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Abstract

Based on growing infrastructure more and more metallic oil- or natural gas pipeline systems
reach the interfering area of high-voltage overhead lines and electric railway systems.

This PhD thesis deals with the inductive interference of metallic pipelines by high-voltage
overhead lines and electric railway systems.

In addition to the limits of the pipeline interference voltage regarding personal safety in
normal operation as well as short-circuit situations of the interfering systems, it is nowadays
a matter to keep a voltage limit regarding AC corrosion likelihood whereas a current density
criterion at coating holidays has to be observed.

In addition to that computational models for simulating the pipeline interference voltages
under consideration of pipeline interference voltage mitigating measures such as AC earthing
systems, isolating joints and compensation conductors, are developed within this PhD thesis.
With the help of the developed computational models, as well as with measurements carried
out in the context of this thesis, the functionalities of the most important pipeline interference
voltage mitigating measures are described, including an analysis of the dependency of the
pipeline reduction factor on the horizontal distance.

The comparison between the impacts of electric railway systems and high-voltage overhead
lines on pipeline interference voltages shows different results for the vicinity and the far area.
Based on practical experiences in the area of mitigating inadmissible interference voltages
by AC earthing systems, algorithms for the optimum positioning of AC earthing systems are
developed within this thesis. The functionality of algorithms as well as the effectiveness of
the investigated pipeline interference voltage mitigating measures are investigated and
evaluated economically and technically on the basis of a representative case study including

solution scenarios in which the impact of seasonal varying specific solil resistivity is included.

Keywords: AC corrosion, inductive interference, galvanic interference, coating holidays,
earthing systems, isolating joints, compensation conductors, pi-circuits, digital simulation,

comparison and evaluation of measures



Kurzfassung

Aufgrund der wachsenden Infrastruktur gelangen immer mehr metallische Ol- oder
Erdgasleitungssysteme in den Einflussbereich von Hochspannungsfreileitungen und
elektrischen Bahnsystemen.

Die vorliegende Dissertation beschéftigt sich mit der induktiven Beeinflussung metallischer
Rohrleitungen durch Hochspannungsfreileitungen und elektrische Bahnanlagen.

Neben den Grenzen der Rohrleitungsbeeinflussungsspannung zur Wahrung des
Personenschutzes im Normalbetrieb als auch im Fehlerfall der beeinflussenden Systeme gilt
es heutzutage im Normalbetrieb auch Spannungsgrenzen in Bezug auf die
Wahrscheinlichkeit des Auftretens von Wechselstromkorrosion einzuhalten, wobei ein
Stromdichtekriterium an Umhullungsfehistellen der Rohrleitung gilt.

Des Weiteren werden in dieser Dissertation Berechnungsmodelle zur Simulation von
Beeinflussungsspannungen unter Berlcksichtigung von beeinflussungsspannungs-
reduzierenden MaRnahmen wie Wechselstromerdungsanlagen, Isolierkupplungen und
Kompensationsleitern entwickelt. Mit Hilfe der entwickelten Berechnungsmodelle sowie von
im Zusammenhang mit dieser Arbeit durchgefuhrter Messungen werden die Funktionaltaten
der wichtigsten MaRnahmen zur Reduktion von Beeinflussungsspannungen entlang induktiv
beeinflusster Rohrleitungen beschrieben, wobei auch auf die Analyse der Abhangigkeit des
Rohrleitungsreduktionsfaktors vom Horizontalabstand eingegangen wird.

Der  Vergleich der  Auswirkungen von  elektrischen  Bahnsystemen  und
Hochspannungsfreileitungen auf die Beeinflussungsspannungen induktiv beeinflusster
Rohrleitungen zeigt unterschiedliche Ergebnisse fir den Nah- und den Fernbereich.

