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Abstract - The voltages induced on gas transmis-
sion pipelines by 60 Hz ac power transmission lines
sharing a joint right-of-way are predicted using elec-
trical transmission 1ine theory. Thevenin equivalent
circuits for pipeline sections are developed which
allow the decomposition of complex pipeline-power 1ine
geometries. Programmable hand calculator techniques
are used to determine inducing fields, pipeline char-
acteristics, and Thevenin circuits.

INTRODUCTION

Since January 1976, IIT Research Institute has
been funded jointly by the Electric Power Research
Institute and the American Gas Association to consoli-
date known data concerning the effects of voltages
induced on gas transmission pipelines by 60 Hz ac power
transmission lines sharing a joint right-of-way. The
goal of the study is the writing of a tutorial hand-
book that can be used by field personnel topredict the
induced pipeline voltages and institute measures to
mitigate against accompanying effects.

This paper presents the prediction method devel-
oped by IITRI for the induced voltages on buried pipe
lines. The approach utilizes electrical transmission
Tine theory to locate and quantize pipeline voltage
peaks using a programmable hand calculator. Complex
ac power line features such as multiple circuits,
shield wires, and phase transpositions can be modeled
in a systematic way. The approach developed has proven
to be more accurate than existing methods in field
tests, and is applicable to realistic pipeline-ac power
line corridors. The methodology and results of these
field tests are discussed in Part II of this paper.

This paper first reviews available analytical
methods for the prediction of inductive coupling to
buried pipelines. Next, the basic elements of the new
approach are presented. Equations and equivalent cir-
cuits are derived to estimate inductive coupling for
the following cases of pipeline construction near an
ac power transmission line:

1) parallel construction;

2) non-parallel construction;

3) combinations of parallel and non-parallel
constructions and power line discontinuities.

The required numerical inputs to the equations and
equivalent circuits are obtained using hand calculator
programs developed by IITRI. The capabilities of these
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tools are briefly summarized in the last section of
this paper.

REVIEW OF AVAILABLE ANALYTICAL TECHNIQUES

For many years, concern was directed to coupling
between overhead high voltage ac power lines and adja-
cent above-ground communication circuits. Equations
presented originally by Mestinghouse1 have been used
to predict the induced voltage per mile on an above-
ground conductor due to single phase gnd three phase
ac power lines. An equivalent approach¢ used Carson's
series® to compute the mutual impedances between the
power line conductors and the affected communications
line. The International Telegraph and Telephone Con-
sultative Committee (CCITT) has summarized available
prediction and mitigation mithods for induced voltages
on above-ground conductors.

One body of literature has attempted to apply the
above-ground coupling equations directly tog case of
the buried pipeline. Representative papers®~*" deter-
mined the induced pipeline voltage in the following
general way:

Vax =

f(1,d)-L (1)
where Vp. . is the maximum expected voltage; f 1is some
function of power line current, I, and distance, d,
from the pipeline; and L is the length of the pipeline.
Uniformly, the values of pipeline voltage calculated
using these methods are too high by a factor gf Sbout
10, as acknowledged by several of the workers. 51

The application of the above-ground equations fails
for the buried pipeline case simply because a buried
pipelinediffers electrically from an overhead conductor.
A buried pipeline, either bare or wrapped in an elec-
trically insulating coating, hasa finite resistance to
earth distributed over its entire length, whereas an
overhead line has, at most, point grounds at large
intervals. To describe the distributed interaction
between a buried pipeline and its surrounding earth,
factors such as pipelinediameter, coatingconductivity,
earth resistivity, depth of burial, and pipe longitudi-
nal resistance and inductance must be taken into account.

A second body of literature has attempted to con-
struct such a realistic model of inductive coupling to
a buried pipeline. The analytical approach used in
these references considers a buried pipelineas a lossy
electrical transmissionlinewith a distributed voltage
source function due to electromagnetic coupliﬁ. How-
ever, available published work in this area -15 has
evidently failed to achieve accurate methods simplified
enough for widespread usage by the pipeline and power
line communities.

THE DISTRIBUTED SOURCE ANALYSIS APPROACH

The analysis of this paper treats inductive cou-
pling to arbitrary buried pipelines us1‘ngl a theory
called the distributed source ana]ysis.lss 6 Here, a
pipeline and its surrounding earth form a lossy elec-
trical transmission 1ine characterized by the propagation
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constant, vy, and the characteristic impedance, Z,, The
inductive coupling effect of a nearby ac power line is
included by defininga distributed voltage source func-
tion, Ex(s), along the pipeline, where Ey(s) is the
longitudinal driving electric field parallel to the
path of the pipeline.

As shown in Fig. 1, specific couplingproblems are
treated as special cases of the general distributed
source theory. The general theory is first special-
ized with respect to the orientation of the pipeline
section relative to the adjacent ac power line:

1) parallel case (pipeline section parallel
to the ac power line);

2) non-parallel case (pipeline section at an
angle to the ac power line).

General Theory for Single-Section Pipelines

1. Parallel Case 2. Non-Parallel Case

a. Short b. Long/ a. Short b. Long/
Lossy Lossy
Thevenin Thevenin Thevenin Thevenin
Equivalent Equivalent Equivalent Equivalent
Circuit Circuit Circuit Circuit

Node Analysis of Arbitrary Pipeline/Powerline Co-Locations

Fig. 1. Application of the Distributed Source Analysis

The theory is further specialized by grouping pipeline
sections according to electrical length:

la, 2a) Electrically short case
0.1 _
L<-|'TYT 300 m
where L is the length of the pipeline
section
1b, 2b) Electrically long-lossy case

2 -
L>W—10km.

As shown later in this paper, the terminal beha-
vior of pipeline sections of Classes la, 1b, 2a, and
2b can be described by simple Thevenin equivalent cir-
cuits. These circuits can be connected together to
allow predictionof the inductive coupling to pipelines
of arbitrary geometry and composedof several connected
dissimilar sections

General Analysis

In this analysis, each pipeline length increment,
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dx, is assumed to have a source voltage increment,
Eydx, as shown in Fig. 2. Eyx has the dimensions of
e?ectric field strength (volts/meter) and is called
the longitudinal driving electric field. (Ex should
not be confused with the transverse, or electrostatic
field, due to ac power lines.) Except for the voltage
source, Fig. 2 is identical to the elemental circuit
for the usual electrical transmission line, with the
same definitions of impedance per unit length, Z = R +
jwL, and admittance per unit length, Y = G + juC.

dI

+5=d

I E, dx Trax &
—_ —>
GSD Zdx T

T Y dx dv

‘|/ v+dlx dx

= dx >
Fig. 2. Equivalent Elemental Pipeline Circuit

For harmonically varying signals (ert), the dif-
ferential equations for the voltage and current along
the pipeline element of Fig. 2 are:

v _
a—; = EX -1z (23)
dI _
x - - VY. (2b)

Differentiation and substitution results in the follow-
ing second-order differential equations:

2 dE
d-yv 2 X
-Yv = —= (3a)
E;? dx
2
d-I 2
-y 1 = -YE (3b)
ax x
where
Y = pipeline propagation constant

VIV meters™!,

Except for the terms containing E,, Equations 2
and 3 are identical to those for the cfassica] elec-
trical transmission 1line. Assuming the terminating
impedances Zj at x = xj and Zp at x = Xy (for Xo > X1),
the solutions to Equations 3a and 3b are

[K1+P(x)]e‘”‘ + [K2+Q(x)] % amps (42

V(x) = ZO§[$1+P(X)}e'YX-[K2+Q(x)}eYX§ volts  (4b)

I(x)

where

Z

pipeline characteristic impedance

vZ/Y ohms
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X
P(x) = ?l—f e’s E, (s) ds (5a)
0 X
1
X2
ax) = %f e Vs E (s) ds (5b)
0 “x
-YX YX
YX; PyP(x5)e 2-Q(xl)e 2
K1 = e (6a)
e\((xz-xl)_plpz(,_-\((xz-xl)
X -YX
Y%, plq(xl)e 1-P(x2)e 1
Ky = ppe ( ) (6b)
eY X2-x1 -Dlpze-Y(XZ_xl)
and pysp, are reflection coefficients given by:
Z.-7 Z,-1
- 170 2
SO = s L R - Y
1% 2 %

Using Equations 4-7, the analysis presented per-
mits general treatmentof inductive coupling to a buried
pipeline having an arbitrary, but constant, y and Zy;
arbitrary terminations Z; and Z; and arbitrary driving
field E,(s). The analyses to follow will treat special
cases 3% the general analysis. In doing so, certain
special characteristics of inductive coupling to bur-
ied pipelines will become apparent. Further, the treat-
ment of pipes having discontinuities of either vy, Zo,
or Ey(s) will be discussed. Methods for computing v,
Zo’ and Ex(s) are deferred to the end of this paper.

