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Tiie subject ot Fower Transmission by bundle conductor has received
considerable attention during toe last tew years. The bundle conductor is
tl:ie use of wmore than one conductor per phase in a three-phase, high voltage
transmission line. The Yower transmission by use ot two conductors per
phase in a horizontal conriguration in overhead lire is the subject matter
of this paper. This paper investigates a detinite relation to the bundle
in comparison with a single conductor per phiase with respect to inductance,
capacitance, surface voltage gradient, disruptive critical voltage and corona
loss,

The characteristics of tne lines are studied with ditierent aspects,
and appropriate formulas have been established for the bundle conductor of
two conductors per phase. beveral provlens are solved, and a comparative
study has been made between the single and two conductor bundle per phase
by plotting curves,

This paper reveals that when two overhead conductors, a few inches aart,
are used tor each phase of a transmission line circuit instead of one of
larger cross section, the inductive reactance is reduced by 20% and capaci-
tive increases by 150 tor a particular spacing ot the conductor. As the in-
ductance of the line decreases and the capacitance increases with greater
spacing ot sub-conductors, the use or bundle conductor is the gain in the
appreciably lower value ot surpge impedance. It has been shown that the double
conductor line has the capacity to carry l.2 times the allowable load of that
ot a single conductor line,

This paper shows the gain in lower surface voltase gradient attributed
to bundle and the decrease of 5% through use of the bundle has been shown.
The maximum surface gradient occurs at the middle phase due to non-unitorm

charge density on the conductor periphery of the bundle conductor circuite.
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A precise computation ot its value has been determimed by '‘axwell's coefticient.
The reduction in the ma-imum surface gradient is based on the value of single
conductor surface ¢radient,

is the surface voltage rradient directly aitfects the corona-starting
voltage, critical voltage is 15% higher for a bundle. With the same amount
of material, much higher voitage can be used without corona loss when the
transmission line is wvuilt with two small conductors per phase properly ar=-
ranged than with a sin;Jle conductor of equivalent area. This is a great
advantage ot the bundle over a single conductor circuit. The economy of the
bundle has been established on this point in case ot a high voltape transmis-
sion line.

The corona losses have been round to be much smaller when the sub-conduc=-
tor spacing ot the two-conductor bundie is less than 15 inches. The multiple
shieldins effects of a subconductor reduce the electric tfield intensity on
the individual conductors, which in turn reduces corona. According to theo-
retical calculation, it is tound that the corona losses are about the same

when the spacing is greater than 15 inches,
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ABSTR.ACT

A general survey of the theoretical study has been carried
out of the Bundle-conductors for Transmission line use, The dif-
ferent aspects of bundle-conductors are studied and an appropriate
formula is obtained for inductance, capacitance, voltage-gradient,
corona loss, and disruptive critical voltage.

Several problems are solved for line characteristics, and
graphs are shown in every case, A comparative study has been
made between the single and two conductor bundle per phase by

plotting curves,
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SCOPE OF THIS PAFek

1) The bundle of only two conductors per phase has been studied,

2) Only horizontal flat configuration of the bundle, i.e., all are
in the same plane, has been considered and only on overhead lines,

3) For varying m from ¢ to 2L inches, all chlaracteristics of the
line are obtained,

li) Conductors are considered smooth and round in all cases except
for corona calculation,

5) The equivalent cross-section of the conductor is constant:
diameter for 1 conductor per phase is 1,41 inch; diameter for
2 conductors per phase is 1,0 inch,

6) Ground-wire effect is neglected in capacitance and surface charge
calculation,

7) The formulas for x, b, g, ey, and P (consult list of symbols) has
been established for the two conductor bundle per phase,

8) tach characteristic as a function of m is illustrated by working
out one problem in each case,

9) For verification of the theoretical calculation, some examples
about the line construction cost is quoted,l but the economy
regarding cost of line is out of the scope of this paper.

1C) Nothing has been stated about the most suitable subconductor

spacing as it is beyond the scope of the present paper,

1
H, L, Deloney and W. L. Rush, "Bundle Conductor for Transmission
Line Capacity Increase, Electircal world, December, 1955,
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frequency in cycles per second

maximum surface gradient in volts/inch
disruptive critical voltage in kv

applied voltage (working) to neutral in kv
inductive reactance in olms/mile
capacitive susceptance in mho/mile

total current per phase in amps

potential difference in volts

charge in coulombs

capacitance in farads

distance between conductors of different phases

(position 1, 2, and 3) in feet
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distance between conductors of the same phase in inches
height above ground in feet

distance between conductor r and image of s in feet
radius of the conductor in inches

diameter of the conductor in inches

flux density in webers/sq, meter

self inductance in henry

mutual inductance in henry

corona loss for 3-vhase in kw/mile

irregularity factor

barometric pressure in cm

temperature in degrees centigrade

air density factor

= Maxwelll's coefficient

the

the

corona function

permittivity in farads/m
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INTZCDUCTICN

During the last few years, the subject of Power Transmission by
bundle-conductor circuits has received considerable attention., The
term bundle conductor, employed in this paper refers to the use of
two conductors instead of one for each phase, The two conductors are
therefore electrically in parallel and form one effective conductor
of large cross-section,

The purpose of this paper is to investigate a definite relation
to the bundle in comparison with a single conductor per phase with
respect to inductance, capacitance, voltage-gradient, disruptive
critical voltage, and corona loss,

This paper reveals when two overhead conductors, a few inches
apart, are used for each phase of a transmission line circuit instead
of one of larger cross section, that the inductive reactance is reduced
by 20% and capacitive increases by 15% for a particular spacing of the
conductors, The gain in lower surface voltage-gradient is attributed
to bundle and the decrease has been shown by 5% oy the use of bundle,
The disruptive critical voltage is higher for a bundle because multiple
shielding effects of sub-conductors reduce the electric field in-
tensity on the individual conductors which in turn reduces the corona
loss.

The scope of this paper does not include any vertical configura-

tion of conductors, Only lLorizontal two conductors per phase

vii



separated by 8 to 24 inches are studied, Conductors are considered
smooth but for stranded and hollow conductors a correction factor is
given,

Formulas have been established for the calculation of inductive
reactance, capacitive susceptance, surface voltage-gradient, dis-
ruptive critical voltage for the three phase horizontal configuration,

Formulas and estimating curves given in this paper may be of
interest to the transmission engineer but this only supplements

previous work,
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CHAPTER I

THe INDUCTIVE RuaCTaNCE OF TWO CONUUCTORS Pik PHASH

When a 3-phase bundle two conductor transmission line is com-
pletely transposed so that each conductor occupies each of the tower
position for equal distances, the phase being rotated in cyclic order,
the total inductance to neutral of any conductor will be the sum of
the inductances in each position, The average inductance per mile of
all conductors to neutral will be the same,

A formula for the average inductance to neutral per mile of each
conductor of a perfectly transposed 3-phase transmission line having
two conductors per phase has been derived in Appendix 1, by the method
of Geometric Mean Distance (G.M.D.)

