Conductor Spacings in Transmission Lines and Effect of Long Spans
with Steep Slopes in Hilly Terrain

Dr V N Rikh, Fellow

The horizontal and vertical spacings between power conductors of different phases in a transmission line are decided
by several factors such as the specified ‘clearance-vs-swing angle’ combinations, inward movement of the jumper
connection due to line deviation for tension towers, angle of inclination of the top-most member of the underneath
cross-arm, angle of inclination of the outer-most member of the tower hamper and the projections of the guard
rings/corona shields etc. General mathematical expressions for determining these spacings for the commonly used
barrel type towers have been derived in this paper and their practical application has been illustrated by working
out the spacings for a typical 400 kV double circuit line. It has also been established through a detailed analysis
that, for transmission lines in hilly terrain where long spans with steep slopes are commonly encountered, the normal
conductor spacings (specially the vertical spacings) may have to be considerably increased to meet the requirements
of catering to the phenomena of conductor galloping.
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NOTATIONS tower cross-arm, ie, for determination of hanger length
a  cross-section area of the conductor, mm’ or jumper drop OR added to the length if it is away
. ) from the same, ie, for determination of horizontal and
c : specified clearance between a live metal part and the vertical spacings), m
nearest structural member of the tower, m o . . . )
hori | . ¢ 0 Iy : swinging length of insulator string without adjustment
Cp  : horizontal spacing of power conductors at the for the longitudinal projection of the guard ring/bundle
tower, m spacer, m
C, : vertical spacing of power conductors at the tower, m o . length of hanger for suspension string/towers, m
D : difference in the level of supports on either end of the ro . inward displacement of jumper position, due to angle
span, m . . . .
P o ) of line deviation 8, for tension strings/towers, m
E : Young’s modulus of elasticity for conductor material, . .
kg/mm’ I3 : length of the tension string, m
f : conductor sag at maximum temperature of 75° and no : span length, m
wind, m ! : total distance of the null point of the conductor cate-
h : half width of the tower hamper at the critical point nary from the higher support in a sloping span, m
(where the c.learance arc from the swung, live-metal r : transverse (to the string/jumper axis) projection of the
part touches it), m critical point of the guard ring/bundle spacer, m
H; : minimum horizontal distance between the conductor , Lo - . L
. . . r : longitudinal (to the string/jumper axis) projection of
(in its normal, un-swung position) and the central line .. . .
of the tower. m the critical point of the guard ring/bundle spacer, m
l : swinging length of insulator string for suspension tow- 5 : dlitance .by h\fvfktuzh the ?ull Iil?m}i' O}fl the conc:uctor
ers, duly adjusted for the longitudinal (to the string catenary 1s shitted away trom the fugher support, m
axis) projection of the guard ring/bundle spacer, r’ t : increase in temperature from condition 1 to condition
(such projection being deducted from the length if it is 2,°C
towards the supporting tower cross-arm, ie, for deter- T : conductor tension under condition 1, kg
mination of hanger length or jumper drop OR added to . .
e . . T . conductor tension under condition 2, k
the length if it is away from the same, ie, for determi- ’ &
nation of horizontal and vertical spacings), m 14 : voltage of the transmission line, kV
r : length of jumper drop for tension towers, duly adjusted W . unit weight of conductor, kg/m
for the longitudinal (to the string axis) projection of the W, : transverse wind load on the conductor under condition
guard ring/bundle spacer, ' (such projection being 1, kg/m
deducted from the length if it is towards the supportin, . o
g PP & W,  : transverse wind load on the conductor under condition
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cross-arm is inclined to the horizontal plane, degrees
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o : angle at which the nearest structural member of tower
hamper is inclined to the vertical plane, degrees

Bi, B> : symbols used for identifying angles as explained in the

text

) : angle of deviation of the line (eg, 30° for C type tower),
degrees

0 : specified angle of swing of the suspension string OR

of the jumper of the tension string, degrees

P : temperature coefficient for conductor material, per
degree
) : angle between the central axis of the suspension

string/jumper and the line joining the point (fulcrum)
of suspension to the critical edge of transverse projec-
tion of the guard ring/bundle spacer, degrees