Application to the Parallel Pipeline
With Arbitrary Terminations

In the following analysis, the driving field,
Ex(s), is assumedto equal Ey, a constant. This assump-
tion is valid for buried pipelines parallel to electric
power lines which continue beyond the region of paral-
lelism. The pipeline is assumed to extend from x = 0
to x = L meters, as shown in Figure 3. At the end
points, the pipeline is assumed to be connected to re-
mote earth through the impedances, Zj and Zp. These
terminations may be realized by installed grounding
systems, connected non-parallel pipeline sections, or
insulating joints. The analysis is sufficiently gener-
al to cover all possible 71,72, andL for single section
buried, parallel pipelines

Power Line
x =0 x =1L
Pipeline
4 Z
Fig. 3. Geometry of a Single-Section Buried

Pipeline Parallel to Power Line

Substituting Ex(s) = E, into Equations 5a and 5b
results in

X
E
= 1 & = 0 (X
P(x) = 220[ e Eyds = 70— (1) (8a)
0
0
L E
I | -Ys - _0 -yx _~yL
Q(x) ﬁo—f e Eds —ZYZO (e™V*-e™Th)y,
X (8b)
Using the results of Equation 8 in Equation 6
yields:
) P1E, Dz(l_e'YL) + l-eYLJ (%)
= VL 2Vi - 9a
1 YZ, eyL - bypye yL
. ppE,e M [pl(l—e'YL)+ 1-et (
= — 9b)
2YZ0 eyL -0y, e yL

Substituting Ky, Kz, P(x), and Q(x) into Equation 4b,
the general so*ution for V(x) in terms of the termina-
ting impedances, Z1 and ZZ’ is obtained:

-7 )- YLl o-vx _
[zz(z1 2,)-2,(2,47 )e ]e

[zl(zz-zo)-zz(zlqo)eYL] eY(x-L)
V(x) =

(10)
Y[(zl+zo) (22+Zo)eYL - (Zl'zo) (Zz'zo)e-YL]

At x = Oor at x = L, it can be shown that the
dependence of V(0) and V(L) upon the terminating imped-
ances, Z7 and Zp, respectively, can be modeled by
Thevenin equivalent circuits. For example, at x = 0,

= . 1
V(O) = Ve ?Z-e— (113)
where Ve is the Thevenin equivalent voltage source giv-
en by
Ve = V(0) .
1 Lo

_ YL -yL
EO . 222 (ZZ+Zo)e -(Zz-Zo)e

- (11b)
(25420~ (2,-2,)e”™"

and Ze is the Thevenin source impedance* given by

(2,47 )eM+(2,-7 )e "t
7 =7 -|-20 2 o . (11c)
8 ° (2,42 )eM (2,7 )e Mt
2 %o 2 70

Recognition of the ability to employ Thevenin de-
composition procedures is of prime importance since, in
this way, the effect of the load impedance can be sepa-
rated fromthat of the distributed voltage sources along

*Note that Zg is exactly the input impedance of a trans-
mission 1ine of characteristic impedance, Z,, propaga-
tion constant, y, and length, L, terminated by Zp.



the pipe. Thus, the analysis of a multi-section pipe-
line or a pipeline subject to sharp variations of in-
ducing field because of geometrical or electrical dis-
continuities can be treated by applying Thevenin pro-
cedures at the junctions or field discontinuities, as
discussed later in this paper.

Equations 10 and 11 will now be simplified for the
two most important pipeline cases: the electrically
short pipeline; and the electrically long/lossy pipe-
line.

The Electrically Short Pipeline For thisanalysis,
the length, L, of an electrically short pipeline satis-
fies the inequality

0.1
L < 32
i

= 300 m (12)

The 1imit of L for electrical shortness can be obtained
by computing representative values of |y| using the
calculator programs described later.

Subject to the inequality of Equation 12, the
first-order-correct approximations

yL
eXl s 144 fora =y (13)
v(x-L)

can be used with the assurance that the error intro-
duced is of the order of only 10 percent. Substitu-
ting the approximations of Equation 13 into the general
solution of Equation 10 results in the following ex-
pression for the induced potential ona parallel, elec-
trically short pipeline:

L z
V(X) = EO (X - Z—I‘FT;) (14)

The potential is seen to vary linearly with distance

from termination Z;, as shown in Figure 4a. The ter-
minal values of V(X) are given by
!
vV(0) = -EOL 757 (15a)
172
L
V(L) = EOL . 7;;75 (15b)

The dependence of V(0) and V(L) upon the values of
Z1 and Z, is modeled by the Thevenin equivalent circuit
o} Fig. ﬁb In the figure, the Thevenin source imped-
ance, Zg, is shown to Equal Zr’ the terminating imped-
ance remote from the observation point. The magnitude
of the Thevenin voltage source, Vg, is proportional to
the Tength of the pipeline section. Veassumes the "-"
sign if Eq po1nts*t0ward the remote termination, and
the "+" sign if E, points toward the Thevenin observa-
tion point.

The Electrically Long/Lossy Pipeline The criteri-
on for an electrically long/lossy pipeline is defined
as

L > 2/Real (y) = 10 km. (16)

Subject to this condition, it can be stated that

leYL| = 0.1 << 1. (17)

The 1imit of L for large electrical length/loss is ob-

783

tainable by computing representative values of Re(y)
using the calculator programs discussed later.

V(x)
[
ELZ |
214-22
0 .
0 L!
LZ1
Bty | 7. ¥ Z
1 2
214- Zl

(a) Potential Distribution

Ly = 1L,
— Terminal At Either
L] 9x=0o0r x=1

Vg =+ EL () =——— - Sign if E, Points Toward
The Remote Termination

(b) Thevenin Equivalent Circuit for the
Terminal Behavior
Fig. 4. Electromagnetic Coupling to an
Electrically Short Parallel Pipeline

Using the inequality of Equation 17, the general
solution of Equation 10 can be reduced to obtain the
following simple result for the induced potential on a
parallel, electrically long/lossy pipeline:

V(x) ~ E—o _i_. . e'YX+_Z£_ eY(X'L)] (18)
Y Zl+Z0 22+Zo
The potential is seen to vary exponentially with dis-
tance from each termination, as shown in Fig. 5a. The
terminal values of V(x) are given by

-E z
1
V(o) = —2 . —— (19a)
Y Z1+Zo
E z
2
V(L) = 2. 5 (19b)
Y ZZ+Z0

From Fig. 5a, V(0) and V(L) are seen to be the maximum
induced pipeline voltages. These voltages are indepen-
dent of pipeline length, assuming that the long/Tossy
criterion is met. Further, the magnitude of each ter-
minal vo1tage 1s fixed by the local terminating imped-

terminating 1mpedance

The dependence of V(0) and V(L) upon the values of
and Z, is modeled by the Thevenin equivalient circuit
o¥ F1gure 5b. In the figure, the Thevenin source
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impedance, Zg, is shown to equal Z,, the characteristic
impedance of the p1pe11ne. The magnitude of the Thevenin
voltage source, Vg, is independent of pipeline length.

