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1. Introduction

It is not uncommon these days to see professional managers (such as businessmen,
lawyers, accountants, politically influential individuals without engineering skills, etc.)
running electrical utilities and they seem to redefine our (system protection engineers’)
role within electrical utilities. Traditionally, our responsibilities are understanding failure
modes of electrical systems and their components, designing system protection schemes
to prevent those faitlures, and ensuring system stability. However, our professional
managers tend to think that our primary responsibility is “minimizing outages or outage
reduction (an outlook probably based on dollars and customer satisfaction).” -

Based on our outage analysis, one of the many outage causes appears to be “short circuit
force-caused conductor-slapping” as illustrated in Fig. 1 and it occurs more often than
we think. For example, one electrical utility experienced many unknown faults on one of
their distribution circuits and all of these unknown faults were conductor-slapping faults
on a particular 1,000-foot span of their distribution circuit. The culprit of these
mysterious faults was found only after a customer told an outside serviceman, “Hey, I
have seen big sparks in the sky on that hill many times.”

Conductor-slapping fault ,
Due to remote line-to-line fault Remote line-to-line fault
(Secondary fault) (Primary fault)

Fig.1 Conductor-Slapping Fault
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In the past often times the short circuit force calculation to avoid conductor-slapping
faults was neglected in transmission & distribution line design engineering and so it is not
unusual for electrical utilities to have experienced conductor-slapping faults. In fact,
many commercially available transmission line design programs deal only with the civil
& mechanical aspects of design engineering. Furthermore, transmission and distribution
line design engineers are not system protection engineers and so it is not unusual for them
to neglect the short circuit force requirements or to be extra-conservative in the short
circuit force calculation.

The main objectives of this paper are to explain short circuit force-caused conductor-
slapping faults, to show how to use the short circuit force calculation and maximum
conductor displacement equations, to discuss how to optimize the conductor spacing(s),
and also to emphasize the importance of short circuit force evaluation.

2. Understanding Short Circuit Force Equation

The electromagnetic short circuit force between two parallel conductors is proportional to
the product of short circuit current values of current in each conductor and inversely
proportional to their distance apart, as seen in the following equation (taken from
Aluminum Electrical Conductor Handbook).
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where G = Short circuit force multiplier
Fi, = Pounds per linear foot of conductor .
I} and I, = Short circuit current in each conductor in amps
d = Spacing between centerlines of conductors in inches

e Line-to-Line Fault as the Worst Case — Since the b-phase fault current returns
through c-phase conductor for a b-to-c fault, two currents are opposite in
direction (or 180° apart) and so the short circuit force will result in two
conductors pulling each other, as illustrated in Fig. 2. Therefore, the line-to-line
fault is generally considered as the worst case for short circuit force evaluation.
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a-phase b-phase .c-phase

force force

Fig. 2 Short Circuit Force

Note: If a substation power transformer is connected in delta/wye-grounded and
a distribution line is constructed flat (all four conductors on a single crossarm),
then the line-to-ground fault can be the worst case. ' ‘

Line DC Offset Factor — Since the maximum short circuit force normally occurs
at the instant of maximum short circuit current, the line DC offset is very
important to properly use the above equation. The peak of the first short circuit
current loop can be as high as 2 times the steady-state symmetrical component
because of the line DC offset. The energy content (or short circuit multiplier G as
explained later) can be 6 times that of the first steady-state current loop and the
rms value of the first current loop can be as high as 1.7492 times the rms value of
its steady-state symmetrical component (taken from Cooper Power Systems’
Electrical Distribution System Protection). However, a standstill conductor
cannot be displaced instantaneously and the line DC offset decays exponentially,
so the fifth short circuit current loop is of our particular interest. This “fifth loop”
was chosen because the typical operating time (fault detection + breaker/recloser
operation) is approximately 5 cycles or longer. Based on my evaluation of many
short circuit waveforms captured by fault recorders, the peak of the fifth short
circuit current loop, in general, was 1.0 — 1.5 times the steady-state symmetrical
component (average being 1.1 times or less).

Fault Current Decrement Factor — In general, fault currents decay
exponentially, but lines with high source impedance will not expérience any
significant decaying (taken from Exponentially Changing Transients and Relaying
Application Consideration authored by Seung Cho for the 26™ WPRC).

Therefore, it is customary to assume that there will be no decaying for the short
circuit force evaluation. :

Short Circuit Force Multiplier G (Energy Content) — In general, the
multiplying factor G for the first loop of line-to-line short circuit rms current is
5.55 and G for the first loop of line-to-line short circuit symmetrical component is
2 (taken from Aluminum Electrical Conductor Handbook). As mentioned before,
the fifth loop is of particular interest and the multiplying factor G of 3.5 is
considered adequate. Considering the exponentially decaying line DC offset
factor (typically 1.1 at the end of fifth loop), exponentially decaying fault
current, line-to-line fault current being 0.866 times the 3-phase fault current,
and also multiplying factor G of 3.5. the above short circuit force calculation
formula can be simplified as shown below.
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where F}, = Pounds per linear foot of conductor
I} and I, = 3-phase short circuit current in each conductor in amps
d = Spacing between centerlines of conductors in inches

3. Understanding Maximum Conductor Displacement
Equation

e Horizontal Displacement Equation (taken from EPRI Transmission Line
Reference Book)