INTRODUCTION

The horizontal and vertical spacings between phase conductors
of a transmission line are normally decided by the minimum
clearances between the conductors and the nearest tower parts
as specified for different swing-angles (usually two values)
of the insulator strings for suspension towers or the jumper loops
of tension towers. These are also affected by the following
factors :

® In case of tension towers, the jumper connection moves
towards the tower body due to the line deviation and the
specified clearances to the tower hamper/body have to be
ensured from its new position.

® Anincrease in the slope (with respect to the horizontal plan)
of the top tie member of the underneath cross-arm increases
the vertical clearance of the conductors.

® Anincrease in the slope with the vertical plane of the outer
(closest to the conductor) member of the tower hamper
increases the horizontal clearance of the conductors.

® The length of one or more cross arms is often increased to
avoid an exact verticality between the phase conductors for
reducing the probability of their clashing under galloping
phenomena. This may increase conductor spacings.

® The conductor spacings will also be affected by the
projections of the guard ring/corona shields etc, as the
specified clearances have to be maintained from such
projections.

Considering all these relevant factors, a methodology to derive
general mathematical expressions for determining horizontal and
vertical spacings of conductors for the commonly used barrel type
single circuit and double circuit (suspension as well as tension)
towers has been developed in this paper. Using this methodology,
the conductor spacings for a typical 400 kV double circuit line
have also been worked out.

While these normal spacings are generally adequate for lines in
plain areas, the transmission lines routed through hilly terrain
with long spans and steep slopes may be subjected to conductor
galloping/clashing and, for such lines, it is necessary to ensure a
minimum value of conductor spacing to meet the requirements of
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certain empirical formulae based on experience in different coun-
tries/regions.

For such lines in hilly terrain with considerable differences in the
level of the adjacent towers, there is much bigger sag from the
higher tower to the null point of the conductor catenary, which
may necessitate considerably higher conductor spacings (espe-
cially vertical spacing) to meet the requirement of such empirical
formulae. Thus for long spans with steep slopes, special towers
which are higher, wider and consequently heavier, may have
to be used. The fact that a combination of long spans and steep
slopes has a considerable impact of increasing conductor
spacings is also illustrated in this paper by a typical example of
400 kV double circuit line.

GEOMETRY OF BARREL TYPE TOWERS

Typical configuration of barrel type, single circuit suspension
tower is shown in Figure 1(a) and that for double circuit tower in
Figure 1(b).

In Figure 1(a), A’, B” and C’ are the normal conductor positions
and A, B and C are the corresponding tips of the supporting
cross-arms, while E is the position of the ground wire. The vertical
spacing between the conductors A” and B’ is C,, as shown in the
Figures 1(a) and 1(b). Considering that the length of the suspen-
sion string remains same for all the conductors, the vertical
spacing between the tips A and B of the supporting cross-arm
would also be C,. Accordingly, in this paper the analysis for
vertical spacing is based on the distance between the tips of the
cross-arm which duly represents the vertical spacing between the
conductors. For horizontal spacing, the horizontal distance be-
tween the conductor in its normal position, say B /, and the central
line of the tower has been determined. As the distance between
C ' and the central line of the tower is also the same, the horizontal
spacing C}, between conductor positions B and C’ is twice this
distance.

Similar reasoning can be applied in identifying the horizontal and
vertical spacings among conductors A"y, B’;, C’; and A’>, B ",
C’, of a double circuit suspension tower as illustrated in
Figure 1(b).

For tension type towers, on the other hand, the point of attachment
of the conductors is the same as the tip of the cross arm and the
horizontal and vertical spacings of the conductors are same as
those of the cross arm tips. Of course, for the tension towers, the
live metal clearances have to be ensured from the jumper posi-
tions (with corresponding swing angles) instead of suspension
strings.