Vg assumes the 2 sign if E0 points toward the remote
termination.
V(x)
Eo 2 —
Y(Z,+ 7)) oY(x-L)
0 L= X
0 |
L
\ "
~ e
-Ey24 1
Y(Z,+ 7))
(a) Potential Distribution
Lo =1,
11 _oTerminal at Either
L =0or x=1
Vo= + Eg. - Sign if E  Points Toward The
8 -

Remote Termination

(b) Thevenin Equivalent Circuit for the
Terminal Behavior

Fig. 5. Electromagnetic Coupling To a

Long/Lossy Parallel Pipeline

Effect of a Non-Constant Driving Electric Field

The driving electric field, E,(s), can depend upon
position along a pipeline which does not parallel a
power line or is adjacent to a power Tline electrical
discontinuity To explore the effects of a non-con-
stant driving field, we postulate the existence of an
electric field having a linear dependence upon position,
s, along the pipe:

Ex(s) = Bs + C; 0<sc<lL (20)
Similar to the parallel pipeline (constant driving field)
case, the analysis of the non-constant field case begins
by substituting E,(s) of Equation 20 into Equations 5a
and 5b to obtain é(x) and Q(x). These results are then
used to derive K; and K, of Equation 6.
for V(x) is as fo}lows:

The solution

V(x) = Z, Y5—2+ [Kl 2—Y174—+ C)]
0
YL B YX
[K2 -—‘TZ_—(BL +7+ C)]e
0 (21a)

where B L
pz[BL (-2 o) re )] N
.
1 2yZ
0 [BL + ($+ C) - (l-eYL)]
_ (21b)
eYL'Olpze e
p.]-BL e+ B+ o) (1-eYhy [+
-yL "1 Y
K =228
2 = I
o [-BL (-2 c)-(1-eY‘-)]
eyL _ plpze-YL (21c)

Equation 21 will now be simplified for the electrically
short pipeline case and for the electrically long/lossy
pipeline case.

The Electrically Short Pipeline For L < 0.1/]y],
we substitute the approximations

2 v
eiAzl_tA+%—f0rA=Yx (22)
y(x-L)

into the general solution of Equation 21. After expand-
ing, we keep only the first-order terms (yL, yx, y(x-L))
to obtain

Bx2 2 Z1
V(X) = (—2—"' CX) - ('2—"' CL) Zl+zz (23)
The terminal values of V(x) are given by
2 z
o) = - By (242)
1 2
2 YA
v = B - z—+222‘ (24b)
1

The dependence of V(0) and V(L) upon the values of Zﬁ
and Z is modeled by a Thevenin equivalent circuit wit
Vg = ¥ (BL&/2+CL) and Zg = Z,, where the sign of V
given as in Figs. 4 and 5 and Z,. is the terminating
impedance remote from the observat1on point. The mag-
nitude of V4 is seen to equal the integral of Ex(s)ds
along the 1ength of the pipe.

The Electrically Long/Lossy Pipeline For L > 2/

Real{y), we have |e'YL| = 0.1, and are able to reduce
Equation 21 to obtain
-28

B B -YX
- LR -2+
V(x) = 2_ Y [pl(Y FO Y )]e

”
[pZ(BL--— +C) + (BL + =+ c)]eY(X -L)

(25)
The terminal values of V(x) are given by
yA
B C 1
V(0) = (5 +2) T (26a)
Y Y 4t
yA
BL B,C 2
V(L) = (- 5+3) - 75 (26b)
Y 'Yz Y Z2+ZO



At x = 0, the Thevenin equivalent circuit has Zg = Z,
and Vo = -(j%-+ 9). At x = L, the Thevenin equivalent
Y Y

i = =§L__B E
circuit has Ze = Zo and Ve (Y ;§-+ Y)'

Equations 21 to 26 are seen to reduce to the re-
spective parallel pipeline expressions if coefficient
B is set equal to zero, giving E,(s) = C, a constant.
The distribution specified by Equation 25 has exponen-

tial components (e”YX, eY(X'L)) similar to those de-
rived in the parallel pipeline cases. These components
lead to voltage peaks at the ends of a non-parallel
section. However, Equation 25 also has a constant term
(-2B/y) not present in the parallel pipeline cases.
For B # 0, this term dominates near the middle of a
long/lossy pipeline section. Thus, a pipeline exposed
to a non-constant Ex(s) can have a significant voltage
at points far from its ends, even if the pipeline is
terminated by ideal grounds Zy = 1, = 0 at each end.

The Long/Lossy Pipeline Approach Section Upon
entering or leaving a right-of-way jointly shared with
a power line, a pipeline is subject to a driving elec-
tric field whichis virtually zero at its remote termi-
nation and maximum at the jointcorridor. This behavior
of thedriving field permits simplification of Equations
4-7, resulting in a convenient integral expression for
the terminal characteristics of a long/lossy pipeline
approach section at its entry to the corridor.

For a long/lossy pipeline approach section of
length, L, terminated by an arbitrary Z; at x = 0 far
from the Jo1nt corridor, the effective remote termina-
tion sensed at x = L (the entry to the corridor) is
simply the pipeline characteristic impedance, Z,. This
is because the driving field falls to zero somewhere
between x = 0 and x = L along the pipeline, allowing
the portion of the pipeline subjected to zero field to
act as a characteristic impedance load for the portion
being driven. Thus, pj of Equation 7 and K; of Equa-
tion 6a are equal to zero.

Now, the Thevenin equivalent voltage source for
the pipeline approach section, as observed at x =L,
the corridor entry point, is simply the open circuit
pipe voltage at L:

Ve = V(L)
(27a)
With Z of Equation 7 is equal to 1. After
comput1ng K2, P%L), and Q(L) forthis case, Ve is found
to be
-yL L Ys
v, = e f E(s) e ds (27b)
(s

This expression for Vg is directly useful in its inte-
gral form for pract1ca1 problems, as is shown in Part
II of this paper. It is understood that Z, is equal
to Z,, the pipe characteristic impedance, because of
the ?ong/1ossy nature assumed for the approach section.

NODE ANALYSIS OF
ARBITRARY PIPELINE/POWER LINE CO-LOCATIONS

This section presents a computation method for
the peak induced voltages on a buried pipeline having
multiple sections with differing orientations with re-
spect to an adjacent power line, or subject to pro-
nounced variations of the driving field due to power
line discontinuities. The method is based upon the
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Thevenin decomposition procedures discussed earlier,
leading to a node voltage analysis at pipeline or in-
ducing field discontinuities.

Figure 6a illustrates the connection of several
arbitrary pipeline sections adjacent to a power line
with an electrical discontinuity (phase transposition).
The peak induced voltages are computed by introducing
a Thevenin observation plane at each junction, M, be-
tween dissimilar pipeline sections or at discontinui-
ties of the driving field, as illustrated in Fig. 6b.
This placement of the Thevenin plane is based upon the
previous analyses which showed the generation of expo-
nential pipelinevoltage peaks at all non-zero impedance
terminations of a long/lossy pipe section.