2
D= L—L—sin 'tan“—lih—
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where D = Lateral conductor displacement of each conductor in feet at midspan
L = Span length in feet
T = Conductor tension in pounds
F, = Conductor weight in pounds per linear foot

e Steady-State Analysis vs. Transient Analysis — If the first loop is considered,
then the transient analysis should be used. However, the fifth loop is of particular
interest and the operating time (fault detection + breaker/recloser operation) could
be much longer than 5 cycles, so the steady-state analysis is considered adequate.

e Sag & Tension Calculation — In general, transmission & distribution design
engineers use the Alcoa Sagl0 program to calculate conductor tensions at
different temperatures. For the horizontal displacement calculation, the “final”
“conductor” tension at 60 °F is considered adequate. The conductor temperature
of 60 °F is also used to define the National Electrical Safety Code Rule 235B1b,
Clearance According to Sags. '



4. Optimal Conductor Spacing and Maximum Span Length to
Avoid Conductor-Slapping Faults

In general, the optimal conductor spacing is practically meaningless because each utility
has a number of construction standards and the conductor spacing for each construction
standard is fixed. However, construction standards generally do not have maximum span
lengths and the maximum span lengths are calculated primarily based on the conductor
blowout and civil/mechanical requirements. To adequately determine the maximum span
length(s), the following factors should be carefully considered.

e National Electrical Safety Code (NESC) Requirements — Rule 235B1a,
Horizontal Clearance between Line Conductors of the Same or Different Circuits.
and Rule 235B1b, Clearance According to Sags, should be met. However, no
requirement is specified for clearance between conductors of the same circuit
when rated above 50 kV. For the voltage classes above 50 kV, the minimum air-
gap requirements may be used to minimize conductor-slapping faults as explained
later. '

The State of Washington recently adopted the first three chapters of NESC as WA
Electrical Construction Safety Standards. Therefore, it is very important for all
design engineers in WA to thoroughly understand NESC requirements and to
clearly recognize that there is no clearance adjustment for the span length
variation in NESC. The clearance adjustment for longer spans is entirely up to
design engineers.

e Conductor Blowout Requirements — In general, transmission & distribution
engineers calculate the conductor blowout and they assume one conductor to be
buffeted and the adjacent conductor to be at rest. The horizontal force due to
steady wind is (taken from EPRI Transmission Line Reference Book):

F,=0081V|=
12

where Fj, = Horizontal force in pounds per foot
V = Wind speed in mph
a = Conductor diameter in inches

o Short Circuit Force Requirements — As shown previously, the short circuit
force-caused horizontal displacement is calculated with the short circuit force
equation along with the horizontal displacement equation. Because the
conductor blowout is applied only to one conductor and the short circuit



force is applied to two conductors, the short circuit force requirements can be
stricter than the conductor blowout requirements as shown later.

e Minimum Air-Gap Requirements — As mentioned previously, no NESC
Clearance According to Sags requirement is specified for clearance between
conductors of the same circuit when rated above 50 kV. For the voltage classes
above 50 kV, the minimum air-gap requirements (5 inches for 110kV BIL, 7
inches for 150kV BIL, 11 inches for 200kV BIL, 20 inches for 350kV BIL, 27
inches for 450kV BIL, 33 inches for 550kV BIL, 57 inches for 900kV BIL, etc.)
may be used to minimize conductor-slapping faults.

e Construction Standards Requirements — In general, each electrical utility has
its own line construction standards and each line construction standard has a fixed
conductor spacing. '

If the short circuit force is the most critical factor in determining the maximum span
length(s), then the maximum span length(s) can be:

L=

where k = minimum air-gap in inches.

o Sample Calculation — As an example, consider the following:

500-foot span of 795 ACSR (Drake),

2-foot conductor spacing,

10-foot conductor sag,

5,000-amp 3-phase fault current,

12.47kV distribution circuit,

13.5-inch NESC Rule 235B1a clearance requirements,
29-inch NESC Rule 235B1b clearance requirements,
5-inch minimum air-gap for 110kV BIL,
4,500-pound “final” conductor tension at 60 0F,
1.094 pounds per foot conductor weight,

1.108-inch conductor diameter,



100-mph wind.

. Fp, short circuit force = 1.7917 pounds per foot
Fy. steady wind = 0.7479 pounds per foot
D, short circuit force = 2 x 6.48 feet = 12.96 feet.
D, steady-wind force = 4.29 feet

Based on the above results, the following can be learned:

[t does not meet 13.5-inch NESC Rule 235B1a clearance requirements.

It does not meet 29-inch NESC Rule 235B1b clearance requirements.

It does not meet the 5-inch minimum air-gap requirements for 110kV BIL.

The short circuit force (12.96-foot displacement) is more critical than the

conductor blowout (4.29-foot displacement). Actually, the short circuit

force turns out to be the most critical factor as usually expected.

e This particular span may experience conductor-slapping faults
frequently.

e The maximum span length is approximately 175 feet.

5. Conclusion

Two primary objectives of this paper are to explain the short circuit-caused conductor-
slapping faults and to show how to minimize conductor-slapping faults by limiting the
span length(s). As shown in the Sample Calculation of Section 4, conductor-slapping
faults can occur frequently under certain operating conditions and they can be minimized
by limiting the span length(s). It is the author’s sincere hope that the fundamentals of
short circuit force evaluation is explained adequately in this paper and the horizontal
displacement evaluation method presented in this paper will help others establish the
maximum span length(s). :
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