CONDUCTOR SPACINGS FOR SUSPENSION TOWERS
Determination of Minimum (Critical) Length of Hanger

As the suspension insulator string swings to a specified angle of
0°, the corresponding specified clearance, c, should be available
from the lower face members of the supporting cross-arm for
which a minimum critical length of the hanger becomes necessary
in certain cases.






Figure 3 A typical configuration for determining vertical separation
through the selection of the minimum hanger length as given
above. The only other component of the vertical spacing between
the power conductors is the minimum vertical separation of the
power conductor from the upper-most structural member of the
underneath cross-arm.

In Figure 3(a), AB s the height of the hanger, [, as worked out above,
and BPis the vertically hanging suspension string of length, [, P being
the position of power conductor. BP ’, shows the position of the
suspension string after a swing through the specified angle 6°
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Figure 4 A typical configuration for determining horizontal separation

towards the tower hamper and PR or P 'R’ are the critical transverse
(to the axis of the string) projections of the corona control/guard ring
as before, the angle P 'BR’ being ®°. R’D is the perpendicular to the
topmost member of the underneath cross-arm which is inclined at an
angle o to the horizontal plane, while R’ is the nearest projection
point of the corona control/guard ring from that structural member.
It may be noted that in order to comply with the clearance require-
ments, R’D should not be less than the specified clearance, c,
corresponding to the swing angle, 6°. 3, and [3, are the angles which
the line joining A, to R” makes with A; A’y and A, P, respectively.

It can be shown through a simple geometrical exercise that,

C, =1+ V(7 + r?) [cos (B £ ®) +sin (0 £ D) tan o
+ cseca (3)
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The * sign before @ in the above expression represents that the
either end of the corona control/guard ring could become critical
for a given set of conditions, thus requiring the higher of the two
values of vertical spacing to be adopted.

Determination of Horizontal Spacings of Conductors

Figure 4(a) shows a typical configuration for determination of the
horizontal distance between the conductor and the central line of
the tower. In this Figure, AB is again the height of the hanger, [,
and BP is the vertically hanging suspension string of length, I/, P
being the position of power conductor. BP * shows the position of
the suspension string after a swing through the specified angle 6°
towards the tower hamper and PR or P’ R’ are the critical trans-
verse (to the axis of the string) projections of the corona con-
trol/guard ring as before, the angle P 'BR’ being ®°. R’D is the
perpendicular to the nearest structural member of the tower
hamper which is inclined at an angle of o to the vertical, while
R’ is the nearest projection point of the corona control/guard ring
from that structural member. It may be noted that in order to
comply with the clearance requirements, R’D should not be less
than the specified clearance, ¢, corresponding to the swing angle,
0°. B and B, are the angles that the line joining A” to R’ makes
with A” A, and A’ A, respectively.

A simple geometrical exercise will show that,

H, = V(I + r%) [sin 0+ ®) + cos (0 = D) tan o]

+ htano + cseca’ + h (4)
and the horizontal spacing,

Cy = 2H, (5)
As before, the higher of the two values of horizontal spacing with
+ sign of ® will represent the required spacing.

CONDUCTOR SPACINGS FOR TENSION TOWER
Determination of Minimum Height of Jumper Drop

In case of tension towers, certain specified clearances from the
conductors/live metal parts to the nearest structural member of
the tower, have to be maintained under given swing angles of the
jumper. A typical condition of this requirement is shown in Figure
2(b) where AB represents the inward displacement of jumper
attachment point due to line deviation, [o. BP is the vertical
position of the jumper (of length, I), BP ’ is the jumper position
after a swing of 6° towards the tower body and PR or P’ R’ is the
critical projection, r, of the Bundle spacer/s fixed on the jumper.

It can be shown that, for the distance R” D tobe > ¢, the minimum
length of jumper drop, I/, represented by BP is given by
I =csecO + rtan0 + r’ (6)

where r’ is the longitudinal projection of the critical point of the
Bundle spacer/s.
Determination of Vertical Spacings of Conductors

The vertical distance between the power conductor and the lowest
structural member of the supporting cross-arm is already decided
through the selection of the minimum height of jumper drop
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above. The only other component of the vertical spacing between
the power conductors is the minimum vertical separation of the
power conductor from the upper-most structural member of the
underneath cross-arm.