Phase
Power Line Transposition
M1 M2
p
M %

Long/Lossy Sections: M Ml’MlMZ’ M3M5,M

Electrically Short: M2M3

(a) Locations of Thevenin Observation Planes

z Ze
Left M Right
L L

Yoot () [] Zy ()veRight

——— .i:. R

(b) Connected Thevenin Circuits for the Induced
Voltage Peak at Observation Plane M

Fig. 6. Peak-Voltage Analysis of a General
Multi-Section Pipeline

In Fig. 6b, Ve and Z0 denotes the Thevenin

left Teft
source voltage and impedance, respectively, for the
pipeline seen to the left of the observation point.
Similarly, Ve and Z denote the Thevenin
right right
equivalent circuit of the pipeline to the right of the
observation point. Zy denotes the mitigating grounding
impedance (if any) at M. The voltage peak, V(M), is
given by

v v
6 6 .
left + right (28)

Z, Ze
= left right
V(M) 1 1 1
7+
M

z

i
81eft

eright
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where Vg and Zg canbe obtained from the Thevenin equiv-
alent circuits d1scussed previously.

|V(M)| can equal zero if either
(29a)
(29b)

From Equation 28,
1) ZM
2) v

0, or

z = -V YA .
®1eft Crignt ®right teft
For arbitrary connected buried pipeline sections, Equa-
tion 29b is virtually the same as specifying an assem-
bled pipeline with constant physical and electrical
characteristics, spatial orientation, and driving field
distribution. In other words, an induced voltage peak
is expected ona buried p1pe11ne where one of these prop-
erties changes abruptly, including the folTowing points:

1) Junction between a long/lossy parallel
section and a long/lossy non-parallel
section (point Ml);

2) Junction between two long/lossy parallel
sections having different separations
from the power line (points M2 and M3);

3) Adjacent to a power line phase trans-
position or a substation where phasing
is altered in some way (point M4);

4) Junction between two long/lossy sections
of differing electrical characteristics,
for example, at a high resistivity soil -
Tow resistivity soil transition (point Mg);

5) Impedance termination (insulator or ground
bed) of a long/lossy section (point M6).

Points M and M are illustrative of pipeline
or1entat1on or %erm1nat1on discontinuities; point Mg
is illustrativeof a discontinuity of the driving field;
and point Mg is illustrative of a discontinuity of the
pipeline electrical characteristics. The magnitude of
the voltage peak at any of these points is computed
simply by applying Equation 28 at the discontinuity to
the Thevenin equivalent circuits for the pipeline sec-
tions on either side. In this way, the use of a single
node equation, along with a collection of Thevenin
equivalent pipeline circuits, is sufficient to estimate
the voltage peaks on an arbitrary multi-section, buried
pipeline.

COMPUTATION AIDS

IITRI has developed four major programs for the
Texas Instruments Model TI-59 programmable hand calcu-
lator which permit rapid computation of the driving
electric field, pipeline characteristics, and Thevenin
circuits needed to implement the prediction method of
this paper. This section briefly summarizes the capa-
bilities of each program. Precise details, including
program listings and usage instructions, are available
from EPRI and AGA in the handbook to be published, or
directly from IITRI.

Driving Electric Field

Unknown Currents Program This program is used
when the currents coupled to multiple earth return
conductors near a power line are strong enough to af-
fect the driving field of the pipeline of interest.
The conductors may be either power line shield wires,
long fence wires, telephone wires, railroad tracks, or
other buried pipelines. Since the unknown currents
influence each other through mutual coupling, the solu-
tion for the currents is obtained by solving a set of

complex-valued simultaneous equations describing the
interactions. The solution algorithm, the Gauss-Seidel
iterative method, allows the TI-59 to process a system
as complex as five unknown earth return conductors ad-
jacent to 25 power line phase conductors, yielding both
the magnitude and phase of each unknown current.

Mutual Impedance Program This program computes
the mutual impedance between adjacent, parallel, earth
return conductors using Carson's infinite series. The
program computes and sums as many terms of the Carson
series as is required to achieve_0.1% accuracy, using
the recursive algorithm of Dommel,® regardless of earth
resistivity conditions, conductor configuration (either
aerial or buried), and conductor separation.

Pipeline Characteristics Program

This program computes the propagation constant, v,
and characteristic impedance, Z,, of a buried pipeline
having arbitrary characteristics. The program can take
into account the burial depth, pipe diameter, pipe wall
thickness, pipe steel relative permeability, pipe steel
resistivity, pipe coating resistivity, and earth resis-
tivity. The computation method employed for y is a
Newton's method solution of the Sunde complex-valued
transcendenta] equation; Z, is then computed using the
result for vy.

Thevenin Circuit Program

. This program computes the complex-valued Thevenin
source voltage, Vg, and source impedance, Zg for the
terminal behavior "of an arbitrary earth return conduc-
tor subject to a constant driving electric field. The
nature of the conductor is specified for the program
simply by feeding in the conductor's propagation con-
stant, vy, and characteristic impedance, Z,. The compu-
tation method involves the solution of Equations 11b and
11c of this paper.

CONCLUSIONS

This paper has presented a prediction approach for
the voltages induced on gas transmission pipelines by
60 Hz ac power lines sharinga joint right-of-way. This
prediction approach is based upon electrical transmis-
sion line theory and allows the characterization of
complex features such as pipeline path changes and ter-
minations and power line electrical discontinuities.
Multiple phase conductors, shield wires, and adjacent
grounded conductors such as railroad tracks and other
pipelines can be accounted for. Advantageous use is
made of a powerful new programmable hand calculator.

The new approach is more accurate than the over-
simplified methods now in general use, and yet is still
usable by technicians in the field because of the simple
Thevenin formulation of voltage peaks and the use of
magnetic card calculator programs. Field tests, to be
discussed in Part II of this paper, verify the accuracy
of the approach when applied to actual joint-use cor-
ridors.
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PREDICTION METHOD FOR BURIED PIPELINE VOLTAGES
DUE TO 60 Hz AC INDUCTIVE COUPLING

PART II-- FIELD TEST VERIFICATION

John Dabkowski

Allen Taflove, Member, IEEE

IIT Research Institute
10 West 35th Street
Chicago, I1linois 60616

Abstract - The results of field tests on a buried,
34-inch diameter gas pipeline adjacent to a 525 kV ac
power transmission line for 54 miles are discussed.
Comparison is made between measured inductive coupling
data and predictions obtained using the theory devel-
oped in part I of this paper. An excellent agreement
of the predicted and measured results is shown for the
location and magnitude of all induced voltage peaks on
the pipeline.

INTRODUCTION

In order to examine the accuracy and usefulness of
the inductive coupling prediction method discussed in
Part I of this paper, IITRI recently conducted field
testson an existing buried pipeline/ac power line cor-
ridor. Specifically, during April, 1977, tests were
conducted in the Mojave Desert on Southern California
Gas Company Line 235, a 34-inch diameter gas trans-
mission pipeline extending from Newberry to Needles,
California. This pipeline shares a right-of-way with
a Southern California Edison 525 kV power transmission
1ine for 54 miles and is subject to considerable elec-
tromagnetic induction. Twoobjectives of the tests were:

1. Measurement of the longitudinal electric
field to determine the accuracy of the
electric field predictionmethod employing
Carson's infinite series; and

2. Measurement of the pipeline voltage dis-
tribution to determine the accuracy of
the inductive coupling prediction method
in locatingand quantizing pipeline volt-
age peaks.

The experiments indicated an excellent agreement
of the predicted and measured distributions of electric
field and pipeline voltage. The experiments also
showed the utility of the hand calculator programs for
computing key data inputs under field conditions. This
paper summarizes importantresults of thesefield tests.

TEST SITE

The electric power transmission 1ine meets the
gas pipeline at pipeline milepost 47.9 (47.9 miles
west of Needles, California) and leaves it at milepost
101.7, as shown in Figure 1. The power line is in a
horizontal configuration with a transposition at mile-
post 69 and with single-point grounded shield wires.
No other conductors or pipelines share the right-of-way.