From Equation (10) Appendix 1

2
\ (Sgma) e .
L, = 0.080L7 + 0.7L113 log,o 2/d ——=—— millihenry/mile
gmd
where
ngd = The geometric mean distance between conductors of the

different phases in feet,

mgnd = The geometric mean distances between the conductor of
the same phase in feet,

Geometric Mean Distance for two conductors per phase with sub-conductor
spacing m and phase distance S in feet has been derived in equation

(28) Appendix 2B,



(G.M.D.)2 for the horizontal flat configuration with two conductors

per phase, as given in equation (28):

(Sena)® = 82, 3/ ¢/ [1-(2)°12(1~(3) "]

The total inductance to neutral of any conductor in any position is
the sum of self and mutual inductances, The formula for self and
mutual inductance of non-magnetic wires in air has been taken from
"Bulletin of the Bureau of Standards." From equations (6) and (7) in

Appendix 1 of this paper

Ly =2L' [loge LL' _ 3
d L
M =21 [loge 28‘-' -1]

Now the average 60 cycle reactance per conductor from Equation (11)

Appendix 1

2
X, = 0.3034 + 0.279L1 log,, % (ngd) ohm/mile
m

Since two conductors of the phase are in parallel, the average in-

ductance per phasse is the one-half of the inductance per conductor,

1 2 . . .
X =3 [0,0303L + 0.279L1 log,, ?-g _(_58‘;““) ohm/mile d in inch

This value of reactance is on the assumption of solid, smooth round
wire, The correction for Stranded and hollow conductor are given
in Tables I and II,

It has been illustrated by Problem 1 and curve 1 in this paper

that an overhead double-conductor line has approximately 2C% less



T.ABLS

I

COKRECTION FCR ST NUED CONJDUCTOKS FCr REACTANCE CALCULATICN

— o~

Conductors Number of Strands

Per Phase 7 19 39 ol
1 C.00%6 0.0C33 0.0017 0.0010
2 0.0043 0.,0017 0.0009 0.0C05
3 0.0029 0.0011 0.0006 0.,0004
L 0.0021 0.0008 0,060l 0.0003
5 0.0017 0.0007 0.0003 0.0002

TABLE II

CORRECTION FOR HOLLOW CCNDUCTORS FOR REACT.NCE CALCULATION

Conductors Ratio of Internal to External Diameter

Per Phase 0.2 oL 0.6 0.8 1.0
1 -0.0022  -0,0075  -0,01L5  -0,0222 -0.0303
2 -0,0011 -0,0038 -0,0073 -0.,0111 -0.,0152
3 -0.0007 -0.0025 -0,00L8 -0.007L -0,0101
L -0.0005 -0,0019 -0,0036 -0,0056 -0.0076
5 -0,000L -0.,0015 -0.0029 -0.00LL -0.,0061




reactance than a single conductor line of the same phase of spacing
S and of equivalent cross-section,

It has also been shown in Problem 1(b) that for the same
reactance of both bundle and single conductor, the diameter of a
single conductor has to increase five times for particular spacing of

sub-conductor,



CHaPTeR II
CAPACITIVA SUSCEPTANCE OF T%O CONUUCTORS PuR PHASH

assuming a 3-phase bundle of a two conductor line is completely
transposed so that each conductor occupies each of the tower position
for equal distance, the phase being rotated in cyclic order, the
total capacitance to neutral can be found by Geometric Mean Distance
method, by means of the approximate average value of the charge when
the charges on the line are unegual,

For horizontal flat configuration, a formula for the averags
capacitance to neutral per mile of each conductor of a perfectly
transposed 3-phase transmission overhead line having two conductors
per phase has been derived in equation (24) of ippendix 2.

From equation (2L)

1
18 x 10° 1 (Sggg)?

mr

farad

The capacitive susceptance for 60 cycle to neutral from equation (25)

__1b.é6 x 107°
logio (Semd)?
mr

be mho/mile
Since two conductors are parallel, the average b per phase is two

times that per conductor, From eguation (27)

29.28
b (p2r phase) = Tog1o 24 (Simd)? micromho/mile

d m

where d in inch

AVAY



The equation for b is computed by assuming uniform charge density.
The error due to this approximation is of the order of 1 to 2%,

It has bezen illustrated by Problem 2 and curve 2 in this paper
that an overhead double conductor line has nearly 20% greater
susceptance than that of a single conductor line of the same S and

of equivalent cross-section.



CH.PTuR IIT
SURFACE VOLTAGE GrADIENT OF BUNDL& CONDUCTOR

With the tendency toward higher a.c, transmission line voltages,
due to greater distance of power transmission, the type of line con-,
ductor to be used becomes of increasing importance, 4is conductor
surface voltage gradient directly affects corona loss, and corona
starting voltage, the ultimate problem is of loss., This problem has
a solution if a bundle conductor, i.e., two or three conductors per
phase are used instead of one,

4 good physical picture of the phenomenon associated with flux
conditions in a bundle conductor at the same potential is necessary

for understanding the effects of bundle conductor two per phase,
\ [ 7z
[

Figure 1 Figure 2

Figure 2 illustrates the lines of force and eguipotential lines, two
conductors per phase of a 3-phase line, Figure 2 indicates the charge
distribution among conductors at the instant of time when the voltage

on the center phase is one and that of the end phases -0,5,



Figure 2 also indicates that the lines of force are distorted between
conductors, resulting in a variable voltage gradient around the con-
ductor periphery.

The analytical method used in the calculation of conductor surface
gradient is outlined in the Appendix 3. The maximum surface gradient
occurs at the middle phase, and the expression for g is from equation

(38) Appendix 3

2r 2r2

v, (1+ S5 )
b i1 e e ° o
g = m( 2 3 7 volt/inch
2x2'3C3r (log e — = ] 2
10 = 3 og :>

where g is the maximum surface gradient at the mid-phase in volt/inch
m is distance between conductor of the same phase in inches
r is the radius of the conductor in inches
Vy, is the applied voltage on the mid-phase,
As the charge density is not uniform around the wire of the bundle
conductor circuit, a precise computation of its value is determined by
the equation given in a paper1 by H. B, Dwight, Problem 3 in this
paper is an example of g with varying sub-conductor distance, Curve 3
illustrates that the greatest reduction in maximum gradient is with
a sub-conductor spacing of 12 inches,
The equation is deduced on the following assumptions:
a) Conductors are arranged horizontally, i.,e., they are in the

same plane,

1H. B. Dwight, "The Direct Method of Calculation of Capacitance
of Conductor," Trans, 4,I.5.E., vol, 52, 1933,



b) Conductors are perfectly smooth and round with m spacing for
other conductors of the same phase,
c) The distance between phases S is considered from the center
of the conductor of one phase to another,
d) The term voltage gradient designates the maximum voltage-
gradient at the conductor surface,
e) The ground effect is neglected,
The charge distribution on the conductors of one and two conductors
per phase are shown in Figures 3 and L, with applied voltage +l on

center phase and -0,5 on the end phases,

O O O O O O

-0.025 -0.031 +0.,05 +0 .05 -0,031 -0,029
Figure 3
-0.0L45 +0.085 -0.0L5
Figure L

The equations for the calculation of the above charges in bundles
conductors each having self and mutual capacitance with each of the
other conductors and with certain applied voltage to ground, the only

1
way of calculation is by Maxwell coefficient.