InFigure 3(a), AB is the length, Iy, of inward displacement of jumper
position (due to angle of line deviation J) and it can be shown that,
I'y = 1, sin 8/2. BP is the vertically hanging jumper of length, /', as
worked out earlier while P is the position of power conductor. BP
shows the position of the jumper after a swing through the specified
angle 0° towards the tower hamper and PR or P’ R’ are the critical
transverse (to the axis of the jumper) projections of the bundle
spacer/s attached to the jumper, the angle P BR’ being ®°. R’ D is
the perpendicular to the topmost member of the underneath cross-
arm which is inclined at an angle o to the horizontal plane, while
R’ is the nearest projection point of the bundle spacer from that
structural member. It may be noted that in order to comply with the
clearance requirements, R” D should not be less than the specified
clearance, c, corresponding to the swing angle, 6°. B, and 3, are the
angles, which the line joining A” to R” makes with A" A; and A" A,
respectively.

It can be shown that,

C, =N (I'* + 1) [cos (6 = @) + sin (B + D) tan o] + ¢ sec o
+ I;sind/2 tan @)

The * sign before @ in the above expression represents that the
either end of the bundle spacer/s could become critical for a given
set of conditions, thus requiring the higher of the two values of
vertical spacing to be adopted.

Determination of Horizontal Spacings of Conductors

Figure 4(b) shows a typical configuration for determination of the
horizontal distance between the conductor and the central line of a

tension tower. In this Figure, AB is the length, ” ,, of inward displace-

ment of jumper position (due to angle of line deviation J), and BP is
the vertically hanging jumper of length, ', P being the position of
power conductor. BP shows the position of the jumper after a swing
through the specified angle 6° towards the tower hamper and PR or
P 'R’ are the critical transverse (to the axis of the jumper) projections
of the bundle spacer as before, the angle P’BR’ being ®°. R’D is the
perpendicular to the nearest structural member of the tower hamper
which is inclined at an angle of o to the vertical, while R’ is the
nearest projection point of the bundle spacer from that structural
member. It may be noted that in order to comply with the clearance
requirements, R’D should not be less than the specified clearance, c,
corresponding to the swing angle, 6°. 8, and [3, are the angles, which
the line joining A” to R” makes with A” A; and A” A, respectively.

It can be geometrically proved that

H, = \l(l’2 + rz) [sin (0 + ®) + cos (0 = ®) tan o]
+ 1,sind/2 + cseca’ + h (8)
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and the horizontal spacing,
Ch = 2Hs (9)

The higher of the two values of horizontal spacing with & sign of
@ will represent the required spacing.

CONDUCTOR SPACINGS FOR A TYPICAL
400 kV dc LINE

Typical parameters for a400 kV double circuit line are as follows:
® Normal span length : 400 m

®  Conductor: Twin ‘MOOSE’ ACSR bundle with 0.45 mintra
group spacing

® Swinging length of insulator string (for suspension towers),
[ :3.85m

® Transverse projection of the critical point of guard
ring/bundle spacer, r: 0.3 m

® [ongitudinal projection of critical point of guard ring/bundle
spacer, ' : 0.2 m

® [ ength of hanger for suspension strings, /, : 0.2 m

® Half width of the tower hamper at the critical point, / :
1.30 m

Length of the tension string, /, : 5.45 m
Angle of deviation of the line, 8 : 30° (assuming a C type
tower), degrees

® The angle at which the topmost member of the underneath
cross-arm is inclined to the horizontal plane, o : 10°.