Average earth resistivity in the test site was
measured at 40 kQ-cm. An average value of 700 kQ-ft?

F 78 699-1. A paper recommended and approved by
the IEEE Insulated Conductors Committee of the IEEE
Power Engineering Society for presentation at the
IEEE PES Summer Meeting, Los Angeles, CA, July 16-
21, 1978, Manuscript submitted February 1, 1978;
made available for printing April 26, 1978.

was assumed for the pipeline coating resistivity, based
upon furnished data.

Power line currents were obtained at the time of
the field tests by a two-way radio 1ink with the appro-
priate Edison substation. An average loading of 700
amperes was reported during the duration of the tests.
Hence, all experimental and calculated data discussed
in this paper are normalized to, or based upon, an as-
sumed 700-amperes balanced current loading.

A clockwise-phase-sense transposition 1is used on
the power line. West of the transposition, the phase
currents are Ip, Ic, and Ig in a south-to-north direc-
tion, respectively. East of the transposition, the
corresponding phase currents are Ig, Ip, and Ig. All
measured and predicted electric fields and voltages in
this paper are phase-referenced to Ip, which is as-
signed a phase of 0°.

LONGITUDINAL ELECTRIC FIELD STUDIES

Prediction Method

In order to apply the results of Part I of this
paper, the longitudinal driving electric field, Ex(s),
at the pipeline must be known along the entire route.
Since the only contributors to E, were the known power
line phase currents, Ip, Ig, and I¢ (theshield wire)
currents were zero due to their single-point grounding),
the driving field was computed simply as

Ex(s) = IAZA(s) + IBZB(s) + ICZC(S) (1)

where Zp(s), Zg(s), and Zg(s) represent the Carson mu-
tual impedances between the respective phase lines and
the pipeline at location, s, along the pipeline. 1Zp,
Ig, and Zc were computed using the Carson's infinite
series program, developed for the programmable calcula-
tor, reviewed in Part I.

Had the shield wires been multiply-grounded, or
had other long earth return conductors been present in
the joint right-of-way, the programmable calculator un-
known currents program discussed in Part I would have
been used to determine the magnitude and phase of the
current in each conductor in the presence of the pipe-
line. Then, the driving field would have been computed
as

Ex(s) = IAZA(s) + IBZB(s) + Ich(s) (2)

m

+ 3 I.Z.(s)
jop 47

where I; is the current in the jth earth-return con-
ductor “in the ROW, and Z;(s) is the Carson mutual im-
pedance between the jth earth-return conductor and the
pipeline at location, s, along the pipeline. If addi-
tional electric circuits had been present on the ROW,
then the effects of each extra phase conductor current
would have to be taken into account in both the unknown
currents program and the final summation for Ex(s).

0018-9510/79/0500-788$00.75 © 1979 IEEE
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Field Test Procedures

Readings for the magnitude and relative phase of
Ex(s) were obtained using instrumentation developed by
IITRI. The key elements of the instrumentation are
separate reference-point and test-point grounded probe
wires, used with a Hewlett-Packard Model HP 3575 gain-
phase meter. The probe wires and the meter are shielded
in a manner so as to eliminate measurement error due to
spurious pickup of the power line's transverse (elec-
trostatic) field and stray radio frequency fields. Fur-
ther, to avoid error due to coupling by the induced
pipeline current, free electric field measurements were
made at a location of large separationbetween the pipe-
line and the power line (i.e., west of milepost 101.7).

Results

Table I 1ists the predicted and measured results
for |Ex| at varying distances from the power line. All
computations and data are normalized to the case of
700 ampere balanced current loading of the power line.

Table I
Longitudinal Electric Field Results

Distance from Predicted Measured
Power Line Field Field
(feet) (volts/km) (volts/km)
0 10.2 10.4
20 18.3 14.3
40 27.3 24.5
60 29.0 27.0
80 27.2 22.2
100 24.2 22.2
200 14.0 14.0
300 9.5 8.5
600 4.8 4.0
1000 2.9 1.6
5000 0.4
10,000 0.1

For the balanced current case, |Eyx| was found to be the
same for equal distances both north and south of the
power line and also on both sides of the power line
transposition.

Table II lists the predicted phase of E, at dis-
tances between 60 feet and 2000 feet from tﬁe power
line. The phase tended to remain relatively constant
at the tabulated values except for rapid variations

MOJAVE DESERT PIPELINE- POWER LINE GEOMETRY

directly under the power line. Again, Ip serves as the
phase reference (¢=00). ,

It was not possible to measure the absolute values
of the electric field phase relative to the reference
phase current, I5. However, phase measurements relative
to two ground Tocations were possible, and hence dif-
ferences of the absolute values listed in Table II were
measurable. For example, confirmation of the phase re-
versal occurringon opposite sides of the power Tine was
readily obtained

Table II
Electric Field Phase

West of East of
Transposition | Transposition
North of power line -1200 0o
+ 600 1800

PIPELINE VOLTAGE STUDIES

Prediction Method

The node analysis discussed inPart I of this paper
predicts the appearance of separably-calculable pipe-
Tine voltage peaks atall discontinuities of a pipeline-
power line geometry spaced by more than 2/Real (y) me-
ters along the pipeline. Using the pipeline character-
istics program reviewed in Part I, a value ofy= (0.115
+ 3 0.096) km™* = 0.15/40° km~ ! was computed for the
Mojave pipeline. Thus, all geometry discontinuities
spaced by more than (2/0.115) km = 17.4 km =~ 10 miles
were assumed to be locations of separable induced volt-
age peaks. These discontinuities include:

1. Milepost 101.7 (near end of pipeline
approach section);
Milepost 89 (abrupt separationchange);
Milepost 78 (abrupt separationchange);

Milepost 69 (power line phase trans-
position);

Milepost 55 (abrupt separationchange);

6. Milepost 47.9 (pipeline intersecting
the power line).

The voltages at these mileposts were predicted by
applying Equation 28 of Part I to the Thevenin equiva-
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lent pipeline circuits observed at each point. Assum-
ing that the pipeline characteristics y and Z, were
constant with position along the pipeline, Zg1eft and
Zgpight Observed at each Thevenin plane were set con-
s%an% at the value Z, (due to the long/lossy nature of
the adjacent pipe sections). Further, Iy was assumed to
equal infinity at each Thevenin plane because no ac
mitigation grounds were connected at the time to the
pipeline. Equation 28 was thus simplified to

) + V. .
V(M) gleft . oright

(3a)

For the important special case where the driving
electric field had a step discontinuity at M, that is,
Ex(M+) = Eyeft and Ey(M-) = Epight, Equation 3a can be
further simplified to

E -E
V(M) = %_[i 1$ft) N ( right)} , (3b)
giving . - |
o - Pt gl

In Equations 3a - 3c, the definition and sign of Vgyeft
and Vgpjgpt were taken from Figure 5b of Part I, _R}%er
subst1tu%1’ng the computed value of |y| = 0.15 km %, the
final form of the peak voltage prediction equation was

lé%%%ll = 3.33[AE(M)].

To illustrate this computational approach, the pre-
dicted voltage peaks are calculated using Equation 3d,
starting at the west end of the shared right-of-way.