Pwo-Dimentional Fields in Electrical Engineering, Bewly &
Macmilan, 1948,
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V;ﬁ Py1 P12 FPia Pig Pis Pie %
Va P21 P2z Pas P2y Papg Pae Q2
Vi P31 Paz P33 Pas Pag FPae . R0
Vs Pg1 Py2 Pyz Pys Pus Pus U
Ve Pgy Psz2 Pea Pss Pes Pee Qs
Ve Pea FPez FPea Pes Pes Pee_y LQG_

where V is the voltage applied
P is Maxwell's coefficient or proportionality factor
Q is the charge on conductor

For abbreviation the equation can be rewritten:

. -1
(3] =[F] [V]

It may be shown in general, by Green's Theorem that Ppg = P4,
(£lectricity and Magnstism, Jeans) and they are all positive, The
numerical value of the ﬁotential coefficient has been worked out by
the method of image considering ground as zero potential for the
bundle of two conductors per phase, in Appendix 3B.

The general equation deduced for P in Appendix 3B is as follows:

Py =Pz = . . . =Pge = 2108?—

P213000+"P56 =210gh

where h is the height above ground, and 2h is the distance from the
conductor concerned to its own image,
Drj is the distance between conductor r to the image of con-

ductor j and so on,



CHAPTER IV
DISRUPTIVA CRITIC.AL VOLYAGS OF THE BUNDLE

The discuptive critical voltage is the voltage at which corona
starts t§ form on transmission line conductors in fair weather, This
is the 1limit of operating voltage on the line., It depends on the
potential gradient at the surface of the conductor., In Chapter III,
g, the maximum stress at the conductor surface has been derived and
g, corresponding to ey, may be called the disruptive gradient, eg
greatly dzpends upon the conductor radius, if r is smaller, then eg
will be larger,

As the surface gradient of the center phase is the highest for
horizontal configuration, a formula is developed in Appendix L for e
for the middle phase conductor which has the lowest critical voltage,

For a perfectly smooth polished conductor for which there is

only one per phase

W

e°=gxeroxgloge— kv

"

where g is the critical gradient
S i$ the distance betwsen phase conductors
r is the radius of the conductor,

If each phase consists of 2-conductor of spacing m from equation (L7)

then
8ﬂﬂog- s K
eoa—'——_—l+g£ Oge?n—; v
m

11
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g is considered constant for conductors used in H,V, transmission

line and value of g for wires taken under a variety of conditions on
1

the outdoor line are given in Table III, According to Peek, g is

53.6 kv/inch,

Since g = 53,6 kv/inch
eg = 123,35 S2
o = 123703 20 logio = kv
1 +££ mr
m

eo 1s determined by the eguation (L7) in Appendix 5, and My is taken
as 0,96 for solid wires,
TaBLE III

DISRUPTIVA ChRITICAL VOLTAGE GRaADIENT FOR WIRES
(Values corrected to 76 cm, Barometer and 25°)

Spacing in cm, Radius in cm, go kv/cm . max,
152 0.08L 31.3
229 0.06L 31.6
550 0.0thL 36.5
122 0.164 2€.8
2Ll 0.16L 29.0
366 0.16L 25.6
L &8 0.184 25.3

91.L 0.259 28.7
183 0.259 26.5
275 0.259 26.0
397 0.259 26.2

91.L 0.463 28.7
163 0.L63 30.L
21L 0.L63 30.5
275 0.h463 31.0

F. W. Peek, Dielectric Phencmenon in High Voltage Engineering,
Third edition, McGraw-hill Book Co., 1929,




CH.PTER V
CORONA LOSS MuASUREMIENT

In bundle conductors, the voltage-gradient is not uniform around
the conductor periphery. 4 correlation must be established between
corona-loss and the variable voltage gradient, For theoretical calcu-
lation, relative losses can be determined by working with maximum
conductor surface voltage-gradient or for two conductors per phase
grouping; the mean value of maximum and average voltage-gradient is
used, The maximum voltage gradient is considered in this paper,

' The loss on a transmission line varies depending upon the
temperature, and weather conditions., Some various factors like mois-
ture, frost, fog, sleet, rain, and snow have an appreciable effect
upon the loss,

A number of formulas has been worked out for estimating the
corona loss values of which Peterson'!s formula is widely used,

4 theoretical formula modified by eﬁpirical correction was dsveloped
by Peterson which is applicable for calculating corona loss for the
lower value of the losses as well as higher values,

The corona loss is considered to be the loss due to charging
current flowing rapidly through the corona-envelope, The drop in
voltage through the envelope is assumed as being the integral of the
potential gradient from the point where the gradient in air exceeded

53.6 kv/inch to a point on the conductor at some higher value,

13
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For the portion of the cycle where the voliage is too low to cause

air-breakdown, no loss is assumed to occur,

1
As a result of this theory, the following formula is evolved,

From equation (L8) Appendix 5

0.0000 2
P, = 3375-‘: °n @) kw
(logio = )2

where P, 1s the corona loss in kw per mile per conductor
f is the frequency
S is the distance between phases
r is the radius of the conductor in inches
eo is the disruptive voltage in kv
CFb' is the value taken from the curve 4 and is a function of

the ratio ep/eq.

For a smooth round conductor,‘the value of ey, as calculated in

sppendix U, can be used with a slight modification for air density,

2 S
o 123 Mo S Yar logig r kv to neutral
1+2r
m

The air density é;= 1 at 2500., 76 cm, barometer,

At any other condition, it may be calculated by the following equation:

1Joseph Carroll, "Corona Loss Measurement for the Design of
Transmission Line," Trans, i.I.E.E,, vol, 52, 1933,



where b = barometric pressure in cm,
t = temperature in degrees Centigrade

Mo is the irregularity factor and varies from 0,98 to 0.93

for roughend wires

e, i$ the voltage to neutral in kv (applied).

The equation (LE) in Appendix 5 is true for one or two conductors per
phase, For six conductors, the total loss is six times that of P,
For all practical purposes, the losses on the bundle conductor,
however, can be calculated on the basis of those of the single con-
ductor,

According to theoretical calculation in Problem 5, the corona
loss are about the same when the spacing is 15 inches, From the tastz
experiment on the bundle of two conductors, it has been observed that
losses are much smaller than that of a single conductor per phase,
The losses on a single conductorrper phase is about ten times as high

as those of the burdle,

1
0. Gerber, "Corona Losses of Single and Bundle-Conductors,"
C.I.G.R.El’ paper )-‘03’ 19500

2

F, Cahen, "Results of Test Carried out at the 500 kv Zxperimental
Station of Cherilly (France) on Corona-Behaviour of Bundle Conductors,"
Trans. A.I.E.E., vol. 67, 19L8,
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Ci.PTER VI
APPLICATION
Problem 1

issume a 3-phase line of spacing between phases LO feet
horizontal flat configuration,
assuming that each phase conductor consists of two sub-conductors
having one inch diameter each and spaced m feet apart horizontally,
a) Calculate the phase inductive reactance as a function of
m and plot,
b) Calculate and plot the diameter of a single conductor as a
function of m which is equivalent to the bundle in the sense

that it has equal inductive reactance,

Sclution
a) sssuming m varies from 8 to 2l inches
2) conductor diameter are such as to keep the total
conductor area per phase constant,
2-cenductor per phlase -- diameter one inch of each sub-conductor
l-conductor per phase -- diameter 1,L1 inches (for equivalent

cross-section)

® © O O O

e ——> Figure 5




1€

Reactance from Appendix 2B for two conductors per phase

1
X =7 [0.030L + 0.279L1 log,o 2L 3/2 % ]

+ 01397 logio 3/2 5 ¢/ [1-(D) 77 1-(1)?)