Anhand praktischer Erfahrungen auf dem Gebiet der Reduktion von unzulassigen
Beeinflussungsspannungen durch Wechselstromerdungsanlagen, werden in dieser Arbeit
Algorithmen zur optimalen Standortwahl von Wechselstromerdungsanlagen entwickelt. Die
Funktionalitait der Algorithmen als auch die Wirkungsweise der untersuchten
beeinflussungsspannungsreduzierenden MalBhahmen werden untersucht und anhand von
einer reprasentativen Fallstudie mit moglichen Lodsungsszenarien wirtschaftlich und
technisch bewertet, wobei auch die Auswirkungen jahreszeitlichen Schwankungen des

spezifischen Erdwiderstandes miteinbezogen wird.

Schlagwdrter: Wechselstromkorrosion, induktive Beeinflussung, ohmsche Beeinflussung,
Fehlstellen, Erdungsanlagen, Isolierkupplungen, Kompensationsleiter, Pi-Schaltungen,

digitale Simulation, Vergleich und Bewertung von MalRnahmen
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Introduction

1 Introduction

1.1 Overview

Due to spatial planning measures, it comes in the area of natural gas- oil and district heating
pipelines to increased approaches with high voltage transmission lines as well as with
electric railway systems which lead to electromagnetic interference. In general inductive,
capacitive and conductive interferences cumulate to electromagnetic interference [4]. In the
case of buried metallic pipelines, capacitive interference plays a minor role because there is
a shielding effect of the electric field by earth.

Conductive interference means the galvanic coupling of currents, through the flow field in
earth. The galvanic influence is to be examined above all in fault conditions [4].

Inductive interference stands for the magnetic coupling of a current carrying conductor and a
pipeline, which has to be examined especially for long parallel courses of influencing and
influenced systems. The inductive interference is the most important type of interference, in
the area of pipeline network interference. Induced voltages along influenced pipelines may
cause dangerous touch voltages and propagate AC corrosion [4].

There exist several measures to reduce induced pipeline interference voltages. It is a scope
of this thesis to investigate selected measures in detail in order to simplify future
electromagnetic pipeline interference investigations and optimisation tasks to minimize

pipeline interference voltages.

1.2 Motivation

This thesis was developed during the author's employment as scientific university assistant
at the Graz University of Technology, Institute of Electrical Power Systems. Based on the
increasing infrastructure more and more pipelines are over several kilometres in the vicinity
of high-voltage lines and electric railways. As a consequence AC corrosion got a real topic
for Austrian pipeline operators. As a result a proper cathodic corrosion protection and an
accurate pipeline coating are nowadays a must. In addition to these measures, there exist
active, constructional measures to reduce the pipeline interference voltages such as earthing
of the pipeline, the installation of isolating joints and the burying of compensation conductors.
Motivation for this thesis is to establish knowledge for the efficiency of these measures and
to provide comprehensible strategies for a sustainable reduction of the pipeline interference
voltage. The main ideas for this thesis were developed by dealing with national and partly
cross-border (Italy, Germany) projects regarding pipeline interference. The constant work on
this topic enabled additional projects and implicated important topics on the institutes

teaching agenda.
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1.3 Research Problem

The problem of inductively interfered pipelines exists in almost every country. The mitigation
of pipeline interference voltages is treated differently. The technical problems are mostly
solved by engineering companies or university institutes. Most of them use complete
commercial software packages for computing conductive and inductive interference. It's the
main objective of this thesis to develop adequate models and tools to simplify future pipeline
interference investigations and optimisation tasks in order to be independent and to have the
possibility to implement tools and features to comply with future and upcoming tasks.
Pipeline interference mitigating measures like AC earthing systems, isolating joints as well as
compensation conductors are integrated in the simulation model. The effectiveness of these
measures are investigated and evaluated at which general statements should be developed.
The preferred fields of application of each mitigation measure is analysed in order to get new
information for future discussions with pipeline operators and operators of high-voltage lines

as well as electric railways.

AC corrosion is a recent keyword regarding pipeline interference. There are a lot of
parameters influencing the AC corrosion likelihood, such as the humidity of the soil, the pH-
value of the soil, the specific soil resistivity, the coating holiday® diameter etc. The electrical
parameters that nowadays are associated with AC corrosion (for example coating holiday
diameter, coating holiday resistance, current densities at coating holidays) are examined in
this thesis to compare differences between the voltage and the current density criteria’s for
the AC corrosion likelihood.