® The angle at which the nearest structural member of tower
hamper is inclined to the vertical plane, o : 2°

® Swing angle-electrical clearance combination for suspension
towers/strings :

Swing angle = 22° and minimum clearance = 3.05 m
Swing angle = 44° and minimum clearance = 1.86 m

® Swing angle-Flectrical clearance combination for tension
towers/jumpers :

Swing angle = 20° and minimum clearance = 3.05 m

Swing angle = 40° and minimum clearance = 1.86 m
®  Angle, @

(a) For suspension strings : 4.24°

(b) For tension strings :5.03°
400 kV dc Suspension Tower

Using equation (1) and the typical parameters as described above,
R’ E =2.42 m with the maximum swing angle of 44°. This being
more than the corresponding specified clearance of 1.86 m, the
given length of hanger of 0.20 m, which is decided by mechanical
considerations, is in order.

Using equation (3), the vertical spacing, C,, between the conduc-

tors has to be determined for five possible conditions as shown in
Table 1. From this table it is seen that the vertical spacing for 400
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Table 1 Vertical spacing C, for 400 kV dc suspension tower

Condition Swing Angle  Clearance Angle Vertical
0, deg ¢, m @, deg Spacing
C,m
Condition (a) 22 3.05 +4.24 7.05
22 3.05 —-4.24 7.18
Condition (b) 44 1.86 +4.24 5.16
44 1.86 —-4.24 5.49
Condition (¢) 0 3.05 +4.24 7.19

Table 2 Horizontal spacing, C;, for 400 kV dc suspension towers

Condition Swing Angle Clearance Angle Horizontal
0, deg ¢, m @, deg Spacing
Ch’ m
Conditon (a) 22 3.05 +4.24 12.37
22 3.05 —4.24 11.29
Condition (b) 44 1.86 +4.24 12.28
44 1.86 —4.24 11.47

Table 3 Minimum height of jumper drop for 400 kV tension tower

Condition Swing Angle Clearance Height of Jumper
0, deg ¢, m Drop /, m
Condition (a) 20 3.05 3.61
Condition (b) 40 1.86 3.08
Condition (¢) 0 3.05 3.25

kV double circuit suspension towers has to be kept at the highest
of the these values, ie, 7.19 m.

Using equation (5), the horizontal spacing, Cj, between the

conductors has to be determined for four conditions, as shown in
Table 2. From this table, it is seen that the horizontal spacing for
400 kV double circuit suspension towers has to be kept at the
highest of the these values, ie, 12.37 m.

400 kV dc Tension Tower

Using equation (6) and the parameters as given earlier, the mini-
mum height of jumper drop has to be determined for three
conditions as shown in Table 3. From this table, it is seen that the
required minimum jumper drop is 3.61 m (highest of the values).

Using equation (7), the vertical spacing C,, between the conduc-

tors has again to be determined for five possible conditions as
shown in Table 4. As seen from this table, the vertical spacing for
400 kV double circuit tension towers has to be kept at the highest
of these values, ie, 7.25 m.

Using equation (9), the horizontal spacing, Cj, between the

conductors has to be determined for four conditions as shown in
Table 5. As seen from this table, the horizontal spacing for 400
kV double circuit tension towers has to be kept at the highest of
these values, ie, 12.61 m.
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Table 4 Vertical spacing, C,, for 400 kV dc tension tower

Condition Swing Angle  Clearance Angle Vertical
0, deg c,m ®, deg Spacing C,, m
Condition (a) 20 3.05 +5.03 7.13
20 3.05 -5.03 7.25
Condition (b) 40 1.86 +5.03 5.35
40 1.86 -5.03 5.69
Condition (c) 0 3.05 +5.03 7.25

Table 5 Horizontal spacing, C;,, for 400 kV dc tension towers

Condition  Swing Angle  Clearance Angle Horizontal
0, deg ¢,m @, deg Spacing Cj, m
Condition (a) 20 3.05 +5.03 12.61
20 3.05 -5.03 11.36

Considering the analysis done so far analysis, the following
parameters are recommended for typical 400 kV dc towers:

®  For suspension towers :

(a) Vertical clearance between phase 7.19
conductors, m
(b) Horizontal clearance between phase 12.37
conductors, m
® For tension towers :
(a) Minimum height of jumper drop, m 3.61
(b) Vertical clearance between phase 7.25
conductors,
(c) Horizontal clearance between phase 12.61

conductors, m

These figures are found to be generally in agreement with the
actual parameters commonly used on these lines.