olms/mile
where S and m are in feet and d is in inches; S/d is constant,

The first part of the X is constant and egual to:

% [0.030L + 0.275L1 logyo 2k x1.25 x LO_ ]
1
= 0.LL
The second part of X is a function of m and can be calculated:

m in m in

inches feet logyo 3/2 S/m
.8 3/k 1.8325
12 1 1.699
16 s/L 1.6021
20 5/3 1.L7771
2k 2 1.4176

The value for €y11-(§)2]2 [1-(2;)2] is practically constant and
equals to 0,955 for m varying from 8 to 24 inches, The value of the

second part is now tabulated below:

m in inches 0.1397 log1o 3/Z 3 €/[1-(3)*1°(1-(55) ]
8 0.2L3
12 0.225
16 0.21k
e0 0.19¢

2L 0.182
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Now the phase inductive reactance is shown as a function of m.

m = & inches X (reactance) O,LL + 0,243 = 0,403
in ohms/mile

m = 12 inches X =0.Lh + 0,225 =0,605

m = 16 incles X =0.LL + 0,214 = 0,654

m = 20 inches X =0.LL + 0,196 = 0,636

m = 24 inches X =0.h + 0,182 =0.622

It is found from the result as the spacing between the sub-conductor
increases, tle reactance decreases, The relation between m and X has

been plotted in curve 1,

b) For the single conductor per phase of diameter 1.L1 inches

reactance for phase spacing LO feet 1is calculated as follows:

DENEORS

Figure 6

i) As the G.M.D, of the figure is 3/2S, from sppendix 1

X

[0.0303L + 0.279L1 log,o 2L 3/2"x§ ]

[}

0.851 olms/mile
This value will remain constant if S and d are constant,
ii) To calculate the diameter of a single conductor from the
result of the part a) considering equivalent reactance in

both the cases,



X in ohlms/mile

0.663 - C,0303L
0,665 - 0.0303L
0.65k - 0,0303L
0.636 - 0,0303L

0.622 - 0,0303L

from a)

20

0.0303L + 0.27941 logy, 2L 3/2 S/d
0.279L1 log,, 1200/d,
0.279L1 log,o 1200/d,
0.27941 log,, 1200/d4
0.279L1 log,q 1200/d,

0.27941 log,, 1200/dg

3
L[}

E|
n

3
n

inches

o

12 inches
16 inches
20 inches

2l inches

vs d
dy = 5.5 inches
ds = 6.3 inches
da = 6.9 inches
dy = €& inches

dg = 8.7 incles




From the results of rroblem 1 1

- O8s[

(a) for 2-conductor per phase
(b) for l-conductor "

068 S=lo feet
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066
06t
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Curve 1 | Inductive reactance in ohms/mile
vs m (| sub-conductor spacing)
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Problem 2

Assume a 3-phase line of spacing 20 feet Thorizontal flat
configuration,
assuming that each phase conductor consists of two sub-conductors
laving one inch diameter each and spaced m feet apart horizontally,
a) Calculate the phase capacitive reactance as a function of
m and plot.
b) Calculate also for the single conductor per phase of

equivalent cross-section.

Solution
a) Assuming m varies from ¢ to 2L inches
Conductor diameter are such as to keep the total conductor
area per phase constant,
2-conductor per phase -- diameter one inch zach
l-conductor per phase -- diameter 1.4l inches
Considering Figure 5 in Problem 1, S is the phase distance and
equal to 20 feet.

Capacitive susceptance from ippendix 2 for two conductors per phase
29,28
logio 2k 3/2° § + logao 3/7 52

mho/mile

29.28
S S TN2.2, - T 2
log,o 24 3/2° g + logio 3/2 i 6/[1-(3) ] [1‘(55) ]

In the above equation, S and m are in feet and d is in inches;

S/d is constant,



First part of the denominator of the expression is constant and equal

tos

log,o 2L 3/2 g = 2.632l

Second part of the denomirator of b is & function of m and can be

calculated,

m in

inches

e
12
16
20

2k

m in
feet logig 3/2 S/m
2/3 ' log 37.5

1 log 25
L/3 log 1€.75
5/3 log 15
2 log 12.5

The value for'6/[1-(%)2jéfi-(g)2] is practically constant and egual

to 0.96 for m varying from 8 to 2L inches., The value for the second

part of the denominator is now tabulated belows:

m in inches

(@p]

logio 3/5— S/m 6/[1‘(%)2]2[1‘(252]

1.556
1.3¢
1.255
1.155

1.08
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Now the capacitive susceptance is shown as a function of m as below:

m in inches

4
12
16
20
2l

b in M mho/mile
/7

29.28/L 188 = 7,05
29.28/L.01 = 17.35
29.28/3.66 =17.6
29.28/3.78 =7.75
29.28/3.711 =17.8

It is found from the above result as the spacing between sub-

conductor increases, b increases, DNature of the relation between

m and b has been shown in curve 2,

b) Single conductor per plase,

heference to Figure 6 G.,M.D,

3/27 s

. 1L .66
' logio %& 3/7° s

5.9 mhio/mile .

diameter of which is 1.L1 inches,

of the spacing between phases

1L .66
lOg 10 300
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Curve 2
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From Problem 2

curve (a) for bundle of two
(b) for single conductor
' per phase '

5=20 feet

™. U vnchas

capacitive| susceptance (b) vs subconductor spacing (m)
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Problem 3

Assuming a 3-phase transmission line of spacing between phases
32 feet thorizontal flat configuration and considering each phase
consists of two bundle conductors having one inch diameter of each,
a) Calculate the maximum surface voltage gradient of the
middle-phase as a function of m which varies from 8 to 12
inches,
b) Plot the surface voltage gradient reduction in per cent of
bundles based on value of single conductor of equivalent

area,

Solution
a) Assuming m varies from & to 12 inches,
Conductor diameter are such as to keep the total conductor
area per phase constant,
2-conductor per phase -- diameter one inch of each
l-conductnr per phase -- diameter 1.4l inches
Maximum surface gradient occurs at the middle-phase,

Then from aippendix 3, equation (38)

V’b(l+2—r':--?r—2+oaoono)
m m2 volt/inch
2 x 2,303 r (log 10 -1 10g,)
nr 3

where m is the intragroup distance in inches
r is the radius of bundle of each in inches

S is the phase-conductor distance in inches
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The numerator of the expression g is calculated, taking V, as one
volt, the maximum value at particular instant when the voltdages of the
other phases are -0.5 and neglecting the higher order term in the

parenthesis,

m in incles (L +2r/m -2r3/m2 + ,,...)
.6 ' 1,15
12 1,06
16 1.06
20 1.05
2L 1.04

The denomindator is again a function of m and can be calculated

with the values of S equal to 32 feet, S/d is constant for varying m,

m in inches 2 x 2.303r(log,o S//mr - 1/3 log,)
& 5.0k
12 L.g2
16 L.7
20 L.55
2L L.k2

The maximum surface voltage gradient of the middle-phase as a
function of m is given below?

g (maximum gradient)

m in inches g m for Vi, =1 volt
g 0.228 16 0.226
12 0.224 20 0.231

2L 0.234
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b) g of the middle conductor with flat spacing one conductor per

phase, from equation Appendix 3,

g =

The radius of the conductor equals 0.705 inch

1
g = 5 3ch
2.303 x 0,705 (log === = 1 log 2)

Yy

2.303r (log S - 10g 2)
r 3

Considering Vy as 1 kv (1000 v)

Maximum gradient
for middle phase

Maximum gradient
for middle phase

volt/inch

Per cent gradient
reduction of bundle

m in of bundle in of single conduct- based on the value
inches volt/inch or in volt/inch of single conductor
o 228 23k 2.6
12 22k 23k L.26
16 226 23k 3.k2
20 231 23L 1.28
2L 23L 23L 0]

Voltage gradient is decreased by more than L% for spacing 19

inches based on the value of single conductor per phase of equivalent

areda,
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Reduction based on the value of single conductdr'
surface gradient , g

,,,,,




30

Problem L

a) Considering the Problem 1, calculate the disruptive critical
voltage of bundle of two conductors per phase for m, the
spacing between conductors of same plase, varying from 8 to
2L inches,

b) Plot a curve showing the relation between single and bundle
concductor in respect of ey for varying m,

Given Mg = 0.96 O =0.966
Datas: S = LO feet, r = 0.5 inch for bundle and 0.705 inch

for one.