Nowadays pipeline interference voltages should be reduced by a combination of passive
elements such as AC earthing systems, isolating joints and compensation conductors. The
impacts of these measures are evaluated technically and economically in this thesis,
whereas the optimisation of AC earthing systems along an influenced pipeline with the help

of algorithms is considered.

! Small defects of the isolating pipeline coating are denominated as coating holidays.
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1.3.1 Research Questions

Based on the mentioned research problem, the following research questions are formulated:

Research questions Chapters
Why do AC earthing systems have to be low impedant (< 1Q) to reduce pipeline
interference voltages to acceptable values? 223,41
Under which circumstances are the current densities at coating holidays below the
threshold limits of 100 A/m* and 30 A/m*? 3.5,3.7
How do reduction factors of compensation conductors change with varying
horizontal distances between compensation conductor and pipeline? 4.3
Which interfering system (400 kV overhead lines/ electric railways) has a greater
influence on pipeline interference voltages? 5.4
What role does the seasonal changing of the specific soil resistivity play in planning
and operation processes of effective earthing systems? 6.1,7.2
Which benchmark for an economical comparison of pipeline interference voltages
mitigating measures is derivable? 7.3
What are the preferred pipeline interference voltage mitigating measures, and
where are they applied? 4,7.4
How can practical optimisation procedures for achieving optimal locations of AC
earthing systems be described with algorithm? 8.2,8.3

Table 1.1: Research Questions

1.3.2 Research Tasks

Based on the mentioned research questions, the following concrete research tasks are

identified:

1. Development of a model for computing the pipeline interference voltages along

inductively interfered pipelines.

Integration of the possibilities of AC earthing systems and isolating joints in the

simulation model.

Investigation of the electrical conditions for AC corrosion from an electrical
engineering point of view as for example the correlation between the size of coating
holidays, specific soil resistivity, current densities at coating holidays and AC

corrosion likelihood.

Investigation of the influence of compensation conductors and developing a tool for
computing the reduction factor of compensation conductors. Investigation of the
impact of varying compensation conductor positions. Stating the impact of different

phase conductor arrangements.
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5. Investigation and comparison of the influences of 400 kV overhead lines and electric

railways on pipelines and AC corrosion.

6. Performance of statistical analyses based on long-term measurements of the specific
soil resistivity and performing.

7. Technical as well as economical evaluation of mitigating measures of the pipeline

interference voltage. Working out the preferred fields of application of the investigated

measures for the mitigation of pipeline interference voltages.

8. Developing algorithms for an automated application of AC earthing systems at the

most advantageous connection points.

René Braunstein Page 13
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1.4 Scope of the Research

In thesis mainly the inductive interference of metallic pipelines is treated. In the case of the
investigation of coating holidays there are some considerations regarding conductive
interference. In this thesis primarily low frequency (16.7 Hz, 50 Hz) interference is
investigated. Considerations regarding pipeline impedances for high frequencies complete

this investigation.

1.5 Research Methods

The mutual impedances for calculation of the induced pipeline voltages are calculated with
the infinite series of Carson and Pollaczek. The pipeline interference voltage distribution is
calculated with the within this thesis developed Matlab®-based programme PipePotentials
which bases on the pipeline impedance formulas of Michailow and Rasumov and the solution
of the nodal admittance matrix. Specific soil resistivities for the dimensioning of earthing
systems are measured by the Wenner-method. Statistical methods are applied for
investigating the seasonal changes of the specific soil resistivity. The measures to mitigate
pipeline interference voltages are evaluated with the help of a characteristic case study
including four solution scenarios. The economic evaluation of these measures is based on

the approach of stating € per reduced Volt.

