients from experimental values
for the single conductor and the 4-bundled conductor.
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4. Aerodynamic characteristics of ice accreted transmission lines

In this section, the aerodynamic coefficients with regard to the vari-
ation in the height of the accreted ice for the single conductor trans-
mission line are investigated. Next, the results of the numerical analysis
and the wind tunnel test are compared to identify the flow mechanism
according to the pressure distribution around the conductors. Subse-
quently, we obtain the aerodynamic coefficients for each conductor using
numerical analysis, investigate the wake effects of the windward con-
ductors on the leeward conductors, and then identify its mechanism from
the pressure distribution around the conductors. Finally, a correction
coefficient for aerodynamic coefficients of 4-bundled conductors from
that of the single conductor is proposed to account for the wake effect of
the windward conductors.

4.1. Variation in the aerodynamic coefficients with respect to the height of
the accreted ice

Fig. 11 shows the variation of the aerodynamic coefficients with the
angles of attack for single conductors with H¼ 0.25D, 0.5D and 1D.

CD is almost constant for H¼ 0.25D. In contrast, CD is almost flat
between 0� and 12� for H¼ 0.5D, after which it decreases from approx-
imately 14� and then increases again from approximately 18�. CD is
smallest in the range between 0� and 12� for H¼ 1D and then increases
for angles greater than 12�. Although the results from the numerical
analysis are slightly overestimated for H¼ 0.25D, the predicted results
successfully reproduce the wind tunnel test results for H¼ 0.5D and
H¼ 1D.

CL steadily decreases with increasing angles of attack for H¼ 0.25D.
Fig. 9. Variation of the aerodynamic coefficients with the angle of attack for a 4-b
Moment coefficient.
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In contrast, for H¼ 0.5D, CL decreases from 0�, peaks at 18�, rapidly
recovers at approximately 20�, and then remains nearly constant for
higher angles of attack. The value of CL peaks at approximately 12� for
H¼ 1D. All of those cases show that the numerical analysis results are
close to the wind tunnel test results. The absolute values of CL become
smaller as the height of the accreted ice is increased at approximately
12�, whereas the absolute value of CL decreases in the order of H¼ 0.5D,
1D, and 0.25D at 16�, which is in good agreement with the results of the
wind tunnel test.

Regarding CM, the predicted results are in good agreement with that
of the wind tunnel tests. CM increases with the increase in the height of
the accreted ice.

Fig. 12 shows the variation of the mean pressure distributions with
the height of the accreted ice at angles of attack of 12� and 16�. At 12�,
strong negative pressure is observed at the leading edge of the lower face
where the height of accreted ice is H¼ 1D, which is consistent with the
largest absolute value of CL. In contrast, at 16�, the negative pressure is
weakened around the leading edge of the lower face of the conductor for
H¼ 1D, and the largest negative pressure is observed around the leading
edge of the lower face for H¼ 0.5D, which also corresponds to the
maximum absolute value of CL. The strongest negative pressure is
undled conductor with H¼ 1D: (a) Drag coefficient, (b) Lift coefficient, and (c)



Fig. 11. Variation of the aerodynamic coefficients with angles of attack for single conductors with H¼ 0.25D, 0.5D and 1D: (a) Drag coefficient, (b) Lift coefficient,
and (c) Moment coefficients.

Fig. 12. Variation of the mean pressure distributions with the height of the accreted ice at angles of attack of (a) 12� and (b) 16�.
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observed on the upper face of the conductor for H¼ 0.25D, where the
vortex is reattached to the conductors.

4.2. Wake effects of the windward conductors

Shimizu et al. (2004) presented a method for converting the aero-
dynamic coefficients for 4-bundled conductors from that of a single
conductor; however, no wake effect of the conductors was taken into
account. In this study, the wake effects of windward sub-conductors are
investigated. Fig. 13 shows a comparison of the aerodynamic coefficients
for each sub-conductor plotted with the single-conductor results. At an-
gles of attack of 8� and 12�, the values of CL for the windward conductors
(4-1 and 4-2) are small compared to those for the leeward conductors
(4-3 and 4-4), while the values of CL for the leeward conductors (4-3 and
4-4) are conversely decreased at 16�.