Solution
The lower disruptive critical voltage of mid-phase conductor can

be expressed by the equation (L7) in Appendix L,

12 M 2
6y = ——2!:§géi log,e (1)
1 + &2 mr
m

The equation (1) is a function of m only and S, m, r are in inches

2r

m in inches 123r My /1 + = logyo S3/mr
& 51.5 L.76
12 53.6 L.58
16 5L.6 L.Lo
20 55.4 L.36

2L 55.6 L, 28
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The eguation for ey is based upon the value of g, the surface
gradient of the conductor which Peek1 took as 53.6 kv/inch, Peek
indicated that g is constant for conductors of diameter that would be
used for H.V, transmission line., But subseguent investiga.tion2 raises
considerable doubt as to whether g is constant in the range of low
losses, The indications are that g might well increase with decreas-
ing radius shown in Problem 3, This factor can be taken into comsider-
ation and would be regarded as a factor favorable to bundle conductor.

The calculation of Problem L on the basis of 53.6 kv/inch for g

eo in kv/corcena

m in inches starting voltdage
8 als
12 2Ll
16 2L2
20 2L1
2l 2Lo

e for single conductor per phase is given by the eguation (L7a)

123 Morgloglo S/r v

€o

123 x .96 x .966 x 0.705 log %§%5§

226 kv,
The gain on the corona-starting voltage of bundle over single con-

ductor per phase is 8%.

;F. W, Peek, Dielectric Phenomenon in High Voltage Engineering,
Third-edition, McGraw-hill Book Co., 1929,

2
M. Themoshok, "Relative Surface Voltage Gradient of Grouped
Conductors,"” Trans, 4. I.E.8, vol, 67, 19LE,
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Problem 5

a) Calculate the corona loss of the bundle of two conductors per
phase having one inch diameter of each, Assume 3-phase line,
spacing between phases LO feet, horizontal flat configuration.
Voltage between lines is LEC kv and f 60 cycle, Temperature
is 20° C. and barometer 72,2 cm, Plot tle loss for 3-phase as
a function of m, sub-conductor spacing.

b) Calculate the corona loss at the same temperature and pressure

of the single conductor per phase of equivalent area,

Solution
a) The loss is given by the equation (L8) of Appendix 5 of

Peterson formula:

0.0000337 §- e,2

: S
(logio 7)*

@®.") kw/mile per conductor

qk' = The ratio of ep/e,, the value of which is given in the
curve L
e is the voltage to neutral and equal to LE0/1.73 =278 kv,

The air density factor

S . 3.926 _3.92 x 72,2
T 273 + % 273 + 20

n

00966
The numerator of the equation is constant for particular f and

e and the value is calculated below:

n?

0.0000337% e, % = 3.37 x 60 x (276)2 10°° =156
n
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The denominator is also constant for particular S and r which

equals

| O~
(1ogloi%5%3)2 = (logyo 96C)%

(2.9%)2% = .95
156
Pe =73 Po' =175 P!

1 5)®
( 0€10 r)

Now for same Mg and & ws can take the data from the Problem L

m in inches eo in kv en/eo
8 245 278/2L45 = 1,13k
12 2Lk 278/2LhL = 1,14
16 242 278/2L2 = 1,15
20 2h1 278/2L1 = 1,152
2l 21,0 276/2L0 = 1,156

The value of e /e, taken from the curve L and tabulated

ep/eo P!
1.13L 0.053
1.1k 0.C62
1.15 0.07
1.152 0.076
1,156 0.085

Final results can be calculated thus:
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m in inches P (corona loss for 3-phase
17.5 x @' per mile)
8 5.L5
12 6.38
16 7.26
20 ¢.3
2L 9.6

The minimum loss in fair weather condition corresponds to a spac-
ing of & inches., Beyond 16 inches losses keep on increasing more

rapidly, At 2L inches, they are almost double,

b) Calculation of loss for the single conductor per phass is exactly

the same as .above:

r = 0,705 inch
LEo 2
eo = 228 kv from Problem L; (log,o 0.705 ) =19.5
en/eo = 278/228 =1,215

From curve L, the value of <Pc' corresponding to 1.218 is 0.11
P, =19.5 x 0,11
The total loss for 3-phase equals to:
P=3x19.5x0,11 =6.L43 kw per 3-phase mile
According to theoretical calculation, the corona loss is about
the same when the spacing is 15 inches, But corona loss is smaller
when the spacing is less than 15 inches, Though there is not much
difference between single and bundle so far as loss is concernsd,
but it is an advantage that the corona starting voltage is much

higher in case of bundle,
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Cost Comrarison of Sin-le and Bundl2s Conductor

The double conductor lines give a lower transmission cost than
1
single conductor line, The gain which increases with the line
length lies within the range 2 to 1k per cent at 220 kv and 5 to 11

per cent at 38C kv,

TABLE TV®

Line Length 220 kv 220 kv
in km 592 mm2 (single) 2 x 328 mm2 (bundle)

200 100 (base value) 98

Loo 100 93

600 100 90

8C0 100 67

1000 100 86

1Compar'ison of Lines Cost with Single and Double-Conductor,
C.I.G.R.E,, paper LOS, 1950,

*Tuid,



CllaPTzar VII
CONCIUSION

An overhead double-conductor 1line has approximately 20% less
reactance than a single conductor line of the same weight of conduct-
ing metal, If the voltage control is such that it can operate
successfully with a certain per cent of current times reactance, on
either 50 or 90 cycles freguency, the allowable load on the double
conductor line is 1,2 times that of a single conductor line, In many
usual cases, especially where there is not complete control of the
voltage by synchronous condensers, the reactance is the most important
item in determining the power rating of the line for both the voltage
drop and the stability limit of the load which depends principally
on the reactdance. Therefore, in many instances, without incredsing
the weight of the conductor metal, a line can be built for @oout one-
fifth greater power rating at very little increase in cost where ice
load is absent by ﬁsing double conductor construction, The "Bundled"
336,400 C.¥., 4,C.5.R, circuit costs approximately §.CO per mile more
than the single 666 C M., A,C,S,k., circuit (which is approximately
5% more based on total circuit cost) whereas it has approximately 3Cj
more actual capacity based on impedance drop limitations,