1.6 Previous Work

Induced pipeline voltages due to long parallel routes between pipelines and high voltage
systems or electric railway systems are a well-known problem since the early 1960ies. In
these times in Austria several publications of Richard Muckenhuber (for example [31], [32],
[33]) appeared. Muckenhuber referred to the infinite series of Carson [17] and Pollaczek [18].
These formulas are used up to now for calculating induced pipeline voltages in longitudinal
direction. By now there exist some maodifications, with more or less members for increasing
accuracy or different frequencies. Nowadays they can be found in technical literature
regarding Electrical Power Systems and in calculation directives, for example in [29] and
[46]. The 1990 by Ernst Schmautzer, a student and later assistant of Prof. Muckenhuber,
published dissertation [3], deals with the automated calculation of the mutual impedances for
any type of geometrical situation (parallel, angular etc.) between pipeline and interfering
system. Schmautzer introduces the formulas of Michailow and Rasumov [5] that enable to
calculate pipeline impedances in shunt- and in longitudinal direction. In a publication of 1994
[22] the hint of using Monte-Carlo algorithms for optimising locations of AC earthing systems
can be found. Subsequent and actual references (for example [13], [30], [22]) show how the

same problem occurs in different countries as for example in Germany, Poland and Egypt. In
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2004 at Graz University of Technology the diploma thesis of Werner Friedl [34] was
published. Within Friedl’s thesis a Simulink® based model was developed in order to
calculate pipeline interference voltage distributions. The elements of the Pi-circuits were
generated with the help of the power systems toolbox. Under some circumstances, for
example for input parameters like higher specific coating resistivities than 100 kQm? or large
pipelines with more than 100 km, the computation oscillates and doesn’t reach a solution.
These problems of this valuable previous work can be avoided by using the concept of the

nodal admittance matrix, which was implemented in this work.

In 2006 the effectiveness of buried compensation conductors was well discussed in
Germany. Some calculation results and experiences with compensation conductors as
pipeline interference voltage mitigating measures are found in [36]. In 2007 a 7-km long test
compensation conductor was buried in the same route with an Austrian pipeline. This makes
it possible to investigate the influence of the compensation conductor in detail within this

thesis.

A new focus is to analyse AC corrosion processes. Therefore electrochemical analyses from
Buchler, Schoneich et al. (for example [11], [24]) have to be mentioned. Valuable and
practicable elaborations are found in the Cigré Technical Brochure Nr. 290 [1] of 2006 and in
a Technical report [15] of Graz University of Technology and Vienna University of
Technology, where electrochemists modelled together with electrical engineers the
electrochemical processes at coating holidays. The CEN/TS 15280 prestandard [9] delivers
reference values for the AC corrosion risk and concludes the list of relevant ground- and

frameworks for this thesis.

1.7 Scientific Contribution

This thesis builds on previous and actual works. A lot of research colleagues nowadays use
commercial software packages for Electromagnetic Fields- and Interference problems. Within
the scope of this thesis the MATLAB®-program PipePotentials was developed in order to
calculate interference voltage distributions of any pipeline configuration for user-defined
earthing systems and isolating joints. Therefore independent simulations and interpretations
are possible and contained in this work. This thesis creates new concepts of view such as
the “moving fault location” of high voltage lines, described by Muckenhuber [31], [32], for
instance is picked up and used in a new context to show a new method for calculating and
interpreting the influence of moving, electric railways. In this work new concepts (pipeline
interference voltage, one side-, balanced- and unbalanced earthing) are introduced and
effects are named like the “self-earthing-effect” of an inductively interfered pipeline. Within

this thesis it is shown that in regions with higher soil resistivities possibly higher pipeline
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interference voltages can be accepted according to the admissible current densities for
evaluating AC corrosion risk. In this thesis it is shown that the assumption of the maximum
inducing current along the whole approach of a railway system and a pipeline demonstrates
a worst-case. Accordingly for future investigations also relevant load flow situations of
interfering high-voltage lines should be taken into account in order to evaluate AC corrosion
risks. Within the context of this PhD thesis the experimental setup of the measurement of the
impact of the first Austrian scientific test compensation conductor and the proof of the best
compensation conductor switching scenarios are developed.

In this thesis it is shown that the pipeline reduction factor depends on the horizontal
distances between compensation conductor, pipeline and interfering system, consequently
usually applied constant reduction factors don’t reflect realistic conditions.