Milepost 101.7: The first discontinuity occurs
here because the power line approaches the pipeline to
a distance of 200 feet. The angle of approach is 450
and, in general, it will be found that for angles great-
er than 150 to 200 that the drop-off in electric field
strength with increasing distance from the power line
is sufficiently fast so that the contribution to the
observation point voltage from the approaching leg is
small, as may be verified by performing a trapezoidal
integrationof Equation 27b of Part I. Hence, Eq =
and Epjght = E,|200' = 14.0 /-120° Volts/km ( from Ta-
bles I and II), giving -

[V(M)| (3d)

[V(101.7)] = 3.33 - |14.0 /-120°) - O]

= 46.6 volts (4)

Milepost 89: The next discontinuity is a result
of the pipeline-power line separation increasing to
about 3500 feet in the 78 to 89 mile region. From Ta-
bles I and II, Ej, t = Ex|200' ~ 14.0 /-120° volts/km
and Epigng = Ex|3500F = 0.5 /1200 voits/kn- giving

[V(89)| = 3.33 - |(14.0 /-120°) - (0.6 -1209) |
~ 44.6 volts (5)
Milepost 78: At this point, the pipeline-power

line separation decreases to about 300 feet. From Ta-
bles I and II, E; ft = E,|3500' = 0.6 /-1200 volts/km
and Epyope = 13607 = 9.8'/21200 voits/km, giving

[v(78)]

[t

3.33 - [(0.6 /-1200) - (9.5 /-120°)

R

29.6 volts (6)

Milepost 69: At this point, a transposition of

the power Tline occurs at a fixed pipeline-power line
separation of 300 feet., From Tables I and II, E1eft =
9.5/-120° volts/kmand Epjgpt = 9.5 /0° volts/km, giving

[V(69)| = 3.33 - |(9.5 /-120°) - (9.5 /0°)]
= 54,8 volts (7)

Milepost 55: By a few miles west of milepost 55,
the Tlateral separation has gradually increased to ap-
proximately 500 feet. At Milepost 55 there isan abrupt
discontinuity where the lateral separation becomes about

1200 feet. From Tables I and II,
E]eft Ex|500' ~ 5.8 /09 volts/km, and
Eright = Exl1200' =~ 2.4 /0° volts/km, giving
[V(55)| ~ 3.33 - [(5.8 /0°) - (2.4 /0°)]

R

11.3 volts (8)

Milepost 47.9: The power line and pipeline ap-
proach this point from the west at a separation of ap-
proximately 300 feet. At mile 47.9, the power line
crosses the pipeline at an angle of about 22°, and con-
tinues onward. Similar to the case at Milepost 101.7,
the drop-off in electric field strength with increasing
distance from the power line is sufficiently fast so
that the contribution to the observation point voltage
from the departing leg is small. Hence, E jght = 0 and
Eleft = E +=9.5 /00volts/km (from TabTe€"t and II,
giving x|300

|V(47.9) ]

R

3.33 - |(9.5 /0°) - O]

13

31.6 volts (9)
Field Test Results

Figure 2 plotsboth the measured ac voltage profile
of the Mojave pipeline and the computed voltage peaks.
The solid curve represents voltages measured by IITRI;
the dashed curve is a set of data (normalized to 700
amperes power line current) obtained by a  Southern
California Gas Company survey in December 1976.

From Figure 2, it 1is apparent that the prediction
method of this paper succeeded in locating and quantiz-
ing each of the pipeline voltage peaks with an error of
less than + 20%. Considering the effects of finely-
detailed ground resistivity non-uniformities and cou-
pling between adjacent discontinuities (not accounted
for when using the Thevenin node analysis of long/lossy
sections), this level of accuracy is sufficient for many
engineering purposes and greatly exceeds that of pre-
vious available approaches.

CONCLUSIONS

Experimental verificationhas been obtained for the
peak-inductive-coupling prediction method of Part I of
this paper. Locations of induced voltage peaks on bur-
ied pipelines are readily identifiable and their magni-
tudes calculable with an accuracy not obtainable pre-
viously.

As shown, the peak-voltage calculations for the
Mojave pipeline are quite simple. This is due to the
fact that successive pipeline/power line discontinuities
were spaced far enough apart to minimize their inter-
action. Ina dense urban environment, this would not be
the case. Here, the calculations would become more com-
plex, but voltage prediction in this situation would
still be within the scope of the distributed source
theory and programmable calculator programs developed
in Part I of this paper.
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Combined Discussion' 2

H. W. Dommel (University of British Columbia, Vancouver, Canada)
and J. E. Drakos, P. S. Wong, R. M. Shier, and J. H. Sawada (British
Columbia Hydro and Power Authority, Vancouver, Canada): We are
particularly interested in these two papers, because, as one part of a
study which we are just completing for the Canadian Electrical Associa-
tion (Research Project 75-02), we have also developed methods for
predicting induced voltages and currents in pipelines paralleling ac
transmission lines. Our methods are similar in principle with the
authors’ method, but differ somewhat in detail because our goal was
not the development of simple hand calculator techniques, for which
the authors are to be congratulated.

Our first approach was based on work done by Boecker and
Oeding [1]. This is an excellent, though not well known reference,
which discusses the influence of earth resistivity and coating conductivi-
ty (which can vary greatly) and shows good agreement between
calculated and measured pipeline voltages and currents. Instead of

'A. Taflove and J. Dabkowski, Prediction Method For Buried Pipeline
Voltages Due to 60 Hz AC Inductive Coupling, Pt. I: Analysis, this issue, pp.
780,

2J. Dabkowski and A. Taflove, Prediction Method For Buried Pipeline
Voltages Due to 60 Hz AC Inductive Coupling, Pt. II: Field Test Verification,
this issue, pp. 788.

deriving Thevenin equivalent circuits which depend on the two ter-
minating impedances Z, and Z,, we derived a termination-independent
equivalent n-circuit. The impedances of this n-circuit are identical with
those of the equivalent n-circuit for long overhead lines familiar to
power engineers. The only difference is a current source + I across one
terminal and another current source —1I across the other terminal,
which are a function of the longitudinal driving electric field E,. A
general multi-section pipeline, as in Fig. 6(a) of the authors’ paper, is
then modelled as a cascade connection of such active n-circuits. While
not as simple as the authors’ method, it does not require a knowledge of
the terminating impedances Z, and Z,.

In our second approach we used multi-conductor n-circuits, which
are the generalization of the well-known single-phase n-circuit. A three-
phase power line with two shield wires and two parallel pipelines is sim-
ply modelled as a 7-conductor system with a 7 X 7 series impedance
matrix per unit length and a 7x 7 shunt admittance matrix per unit
length. The equivalent multiconductor n-circuit is found from these per
unit length matrices either through eigenvalue/eigenvector analysis or
through a cascade connection of short ‘“‘nominal’’ n-circuits [2]. To
complete the model, three-phase Thevenin equivalent circuits must be
added to both ends of the power line which will produce correct power
flow and short-circuit currents (similar to Thevenin equivalent circuits
used in switching surge studies). The network solution will then produce
voltages and currents on the pipelines as well as in the power line and
shield wires. This approach is unnecessarily complicated for routine
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studies, but it is well suited for analyzing transient conditions.
Preliminary studies have shown that fairly high voltages may be induc-
ed in the pipeline during power line switching (e.g., during normal
energization). Since frequencies up to a few kHz are involved in swit-
ching surges, the equivalent n-circuit must be replaced by cascade con-
nections of short nominal multiconductor n-circuits in this case, with
the section length typically in the order of 0.08 km. Approximate
modelling of the frequency dependence of line parameters did not
change the switching-surge-induced overvoltages significantly.

Would it be easy for the authors to calculate currents in the
pipeline as well? Currents in the pipe may be of concern if a single-
line-to-ground fault occurs on the power line, where 30% or more of
the fault current may return through the pipe. Do the authors foresee
any convergence difficulties in the ‘“Unknown Currents Program’’ if
the number of unknown currents gets close to the upper limit of 5?
Gauss elimination would be direct, of course, but may no longer fit into
programmable hand calculators.