The capacitance of an overhead double conductor line is 2C

greater than that of a single conductor line of the sdame weight of

'H, L. Deloney and W, L, kush, "3undle Conductor for Trans-
mission Line Capacity Increase ' Klactrical World, December, 1955,

38
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conductor metal (Graph 2), This is an advantage in the casa of power-
networks where synchuronous condensers are used almost entirely with
strong field currents, s4n increasa of the line capacitance of 20%
means a definite sdaving of the amount for synchronous condensors.,
another advantage of the use of bundle-conductor is the gain in the
appreciably lower value of surge impedance as the inductance of the
line decreases and the capacitance increases with greater spacing of
sub-conductors, vith the lower surge impedance, there is a possibility
of greater stability and a larger capacity of the line,

with the same amount of material, much higher voltage can be
used without corona loss when the transmission line conductor is built
with two small conductors per phase properly arranged than with a
single conductor, It is due to the multiple shielding effects of the
sub-conductor which reduce the electric field intensity on the
individual conductor, It has been calculated that the surface voltage-
gradient in case of bundle conductor reduced by L% for a particular

spacing based on the value of single conductor of equivalent area,
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aPPLNDIX 1

Inductance and €0 Cycle Reactance of
Bundle Conductor Circuit

when & 3-phase bundle two conductor transmission line is com-
pletely transposed so that each conductor occupies each of the tower
position or its equivalent for egual distances, the phases being
rotated in cyclic order, the total inductence to neutral of any con-
ductor will be the sum of the inductances in each position,

The phase position on the tower will be designated by I, II,
IIT and the conductor positions 1,2; 1',2'; 1",2" respectively.

Starting with phase . in position I, the conductor of the
phase A which first occupies the position I-1 will in turn occupy
each of the six position for equal distdnces one-sixth of the total
length of each conductor,
Let I

’

| 7%

‘.

| WIS

current per phase

length (total) of each conductor

length of conductor in each position

assuming L f_1 _ 4 - = 1 a2 current in phase II
2 2 2 2
I 1, . /3 = I . -
3 (.. 7+ .2_> 5 @ current in phase III

For singe waves of current of frequency f, the total inductive
voltage drop in any conductor will be the sum of the voltage drops
in the conductor for 6 positions and may be expressed in terms of

self inductance L and mutual inductance M,






L1

I II I1I

QO

Figure 7

n VA

Position I-1

Vioy = 2“‘F[ % (Ly + ly2) +% a2 (i3, +Mpa') + %_ a (4" + Mya") ]
There will be two equations one for each of conductor (1)
position in plase position I,
There will be also two equations when phase a occupies position

II and plase position III,

I I V I
VII'—l' = 21T-F E '2-(L1 + I\/ll'zi) + 5 32(1'11.1.1’141'2.)"’2- a (1"11'1 + Mll 2)]

(2)
v =21t [ I(L + M"o") 4+ I a2(m.n ,m.) I a ("1 o+ 1Mt
ITI-1" s\b 1" 2 5 (9", + 1", +5 A"yt + M"at) ]
(3)
Adding for 6-positions, the total drop V is obtained
V = 2“‘?% [61‘1 + 2 (i"'llz + :’11'2' + Ml"z.)
- (IJlll' + 'LVJ:l' l" + I{l"l + 1\112' + Ml'z' + Ivllnz
S Hpp® 4+ MW, # My 0 4+ Moot 4+ Mpto® 4 H",) )
(L)

From equations (1), (2), (3), and (L), it is seen that there will be

12 mutuals between conductors in the same phase positions and total 3
for the 3-phase positions, The number of mutuals between conductors

of different phases will be 12,

The total inductance Ly;

i :
L, = 2“{:; = [6Ly +2 Z3M.da - 12May) (5)
2
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where M,, = mutual inductance between conductor of same phase,

and Map = mutual inductance between conductor of different
plases,

The formula in absolute units for self and mutual inductance of
non-macnetic wires in air follows from those given in the "bulletin

of the Bureau of 3tandards®™ when the lenzth Lt >> d and S

I;.Lt
Ly =2LY [ logg —%— - g ] self inductance (6)
, 2L! . .
io=2L' [ logg 3 -1 mutual inductance D

replacing L' by L/S in (§) and (7) and substituting in (5) and
called M, , and Mg, by Geometric mean distance of m and S respectively,

the final equation becomes:

y L. WL 3. e 2L
Lt-0x2xz[Ln-&—i-H]+b [Ln—azd-l]
g
~12x2L o2k -1 ]
o] © Sgmd
LL 2L 6 x (S;md) 1 i
= L [21n o= Q.'}&ndx L L2 + E] (€)
L L=
Ly = L (2 1n 2 (Szna) ” + 1 ] abhenrie (9
t 3 (ﬁg;ay 5 lenries

Expressing in practical units and 4 and M in same units, average
inductance to neutral per conductor is:

2
Leon = 0.080LT + 0,7L113 1Og10§ SESM)_ 4s Mogq =M (10)
MH/mile

and average 60 cycle reactance: per conductor

- 294 (S,,q)° .
X = 0.0303L4 + 0.27941 logyis 3 ég’ olms/imile (11)

con
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recactance per plase of two conductor

2h (S..4)°
[ 0.C303L4 + ©.275L1 loygi, _g E_ﬁlgz_ olms/mile (12)

X =
™

o -

where d in inches
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AFFZNDIX 2

Capacitance and (0 Cycles heactance of
Bundle-Conductor Circuit

Considering a 3-phass transmission line with one conductor per
phase, completely transposed so that each conductor occupies each of
the tower positions for egual distances, tlhe phase being rotated in
cyclic order, the total capacitance to neutral can be found out very
easily by Geometric mean distance method, by means of the approximate
average value of ihe charge when the chargsas on tlhe line are unequal,

» case which occurs in this case is that a symmetrical flat
spacing, arranged cab, the middle conductor a lLas its potential vector
along the axis of reference, Ascume that the charges ga, qp, 9o are

120 degrees apart in phase and they are of the same magnitude in all

sections of the line.

%

}e %a
O O O

Figure 8
= 1 Q.+t Qe (13)
w= 7 Va-3 (15)

The potential difference produced by these assumed charges
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Ey, =18 x 10° t U5 1, %;2 (15)
j=a Jja
=15 x 107 ( q’dlng‘“ q:bln'§+q,lcln2§)
KL G, i Y L2 g v L)
where K =15 x 10
Eab-K[% "3%;"' J q’q,lng;s] (16)

%dln
3543 /3
=3 E+j 3 E
Equating the reals to the reals and imaginaries to the imaginaries

and solving

E
% % 18 x 10° 1, —— cou per meter (an
3/er
ek
93 = 36 x 10° 1, 25 cou per meter (18)

In the next transposition sections where phase a replaces b, b replaces
¢ and ¢ replaces a, the charge on a will be equal to the charges on

b in the first section considered, shifted forward through an angle of
120 degrees, Likewise in the remaining section g, will be equal to

the value 9 in the first section shifted backward through an angle of
120 degrees., Designating sections 1, 2, 3