Within the scope of this thesis the influence of the seasonal varying specific soil resistivity on
earthing systems and consequently on the pipeline interference voltage was demonstrated.
Within this thesis two new algorithms are designed in order to simulate the practical

optimisation steps of an expert.

1.8 Outline of the Thesis

After Chapter 1 (,Introduction”) the Chapter 2 of this thesis describes standards and
recommendations concerning admissible interference voltages and current densities as well
as the theoretical computation background regarding differential equations, mutual
impedances and the equivalent network of inductively interfered pipelines.

In chapter 3 the AC corrosion process at coating holidays and cathodic corrosion protection
are described. Moreover chapter 3 deals with the correlation between coating holiday
diameter, specific soil resistivity, induced voltages, current densities and AC corrosion
likelihood.

In the chapter 4 the function and impact of the in this thesis investigated pipeline interference
voltage mitigating measures AC earthing systems, isolating joints and compensations
conductors as well as a brief description of measures like the increasing of the horizontal
distance between interfering and interfered system, varying phase conductor arrangements

as well as partial and full (active) compensation are described.
In chapter 5 the impacts of the most interesting origins of inductively interference- electric

railways and 400 kV overhead lines are investigated and compared with each other for the

normal operation and the short-circuit situation.
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In chapter 6 the seasonal changes of the specific earth resistance for the upper and deeper

layers are quantified, based on an annual measuring series of the specific soil resistivity.

Within the in chapter 7 carried out case study the impact of the seasonal varying specific soil
resistivity on AC earthing systems and consequently on pipeline interference voltages is
quantified. Furthermore the specific costs of the in this thesis investigated pipeline

interference voltage mitigating measures are evaluated.
Chapter 8 describes the present calculation- and optimisation procedures as well as two

algorithms in order to simulate the practical optimisation procedures of an expert to achieve

optimal locations of AC earthing systems along inductively interfered pipelines.
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2 Pipeline Interference Voltages

In the first part of this chapter actual limiting values for induced pipeline voltages regarding
risk of hazard as well as AC corrosion likelihood are described. In the second part of this
chapter all necessary calculation steps for receiving pipeline interference voltage
distributions are shown. After discussing induced pipeline voltages with differential equations,
it is especially gone into the numerical solution which means the connection of mutual
impedances, pipeline parameters and nodal network admittance matrix. The basic pipeline
interference voltages for the full parallel approach or the partial parallel approach between

interfering system and pipeline conclude this chapter.
2.1 Admissible Pipeline Voltages

An investigation of the inductive interference on inadmissibly high touch voltages in buried
pipelines has usually to be investigated for high-voltage lines with rated voltages higher than
110 kV, as well as for railway systems [4].

Due to the magnetic field of the interfering systems, AC currents are flowing along interfered
pipelines. These currents lead to potential differences along the pipeline to reference earth
[13]. The in the following introduced relevant guidelines [1], [7], [8], [9], unequally use the

terms induced voltages or pipeline potentials.

In [8] a comprehensible declaration is written: "The interference voltage is due to inductive,
conductive and capacitive coupling and occurs between pipeline and remote earth (reference

earth).”

Based on this explanation the notations interference voltage, (,Beeinflussungsspannung”),
and pipeline interference voltage distribution,

(,Rohrleitungsbeeinflussungsspannungsverteilung”) are further used in this thesis.

2.1.1 Risk of Hazard

With the following criteria an overview, under which conditions no inadmissibly high touch
voltages in pipelines are to be expected and in which cases a special investigation of the

possible interference is necessary, is given.
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limiting values type of Measures for the protection against

for pipe potential Up interference inadmissible touch voltages

Ups65V long-term none

Up>65V long-term - Connection of earthing systems, to reduce the

pipe potential below 65 V (TE30, chapter 4.1.1)
or

- Potential grading to reduce touch voltage
below 65 V (TE30, chapter 4.1.2)

Up < 500V short-term none

Up> 500V short-term - Measures according to TE30, chapter 4.1.3 (improved insulation),
and TE30, chapters 4.2 (insulating joints), 4.3, 5.2
and 5.3

or
- Connection of earthing systems according to TE30, chapter 4.1.1 to
reduce the pipe potential below 500 V
or
- Potential grading or rather Isolation of
location to reduce touch voltage below 500 V
according to TE30, chapter 4.1.3