EFFECT OF LONG SPANS WITH STEEP SLOPES

As explained earlier, certain empirical formulae have to be
applied to determine the minimum requirements for horizontal
and vertical conductor spacings in order to cater to the
conductor- galloping and ice-dropping phenomena. The empiri-
cal formulae used for this purpose are based on experience in
different countries/regions. The empirical formulae commonly
used in India are those based on the experience in Germany and
recommended in the German Standards, VDE. These are as
follows :

Minimum Horizontal spacing,

C, = 0.62 (Nf + 1) + V/150 m (10)
Minimum Vertical spacing,
C, =075 \f + 1) + V/150 m (11)

Long spans with steep slopes are frequently encountered in trans-
mission lines in hilly terrain. In 400 kV lines in hilly terrain, tower
spans from say, 500 m to 2000 m combined with a difference in
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support levels ranging from 50 m to, say, 200 m may have to be
negotiated. Accordingly, in the following paragraphs, this range
of span lengths/slopes has been consi-dered to illustrate their
effect on the normal conductor spacings for 400 kV double circuit
lines, determined earlier.

The conductor tension in any given span of the line is determined
from the following limiting conditions :

(a) The conductor tension not to exceed :

® 25% of the ultimate tensile strength (UTS) at everyday
temperature (normally taken as 32°C) without any
external load, ie, with no wind pressure/load

® 70% of UTS at everyday temperature and full design
wind pressure/load

® 70% of UTS at minimum temperature (between — 5°C
and + 10°C but normally 0°C) with 36% of the wind
pressure/load

(b) The maximum sag of the conductor not to exceed the design
limit (provision in the tower design to maintain the required
ground clearances) at maximum temperature (normally
assumed as 75° with ACSR conductors) and no wind
pressure/load.

Standard methods for sag-tension calculations are available and
for determining the conductor tension for the typical 400 kV dc
line, the following cubic equation has been used :

2 72 2 52
T23+{aE(W1L +0ct]—T1} T? - aEW; L _

12
24 T? 24 (12)
Using the limiting conditions and the corresponding values for
the typical 400 kV dc line given above, the conductor tension for
wind Zone-4 (basic wind speed 47 m/s) at the maximum tempera-
ture of 75°C and no wind pressure are determined for span lengths

ranging from 500 m to 2000 m. These values are shown in column
2 of Table 6.

It is known that the null point of the conductor catenary (which
is normally the mid point of the span with supports at the same
level) shifts away from the higher span by a distance,

D

S =7 (13)

This gives the total distance of the null point from the higher
support L’ as

L’:(I£+S)

Consequently, the conductor sag from the higher support to the
null point is given by,

fo WL 1D}
S 2T\2 0 WL

In order to illustrate the effect of long tower spans with steep
slopes, the calculations have been made for a typical 400 kV dc

line (parameters already given earlier) for spans ranging from 500
m to 2000 m (with 500 m intervals) and with difference in support

(14)

(15)
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Table 6 Conductor spacings on the basis of emperial formulae

Span  Conductor Difference Conductor  Conductor Spacing
Length, Tension at in Support Sag at
m 75°C, Levels, 75°C, Horizontal, Vertical,
kg m fim m m
1 2 3 4 5 6
500 2674 0 23.38 5.67 6.20
25 37.55 6.45 7.25
50 55.15 7.25 8.22
75 76.07 8.06 9.19
100 100.35 8.86 10.16
1000 3545 0 70.50 7.88 8.97
25 83.54 8.33 9.53
50 97.69 8.79 10.08
75 113.00 9.26 10.64
100 129.25 9.72 11.20
1500 3802 0 147.94 10.21 11.79
25 160.70 10.53 12.18
50 173.98 10.85 12.56
75 187.79 11.17 12.95
100 202.13 11.48 13.33
2000 4567 0 219.10 11.84 13.77
25 231.78 12.11 14.09
50 244.82 12.37 14.41
75 258.21 12.63 14.72
100 271.96 12.89 15.04

levels from O m to 100 m (with 25 m intervals). For this purpose
the following steps are taken.