E

9al =18 x 10° 1, 555—

1 E ) /3B .
%2 =PRI, 3 -0 1o ) (-2+373)
3/2 r “r
E 3E 3E 0
Tkl = +hK1n23 +j(hfx—1 ZS'Lgbs )
n 3/2 r T "= n
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Ga3 = (-2 B 4y _[B5 ) (-21-30)
2 K1 5
n - 2K 1y 2S 2
3/cr —
2 3 L3 [
T, D W, 2 ML S - WIS
3/2r r 3/§r
The average of q, over the wiole transposed line is equal to (21)
ga (average)
= 9al * 942 * 9a3
3 (22)
E 1 - 1 -
st 121 = + J2 1 25 = 3
10 n 375;— n =
X 2S5 S
K 1, — +1
=X [ r ™m3fr
1, -2 2s
3/2r nr
E[ 1n3z2s
= X r
(lnézf -1n2?/3)(1n2E§’+1n2§g)
_ E
K1 3/2°s cou per meter
r (23)
1
C = 18 x10° 1, 3/7S Farads/to neutral (o)
r

The term 1 3/2 S is equal to the geometric mean of the tliree
spacings,

The capacitive susceptance to neutral is

b = 2nif

16 x 10° 1S4 (25)
r
' -6
. 2mf x 60 x:160,900 1066 x 10 o
con 18 x 1011 x 2,303 logyp Semd 10810 Semd mho /mile

(26)

)
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For bundle conductor of two per phase, the term is identical
with the inductive reactance but reciprocal of the external inductance
to neutral,
., -6
2 x 1L,56 x 10 29, 28

b (per phase) = =
10%10 ( )2 logio —E (swmd)

micro mho/mile
where d(diameter) in inches

(27)
Note: It is computed by assuming uniform charge density, The error
due to this approximately is the order of 1 or 2% in transmission

line eguation,
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APPANDIX 2(B)

Equation for the Geometrir Mean Distance of the unsymmetrical 3-phase

line with two conducters wver phasn, - csce for the hegicontal flat
configuration:
L;;?‘hn-——t-
Figure 9 S

Geometric Mean Distance cof the con“uctors of the different phases:

Sena® = L 12/53(25) (5o ) 2257 m2) | 17

= [ ¢/s%.h.(s2-m2) 2(ks=n") &% Ls? ]

= §=2 -C2m=5° + m>

s%.3/L 6/(5%= 2 ") [1-(53) %)

= s2.3/L 6/[1_2_2—2 + %:_ ] [1-(33)2)

- 2 | '/«, H

= s%.3/IC c/[l-(%)zlz[l-(gs)Z]

(26)

Let for abbreviation 4 = &/ [1- (")2]2[1 ( )2]

Then from appendix I,
i 2Ls
= 2 [0.030L + .29 logyo =g~ 3/2 ] +0.1397 logyo 322 2 .
2
ohms/mile

(29)




From appendix 2

29,78

logyo 2k 3/2 g + logio 3/2 g Z

mho/mile

(30)

Ly
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LPFENDIX 3(4)

Surface Voltage Gradient of Bundle of Two
Conduc tor Per Plase

The dielzsctric flux density at a point x meters from the axis of

the clarged wire:

D = __g/_i coulombs/sq.m (31)

This is true because we have a total flux of g coulombs per meter
length of the wire passing radially through the curved surface of a
circular cylinder one meter long having radius x meters, The area of
the surface is 2 TU % x1,

The force per unit charge in the field, at radius x which is the

same as the field intensity or veltage-gradient is

d& . 1 dD _ 36 x 10° x 9 '
&% € dx 5 ~ volts/m
go = 18 x 1c1? .Sx’._ volts/cm

(32)
Therefore, the gradient at the surface of an isolated conductor

is 18 x 1011 9 mememmemeeeeeeeo (32)

r

where 3 in cou/
and r radius in inches

From .ppendix 2 eguation (17)

L
9% = g y 1012 1 S Cou/cm
3/2r
. %
K(l, S -11, 2)
3 (33)
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The value of g in ejuation (33) may be substituted in equation (32)
giving the follewins:
The voltage gradient at the surface of the middle conductor with flat

spacing; one conductor per plidse to neutral:

2o = 18 x 101! Ey _ By
S - -
v S _1 s
r (16 x 1011(1, % - % 1p 2) 2.303r (logyo = - 3 log102)

(3L)

This gradiént is in volts per inch wien r in inches, For a trans-
mission circuit which has one conductor per phase, the assumption that
the potential gradient is uniform around the surface of the conductor
is justifiable, when the ratios of the diameter to spacing is very
large,

when the charge density is not uniform around the wire in cdase of
bundle conductor circuit, a computation of its value may be needed for
precise computation of corona. 4 convenient way to compute the charge
density and the voltage-gradient at any part of the surface is used
the following equation from paper1 by H, B, Dwight, equation ¢, For
the charge density at angle @ due to q,, the wire's own charge and qp,

the charge on a neighboring parallel wire at an axial distance p,

q : n
qe = 2?‘/?. - TT}I). ( g COSG +—I% Cosze"‘ oooo+l'n Cosne)

(25)

The angle © is measured from the line joining the centers of the two

wires,

lH. B. Dwight, "The Direct rMethod of Calculation of Capacitance
of Conductor ," Trans, :.I.Z.4, vol. L3, 192L.
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The effect of charges g, 4y 4nd so

forth, on other parallel wires is

given by series involving g but _’///

angle € is measured from the apprexi- b

mate line of centers in each case, Figure 10

In the case of double conductor line, where there are two con-
ductors per plase, qy is almost exactly in phase with gy especially
for the middle phase whicl has the greatest gradient,

For conductors of d inches diameter and m inches apart the
effect of the conductor is to multiply the gradient at € = 1{0
degreés by

1 + 2r/m-2r%/m? + +(higher power neglected)
(36)
The charge on one of the middle conductors of a double-conductor line

is one-hLalf of the charge per phase and

L)
o

> = 2K(log g;; - % log 2) (37)

Substituting this equation (37) in equation (32) and adding the
correction for distortion of the charge density and putting Ggg = mr

The maximum gradicent obtained for the middle phase

2r 2re?

Vb(l*—r-ﬁ'-_?n_?:.'.oo.o)

= (38)

2 x 2.303r (log S . % log 2)

mr
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APPENDIX 3(3)
Maxwell's Fotential Coefficient by Image lethod

4 transmission circuit consists usually of several conductors
and ground., For a three phase line, the two conductors per phase,
there is a total of six conductors and ground. For calculation of
potential ccefficient by image method increases the conductor numbers
to 12 if the effect of ground is replaced by the six images of the
bundle conductors of two per phase, The equations for the calculation
of charges with certain aprlied voltages to ground can be expressed

by the eguation
(2] = (P)7(V] (36a)

where %1 1s the charge on conductor
P is the Maxwell's coefficient
V is the applied voltage,

By the laws of electrostatics, the gradient or intensity at a

distance r from a line charge 9 in a medium of permittivity is
v Qv LT 2 27
E = == 211 % = —t_
dr =~ Zwré€ r€ (39)

The potential reckoned from a distance R is

r
dv- . 29 .2 R
= SR e dr € logy = (Lo)

Suppose & conducter of radius r at a height L above ground at a

potential v with respect to ground., The ground plane may be regarded



as a zero potential surface, and the field will be
the effects of the ground replaced by the image of

. depth below the ground surface and having a charge

below, and from equation (LO)

(€=1)

-7.