One of the key parameters affecting pipeline induced voltages is the
pipeline shunt conductance per unit length, which has two series com-
ponents—the coating conductance per unit length and the earth con-
ductance per unit length. The authors refer to a ‘‘coating resistivity’’ of
700 k< - ft2. Does this mean that the resistance through one square foot
of coating is 700k, or is this actually the resistivity value of the coating
but with units of kQ - ft?. If the former applies, the coating conduc-
tance per unit length of pipeline turns out to be about 0.04 mS/m.
Could the authors give more details on the test procedure used to deter-
mine the value of 700 kQ - ft2, and also give a description of the
coating?

Inserting the value of earth resistivity of 400 Q - m and the dc com-
ponent of the author’s value of y into Sunde’s expression for the earth
conductance per unit length yields a value of about 0.8 mS/m. The
relative magnitudes of coating and earth conductances per unit length
indicate a well coated pipeline. However, in some cases the coating con-
ductance per unit length may be large with respect to the earth conduc-
tance per unit length, e.g. where the coating is poor or the earth
resistivity is high. In these cases only a portion of the total ac voltage
from pipeline to remote earth appears across the coating. The expected
voltage from pipeline to near earth should then be obtained by taking
the total calculated voltage and apportioning it across the coating and
earth conductances. Have the authors made field tests where this
modification was required?
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Manuscript received August 15, 1978.

Luke Yu (The Ralph M. Parsons Company, Pasadena, CA): The
authors are to be commended for presenting two fine articles regarding
the induced voltage in buried pipeline from a nearby A.C. power
transmission line. This phenomena became more significant at the ad-
vent of EHV or UHV power transmissions. Upon having gone with
great interest through the papers, I would like to express my viewpoints
and raise some queries:

1. In order to determine the interference between an overhead A.C.
power line and an adjacent above-ground communication circuit, a
rigorous method should take into account the distributed inductive and
capacitive couplings as well as the line terminations of both systems. I
found that a hugh discrepancy exists between the computed results bas-
ed on a rigorous approach and on a simple method which takes into
consideration the mutual inductive coupling only for a sample study.

2. Ex(s), the driving field appears to be the governing factor in
determining the induced pipeline voltage. However, as shown in Equa-
tion (1) of Part II, Ex(s) is simply computed from the products of line
currents and mutual impedances. It appears to me a more precise ap-
proach should be adopted in determining Ex(s). In fact, the line cur-
rents vary along the lines especially for long EHV or UHV power
transmission lines.

3. As shown in Table I of Part II, the predicted field values and the
measured field data appear in general to be pretty close. However, there
are certain degrees of discrepancy between them with respect to dif-
ferent distances. In my opinion the study of induced pipeline voltage

should take the pipeline as a part of the whole electrical system in the
analysis as well as A.C. power lines because they are electrically in-
terlinked and form a complete system. All the unknowns should be
solved simultaneously. The authors’ comments are appreciated.

Manuscript received August 14, 1978.

Donald C. Anderson (Southern California Gas Company, Los Angeles,
CA): Figure 1 showing the Mohave Desert pipeline-power line geometry
is a simplified depiction of the actual spatial relationships between the
facilities. At Milepost 89 the power line actually recedes from the
pipeline at an angle of approximately 4°. This is not the same as the
abrupt separation change depicted in Figure 1 and treated as such
mathematically in equation (5), i.e., E, 4 = E.3500" = 0.6 L—120°
volts/km (from Table 1). Recognition of the shallow angle at which the
power line recedes from the pipeline beginning at Milepost 89 would ap-
pear to result in a lower predicted voltage at Milepost 89 but a
significantly higher voltage easterly of Milepost 89. This seems to be
consistent with the voltage pattern measured during the tests, as shown
in Figure 2. Assistance in how to treat less than abrupt separation
changes in the context of the prediction method would be appreciated.

At Milepost 78, E..,. is shown as approximately equal to E.[3500" =
0.6 L —120° volts/km. Since the approach angle at the point of obser-
vation is 90° (Figure 1) and a lesser but still significant angle in the field,
I wonder why E,., is not shown as equal to zero. This would result in a
slightly higher predicted voltage at Milepost 78, which again appears to
be consistent with the voltages measured during the tests. Further, for
Milepost 101. 7 and Milepost 47.9, E.... and E, .. respectively are shown
as zero because ‘‘the drop-off in electrical field strength with increasing
distance from the power line is sufficiently fast so that the contribution
to the observation point voltage from the approaching/departing leg is
small”’. A reason for the different treatment of essentially similar ap-
proach angles would be appreciated.

Manuscript received August 14, 1978.

R. E. Aker (Southern California Edison Co., Rosemead, CA): The
authors are commended for their contributions to the distributed source
analysis approach to the prediction of induced voltages on buried
pipelines.

Perhaps the derivation of Equation 11c would be clearer if it was
noted that Equations 10 and 11b are substituted into Equation 11a to
get Equation 11c. This derivation also leads to the determination of the
load current through the terminating impedance:

10) = V(0)/Z, = Eo/y 2Z, — (Z, + Zo)e™* — (Z, — Zo)e)/
(Zi+ Z)(Z, + Z)et — (Zy —Z)) (Z, — Zo)e™].

A transposition in a power line adjacent to a pipeline is an in-
teresting case where the transposition could induce a peak voltage onto
the pipeline. This paper indicates that even a mere phase shift in the
driving electric field, due to the transposition, induces a peak voltage
where one might expect a nullifying effect.

The Southern California Edison Company is applying this
distributed source analysis approach to various transmission line pro-
jects. Edison’s proposed 240 mile long Devers-Palo Verde 525kV
Transmission Line is expected to parallel approximately 100 miles of
several sections of buried pipeline. The analysis presently indicates that
a peak voltage of up to 300 volts could be induced at the insulated ter-
minals of some of these sections.

Manuscript received August 1, 1978.

Adrian L. Verhiel (Trans Mountain Pipe Line Company Ltd., Van-
couver, B.C.): I commend the authors for this interesting and signifi-
cant research on the methods developed to predict the potentials that
may result from 60 Hz—A.C. induction coupling in buried pipelines.
For over 10 years, we have carried out tests and measurements on these
problems with very marginal results due to inadequate basic research.

The induced potential, being a function of the pipeline propaga-
tion constant y and the characteristic impedance Zo are both dependent
on pipeline resistance. The methods of induced potential calculations
apply to gas pipelines, normally of constant wall thickness. What would
be the effect if applied to liquid pipelines with large varying wall
thicknesses in relative short distances?



In remote areas where commercial electric power is not
economically available, cathodic protection for the pipelines may be
supplied by sacrificial anode systems. The latter may be of the
distributed anode type or of the concentrated anode bed variety. What
would be the effect of the various point grounds on the induced poten-
tial?

In determining the pipeline characteristics, it appears that only
single pipeline cases have been considered. What would be the effect on
multiple pipelines in the same right-of-way? The electrical constants of
the pipeline characteristics could vary considerably due to the pipelines’
mutual impedance and it is wondered if future consideration will be
given to this part of the problem. Table I under ‘‘Results’’ may require
some clarification as to the distance from the powerline.

The authors have laid a very important foundation for calculating
induced potential effects on buried pipelines and it is hoped that further
research will be carried out to enable the pipeline industry to calculate
the effects mentioned above and to develop the necessary mitigation
methods.

It is now up to the industry to apply the suggested methods and
report the findings for varification.

Manuscript received June 26, 1978.

Allen Taflove and John Dabkowski: The authors thank the discussors
for their comments and interest in the companion papers. The questions
for each of the prepared discussions will be addressed in turn.

In reply to the question from Mr. A. L. Verhiel, the following
comments are offered.