Fig. 14 shows the mean pressure distribution of each conductor at
angles of attack of 12� and 16�. At 12�, strong negative pressure around
the leading edge of the lower face of the windward conductors is
observed in comparison to the leeward conductors, indicating that the
wind speed decreased in this region because the wake of the windward
conductors has reached the area in the vicinity of the leeward
66
conductors. In contrast, at 16�, strong negative pressure around the
leading edge of the lower face of the leeward conductors is observed
compared with the pressure on the lower face of the windward con-
ductors, which indicates that the downstream sub-conductors are located
in the wind speed acceleration region because of the wake of the wind-
ward conductors.

The results of Shimizu et al. (2004) show that there are no large
differences between the aerodynamic coefficient of 4-bundled conduc-
tors obtained from the single-conductor aerodynamic coefficients and
those of 4-bundled conductors for CD and CL, while a discrepancy is
observed in CM, which implies that the wake has a strong impact on CM.
In this study, a correction coefficient, k, is proposed to account for the
wake effect of the windward conductors, as shown in the modified for-
mulas (20), (21), and (22) for CD, CL, and CM, respectively.

C4
D ¼ 1

2



C4�1

D þ C4�2
D þ k

�
C4�3

D þ C4�4
D

��
(20)

C4
L ¼

1
2



C4�1

L þ C4�2
L þ k

�
C4�3

L þ C4�4
L

��
(21)



Fig. 13. Comparison of the aerodynamic coefficients for each conductor: (a) Drag coefficient, (b) Lift coefficient, and (c) Moment coefficients.

Fig. 14. Mean pressure distribution for each conductor: (a) angle of attack of 12� and (b) angle of attack of 16�.
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Fig. 15. Variation of the correction coefficient k with respect to the angle of
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(22)

where k is obtained from the predicted CM of the 4-bundled conductor.
Note that at an angle of attack of 0�, k is obtained from the predicted CD

because CL and CM are zero.
Fig. 15 shows the variation of the correction coefficient kwith respect

to angles of attack (H¼ 1D). As shown in the figure, k is less than one in
the range between 0� and 10�; k increases with the increase in the angles
of attack for angles greater than 10� until it peaks at 16� and then de-
creases with an increase in the angle of attack.

Fig. 16 shows a comparison of the predicted aerodynamic coefficients
of the 4-bundled conductors obtained from the single conductor with
corrections and those obtained directly from the simulation for the 4-
bundled conductor. The aerodynamic coefficients obtained using the
correction coefficient k are in good agreement with the computed results
for the 4-bundled conductors, thereby verifying the correction method.
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5. Conclusions

The aerodynamic characteristics of single and 4-bundled ice-accreted
transmission lines are investigated using the LES turbulence model and
the following conclusions are obtained.
attack (H¼ 1D).



Fig. 16. Comparison of the aerodynamic coefficient obtained from a single conductor with corrections and that obtained directly from the 4-bundled conductor: (a)
Drag coefficient, (b) Lift coefficient, and (c) Moment coefficients.
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1. Accuracy verification tests for L¼ 1D and 10D of the single conductor
model show that CL from the L¼ 10D model improves the over-
estimation observed for L¼ 1D at angles of attack of 16� and 20�,
which is in good agreement with the wind tunnel test results.

2. The results of the systematic error estimation of the aerodynamic
coefficients based on the models with L¼ 2D, 3D, and 6D show that
the span length L¼ 10D is long enough to predict the aerodynamic
coefficients. The discrepancy between the measurements and the
predicted results for the L¼ 10Dmodel is found to be due to the wind
tunnel test model imperfection rather than numerical error.

3. The impact of the height of the accreted ice on the aerodynamic co-
efficients and the pressure distribution around the conductors are
investigated. It was found that the negative pressure around the
leading edge of the lower face strongly affects CL and CM; in partic-
ular, the negative pressure is strong at 12� for H¼ 1D and 16� for
H¼ 0.5D, which correspond to the maximum absolute values of CL

and CM, respectively.
4. The pressure distribution and the aerodynamic coefficients for each

conductor are studied to identify the wake effects of the 4-bundled
conductor. It was found that the wake of the windward conductors
have a small influence on CD of the leeward conductors, while it has
a strong impact on both CL and CM. In addition, a proposed correc-
tion method related to the leeward conductors shows that the
aerodynamic coefficients of the 4-bundled conductors converted
from the single-conductor aerodynamic coefficients are in good
agreement with the numerical analysis results of the 4-bundled
conductors.
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