5k

the same as through

the conductor at a

From Figure 11

(Leca)

Now the potential at a point distance d from #1 and the

distance D from the image 41' is arain by eguation (LQ)

\72 = l323.(23. =312 10ge g—

(Loe)

The equation (38a) can be rewritten in terms of 2, p, and v,
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ml— _El Piz = = = P1s | ot R

Qw2 P22 P22 = = = Pzs vz

2 ) Paa Paz = = = Pae Va (Lce)
Q Pa1 Paz = = = Pae Vg

Qe Psa Pg2 = = = DPes Ve

Qe Ps1 Pe2 = = ~ Pes Ve

The equation (LOc) directly determines the chdrges on a three phase
transmission line with two conducter per phase. The potential co-
efficient py;, P12, €tc., for a horizontal flat configuration can
pe taken from equation ().lba) and (LOb) for self and mutual
respectively,

Self Py, 2 logg 2h/r

Mutual P, = 2 loge D/d
Thie Figure 12 shows the arrangement of the conductors under consider-
ation with proper distance-mark and the images ares shown for the

determination of 36 ccefficient.

1 2 3 L 5 €

e 1 A mmma

" S 1 oF

oL e s et Ldd sl il 777777777

O O O

3 I St At

Figure 12
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Ppa' =Paa' =Paa' =Pyay' =Peg' =Pge' =2 log, 2 L/r
Paa' =Pia' =P3'y =P4ly =Pgls =Pg'g =2 logg Dy'p/m
Pty =Py's =Pa'lg =Pga! =Pyl =Pty =2 1°ge Dl'a/s
Paly =P3'y =Pyl =Pty = 2 loge Da's/S-m
Py'sa =P4'y = Pa'e = Pea' = 2 logg Dy14'/Sem
Py's =Pg'y =PFa'g =Pg'z = 2 loge Dyg'/2S
Pi'e =Pg'y = 2 loge Dyg'/25+m

(Lod)

The value of D:}, the distance between the centers of the jth
conductor and the image of the kth conductor is given in terms of

b, S, and m,

Diz' = /(2:)% + m2
Dia' = /(21)% + 52
=/(21)2 + (54m)®
Dig' = /(21)2 + (25)2

Dye! = /(2}13) + (2S+m)

b

2

D2's = /(2h)® +(S-m)?
(Lce)
The eguation (LCe) is substituted in eguation (LCd) which gives
tlie coefficients (Maxwell's) in electrcstatic units per cm, length of
line, From equation (LOc) the churge on individual conductor of the

6-conductor then calculated ocut by assuming some applied voltage,






as the two conductors of the bundle are electrically parallel, thre

voltage

Vi =V,
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AFPSRDIX L

Disruptive Critical Voltage of a Bundle-Conductor (Two)
In Transmission Line

For a transmission circuit which has one conductor per phase,
the assumption that the potential gradient is uniform around the
surface of the conductor is justifiable, when the ratios of diameter
to spacing hetween phases is very small (.ppendix 3). Fowever, a
conductor of a multiple-conductor circuit is relatively close to the
otlier conductor of the same pliase, an appreciable field distortion
may result which will lower the surface gradient,

The following analyses determines the disruptive critical voltage
assuming tiat the field due to the conductors of the other phases is
negligivle and the field produced by the other conductors of the same
phase may be considered uniform,

Let Eyy = The field produced by the otler conductors of the same
phase in the region of conductor 1, conductor 1 may be
any conductor in any phase,

The intensity at a distance m from a line charge of Q per unit length
is:

E = 22 (L1)
m

o . 1 33
Bor = 2’2/[ M1a Ccos €12]2 + [ m]i—é- oln e12]2 (h2)

where m;, = the distance betwesn conductor 1 and the second of the
same phdse,

C, = the angle between a4 line joining the centers of
2 conductor 1 and 2 and the refsrence axis,
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it the surface of a conducting cylinder in a uniform field, the
maximum intensity is 2E,; and the total maximum intensity at the
surface when the conductor is charged, is obtained by adding 2£45, and

23/r and the maximum intensity E, is,

Bpp = 2801 + 2% (L3)
whiere 3 = cliarge on conductor

r = radius of conductor
Substituting (L2) in (L3) and replacing r by d/2 the eguation (LL)

is obtained:

Emp = L[ / (m%z_ cos €15)% + (%%;‘ Sin 8,5)° + % 1 (LL)

For a three-phase system the charge on the other two phase conductors
are -7/2 when the charge on conductor 1 is +Q, the potential of con-
ductor 1 of plase 1 becomes:1

Vy = 23 logg 3% = 27 log E% (L5)

where h is the height above ground

Substituting the value of 3 determined from eguation (LL) in

equation (L5) and 53.6kv/inch for E,7 from Table III; the following

expression is obtained for the disruptive critical voltage in effective

kv to neutral of conductor 1,

i 2/(S12574)(S157¢)
w 3212034/ 8035936)
Vl = 2 ml X 1n dmlz

= _ (L&)
L [\/(H]-_; cos 012)2 + (-]%; Sin 912)2 *‘% ]

53.6 x 1, 2/(S13514)(S18516)
amjp

<
[
]

1 2 1 . 1
2[\/6515 cos 912) + (EI; Sin 913)2 + 3 ]

Mrwo-Dimentional Fields in Electrical Engineering, Bewly and
Macmilan, 19LE,



It is clear from equation (L¢) that in any arrangement, the con-
ductors of the central phase have a lower disruptive criticel voltage
than those of the two outside phases as the numerator of the argument
of the logaritlm of equation has a smaller value for the center plase
conductors than it has for the outside pliase conductors,

Introducing the irregularity and air density factors, I, andcs-
respectively and multiplying numerator and denominator of the equation

(L&) by d; ep, the lowest corona voltage of the system

2/(513514)(314518)
d x 53.6 x 2,303 MOS logyo /(813 1;m\ 14518
eo =
i 2
2[ /(__d__. COoS 612) + (i Sin 912)2 + 1 ]
Mmy2 ml2
52
2r x 53.6 x 2.303 Mo & logyo 2 === o oLl
) 2r
2(1+'m‘ = S1g = Sye
cos 615 =1
_ 123r Mol 42 o
eO = 1 +—-:211n- loglo IhT.

where ey = line to line corona-starting voltage in kv

where S = the distance between phase conductor
m = the distance between the conductor of the same phase
r = the radius of the concuctor
Mo = the irregularity factor

the air-density factor

1
eo for one conductor per phase is given by the following equation :

5
eo =123 MgrS  logao - v (L7a)

1 .
Electric Power Transmission and Distribution by Woodruff,
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APFENDIX 5
Corona Loss redsurement in bBundle Conductor

The formulae worked out for estimating corona-loss are all of
empirical correlation the test values, Peek's formula is applicaole
for the higher valus of the losses but Peterson formula wﬁich is
applicable for the lower value as well as higher values, of losses

are widely used, The loss can be expressed by the following egquation,

0.0000337 2
PC - 3 f en @C') (L&)

(logio 2 )2
r

where P, is the corona loss in kw per mile per conauctor,
/
The ratio of ep/ey is a function ofq%1ﬂm value of which
can be taken from the curve .

The Peex's loss formula is given below for reference:

P, = %}0 (-F+ 25) /'7§ (en—eo)2 x 107 kw/mile (L9)

For a mile of the whole line all three wires, the loss is three
times of the equation (L48).

For bundle of two, the total loss is six times the value of the
equation (L8).

The equations (L8) are on the basis of the charge density

uniform on the conductor periphery,
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