1) If the wall-thickness variations of liquid-carrying pipelines occur
in short distances relative to 2/Real (y), the effect of the variations upon
the induced pipeline potential is greatly smoothed. In effect, for this
case, choosing an average value of pipe thickness is sufficiently ac-
curate. If, however, variations in wall thickness occurs at much longer
intervals [comparable to or greater than 2/Real (y)], the node analysis
should be applied using the particular value of wall thickness to deter-
mine the induced voltage peak at that point. The analysis is valid for
both liquid and natural gas transmission and distribution pipelines.

2) Point grounds located at large intervals [comparable to 2/Real
(y)] can be accounted for by applying the node analysis at the location
of each point ground, using as a value of Z,, of Figure 6 and Equation
28 the value of the ac grounding impedance of the ground bed. In
general, if Z,, is small compared to Z, of the pipeline, mitigation of in-
duced pipeline voltages will be achieved within an interval of 2/Real (y)
of the ground bed. Now, if a distributed anode system is installed, i.e.,
if point grounds are connected at very small intervals relative to 2/Real
(y), the principal effect of the grounds is to increase the effective
average admittance of the pipeline coating and thus increase the
magnitude of y. Here, the relative increase in pipeline mitigation, ob-
tained for the entire length of the distributed anode system, can be
determined by computing the magnitude of y before and after the in-
stallation, and forming the ratio of the computed magnitudes.

3) Although this paper deals only with the single pipeline case (for
simplicity), multiple pipelines in the same right-of-way can be accom-
modated by the analysis. For most cases of pipeline coating quality,
earth resistivity, and separation between adjacent pipelines, it can be
shown that the mutual impedance between pipelines is dominated by
the inductive component, calculable by Carson’s series, rather than the
resistive component, due to the direct interchange of pipe currents
through the earth. Thus, the Unknown Currents Program, discussed
under the heading Computation Aids, can be used with accuracy to
compute the mutual effects between as many as five pipelines in the
same right-of-way. A more detailed description of this case is contained
in the reference book to be published.

4) In Table I of Part II, the distance from the power line is
measured from the center phase conductor.

The following comments are provided to the discussion of Mr. R.
E. Aker.

1) Equations 11a, 11b, and 11c of Part I are in fact a direct decom-
position of Equation 10 for the case x = 0. The purpose of performing
this decomposition is to prove that the terminal behavior of a pipeline
can be represented by a Thevenin equivalent-circuit where the effects of
inducing field, pipeline characteristics, and load impedances can be
conveniently separated.

2) As noted, a key consequence of the theory is the importance of
the phase of the inducing field. In particular, rapid shifts of the phase
with distance along the pipeline lead to pronounced induced pipeline
voltge peaks.
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The following comments are provided to the discussion of Messrs.
Dommel, Drakos, Wong, Shier, and Sawada.

1) Unless one is at a large distance (> 2/Rey) from an end, it is not
clear how the discussors can dispense with knowledge of the pipeline
terminating impedances, Z, and Z,, in determining induced pipeline
voltages using the approach of Boecker and Oeding. Z, and Z, can
range from very high values (for insulator terminations) to very low
values (for ground-bed terminations) and are shown by the distributed
source analysis approach to definitely affect the position and magnitude
of pipeline voltage peaks.

2) Currents in a pipeline are computed using Equation 4a of Part I.
The simplification of this equation was not pursued in the paper
because the emphasis was on induced pipeline voltages. The authors
acknowledge that pipeline currents may be of concern during fault con-
ditions. An approximate value of the maximum induced pipeline cur-
rent can be obtained by applying the Unknown Currents Program,
discussed in the section Computation Aids.

3) The authors foresee no convergence difficulties in the Unknown
Currents Program if the number of unknown currents gets close to the
upper limit of 5. The upper limit here is determined solely by the
memory limits of the calculator used. The basic Gauss-Seidel solution
algorithm is well known and has been used successfully to solve
much larger systems of eguations.

4) The pipeline coating resistivity means the resistance observed
through one square foot of coating. The coating resistance was not
directly measured by the authors. The value given is estimated from a
value measured at the time of pipe installation which was adjusted to
take into account subsequent deterioration. This latter factor was
estimated on the basis of the increase in time of the impressed cathodic
protection current required to maintain a constant pipe-to-soil poten-
tial. Details of the coating composition are unknown to the authors.

5) For a good coating, as in this case, the total ac voltage from the
pipeline to remote earth appears essentially across the coating. Situa-
tions have been encountered on other pipelines where current leakage
from the pipe was significant and care had to be taken in obtaining a
true remote earth termination for the measurement voltmeter.

The following comments are provided to the discussion of Mr.
D.C. Anderson.

1) The authors have found that a pipeline section receding from an
ac power line at virtually any angle greater than 0° develops only a small
value of Thevenin source voltage, V6, observed at the point of closest
approach to the power line. A good rule of thumb is that V8 can be set
to zero for pipe sections having recession angles exceeding Real (y) %
10°, where y is the pipeline propagation constant taken in units of km™*.
Essentially, at angles larger than this, only an electrically short section
of the receding pipeline is subject to an appreciable driving electric
field, resulting in a relatively small voltage contribution of the entire
receding section. Thus, in the paper, all angled pipeline sections were
considered to essentially develop a zero voltage contribution since all
had recession angles exceeding Real (y) x 10° = 0.115 x 10° = 1°.

2) Use of this assumption is relatively obvious for the calculations
made at Mileposts 101.7 and 47.9. At both locations the pipeline com-
pletely receded from the power line. At Mileposts 89 and 78, the
pipeline receded from the power line a large but still finite distance.
Hence, a small but larger than zero contribution to the induced voltage
could be expected from the receding sections. An approximate method
to take this into account, as used in the paper, thus yielded non-zero
values for E,,,. at Milepost 89 and E,.;, at Milepost 78, respectively. A
more detailed and rigorous discussion of the treatment of the Thevenin
characterization of pipeline departure and approach sections is contain-
ed in the reference book to be published. The main attempt of the
material presented in this paper was to establish the concept that a
voltage peak on the pipeline can be expected at a location of an electric
field discontinuity.

The following comments are provided to the discussion of Mr. L.
Yu.

1) The paper dealt only with inductive coupling to buried pipelines,
and not to above-ground communications circuits. Capacitive coupling
to buried pipelines is negligible.

2) Part II of the paper dealt only with a single verification case in-
volving a simple right-of-way containing one ac power line and one
pipeline. Here, E, (s) can be taken simply as a summation of the pro-
ducts of line currents and mutual impedances. However, as explained in
Part I, the analysis is sufficiently general to take into account the
presence of multiple conductors in the right-of-way, such as pipelines,
shield wires, and railroad tracks. The Unknown Currents Program,
summarized in the section Computation Aids, can account for the
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mutual interaction between up to five long earth-return conductors in
the right-of-way. This program has been used successfully in a number
of other case history tests involving much more complicated rights-of-
way than that discussed in Part II. Full description of these case
histories and the usage of all of the computation aids is contained in the
reference book to be published.

3) Under the non-fault conditions discussed in the paper, the authors
have found that the induced current in pipelines buried near ac power
lines has a limit of about 5% of the typical phase conductor current.
The reaction of this pipeline current back to the phase conductor cur-
rents is typically small enough so that, for all practical purposes, the
phase currents can be treated as being unaffected by the pipe current.

Another way of looking at this situation is that the phase currents are
provided by a voltage source with a very low source impedance relative
to the Carson mutual impedance between the phase conductors and the
pipeline. The authors believe that solving for the phase currents
simultaneously with the pipe current introduces needless complication
in this situation, given the added work involved and the marginal in-
crease in accuray. However, this is not the case during power line fault
conditions when 30% or more of the fault current may return through
the pipe due to earth current effects as well as Carson-type coupling.
Here, accuracy demands a simultaneous solution of all currents.

Manuscript received October 16, 1978.