® Conductor tension corresponding to condition (b) stated
earlier, ie, at 75°C temperature with no wind load, is first
calculated for tower span values (L) from 500 m to 2000 m,
using equation 12 to satisfy all the three conditions given
under condition (a) explained earlier. These conductor
tension figures are shown in column 2 of Table 6.

® Using these conductor tensions and difference in support
levels (D) from 0 m to 100 m, the values of conductor sag,
f, (at 75°C and no wind pressure) are next calculated for
different span lengths using equation (15). These values are
shown in column 4 of Table 6.

® Using these values of conductor sag, f, the values of
horizontal conductor spacing C, and vertical conductor
spacing C,, are finally calculated using equations (10) and
(11), for each combination of span length and support
level-difference. These values are shown in columns 5 and
6, respectively of Table 6. These calculations are made,
neglecting the value of /; (swinging length of suspension
strings) as being too small in comparison of the generally
large values of £, and these values are therefore applicable to
the tension towers as well as the suspension towers, with
some approximation. The value of V is taken as 400.
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As shown earlier, for the suspension towers, the normal horizontal
spacing is 12.37 m and the vertical spacing is 7.19 m. Similarly,
for the tension towers of the typical 400 kV dc line, the normal
horizontal spacing is 12.61 m and the vertical spacing is 7.25 m.

Comparing the figures shown in columns (5) and (6) of
Table 6 with the corresponding figures for the tension towers the
following observations can be made.

® The horizontal spacing of conductors as given by the
empirical formula is always within the value (12.61 m)
normally provided on 400 kV dc towers over the entire
practical range of the (span length/support level difference)
combinations considered for the analysis, except for only at
a very steep slope and the longest span of 2000 m. Thus the
requirements of catering to conductor galloping/ice dropping
phenomena are adequately met by the normal design of these
towers and they do not need extra space provision on this
account.

® The normal vertical spacing of 7.25 m for the 400 kV dc,
tension towers is, on the other hand, exceeded in all cases by
the values obtained from the empirical formula and shown in
column 6 of Table 6, except for the minimum value with 500
m span length and a support level difference of less than 25
m. Thus, the normal vertical conductor spacing will have to
be substantially increased in almost all cases to cater to the
requirements of conductor galloping/ice dropping. This
increase is found to be even more than 100% in longer spans
with steeper slopes.

For suspension towers, the normal value of horizontal spacing
(12.37 m) again adequately covers the requirements for almost
entire range of the (span length/support level difference) combi-
nations except for a span length of 2000 m and support-level
difference of more that 75 m. However, the normal vertical
spacing on these towers being 7.19 m, the same would have to be
substantially increased for almost the entire range of the (span
length/support level difference) combination to cater to the re-
quirements of conductor galloping/ice dropping.

CONCLUSIONS

The general expressions for normal horizontal and vertical spac-
ings between power conductors of a transmission line derived in
this paper, illustrate the approach/methodology of determining
these spacings and the impact of identified, relevant factor on
these spacings. Using a similar approach and methodology, it will
be possible to determine the horizontal and vertical conductor
spacings for transmission lines of other voltages and other type
of towers.

The horizontal and vertical spacings for a typical 400 kV double
circuit transmission line are also determined using these mathe-
matical expressions, which are generally in agreement with the
actual parameters.

The effect of long spans with steep slopes on the horizontal and
vertical conductor spacings of the typical 400 kV double circuit
lines, is next demonstrated through a detailed analysis and it is
established that while the normal horizontal spacings of con-
ductors on such lines is not materially affected, the vertical
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spacings normally provided may have to be considerably
increased to cater to the phenomena of conductor galloping and
ice- dropping, when a transmission line is routed through hilly
terrain having long spans with steep slopes.
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