Table 2.1: Limiting values for pipe potential as well as protective measures against inadmissible touch voltages.
Extracts from TE 30 [7]

According to TE 30 [7] and AfK Nr. 3 [8] it is principally distinguished between long-term
interference and short-term interference. Simplistically a long-term interference can be
understood by everlasting interferences as for example in normal operation modes of electric
railways and high-voltage lines. One understands by short-term interference an interference
with durations smaller than 0.5 seconds like it appears, for example in short-circuit modes.
Therefore in normal operation mode pipeline interference voltages below 65 V have to be
addressed. Under short-circuit conditions a pipeline interference voltage below 500 V has to
be kept [7].

2.1.2 Risk of AC Corrosion

Boundary values regarding pipeline interference voltages are arranged in CEN/TS 15280 [9].
In it, the following definitions can be found:

“To reduce the AC corrosion likelihood on a buried pipeline, the pipeline AC voltage should

not exceed at any time:
- 10 V where the local sail resistivity is bigger than 25 Om;
- 4 VV where the local soil resistivity is less than 25 Om;

These values should be considered as threshold limits which significantly reduce AC
corrosion likelihood; they are based on long-term practical experience of European pipeline
operators [9]”. Practical experiments [11], [24] show that under certain circumstances up to

15 V can be tolerated in case of suitable settings of the cathodic protection potential.
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In addition to the AC voltage-criterion, there exists an additional criterion regarding current
densities at coating holidays. Referring to European standards and recommendations [9],
[25] a pipeline can be considered as sufficiently protected from AC corrosion, if the rms AC
current density is lower than 30 A/m?. Medium AC corrosion likelihood exists for current
densities between 30 A/m? and 100 A/m?® Very high AC corrosion risk occurs for current
densities higher than 100 A/m?.

Procedures at coating holidays of inductively interfered pipelines and the correlation between
specific soil resistivity, coating holiday diameter, interfering voltage and current density on

coating holidays are investigated and described in chapter 3.

2.2 Calculation of Induced Interference Voltages

2.2.1 Differential Equations

The pipeline interference voltages can be calculated with the help of differential equations.
Therefore the common lattice equivalent network of a conductor (see figure 2.1) with a
galvanic shunt addmitance g, and an impedance in longitudinal direction Z, are used. The
interfering system carries the current |I. The variable zg stands for the mutual impedance
between the interfering system and the pipeline (see chapter 2.2.2 for the detailed
calculation). The pipeline is terminated with the resistances R; and R, at its ends.The
following equations and procedures in the formulas (1) - (13) are taken from the literature
[33].

\ Interfering system //

< | = < Pipeline

R [Jus| 9. [Unw Us. | []R:

L

Figure 2.1: Inductive interference of a conductor [33], modified
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The complex transfer constanty, the coupling factor k and the characteristic wave

impedance W (see formulas (1) — (3)) are introduced before setting up the differential
equations for the pipeline interference voltages.

Y= ’\/ZL ‘O (1)

Y Complex transfer constant

Z Longitudinal direction impedance (Q/km)

oL Galvanic conductance per unit length (S/km)
z9(X)

k(X) = (2)

L

K Coupling factor

Zg(x) Mutual impedance between interfering system and pipeline (Q/km)
Z

W= 2 (3)
O

W Characteristic wave impedance

The differential equations for the interfering problem in figure 2.1 can be stated as:

d2U2P =92 U, +7- Wk (X)-1(4)
dx
%=v2-[lp—-'<(x)"](5)

X

[ Interfering current (A)

The differential equations can be solved with the method of the variation of the constants,
assuming no parallel approach, which means that the mutual impedance zg and the coupling
factor k are functions of the distance x, the pipeline interference voltages and currents can

be formulated with the equations (6) and (7).
L

Upgy = Upy -COSN(y - X) = W -1, - sinh(y - X) + v - W -1 [ k(&) - cosh(y) - (x &) dE (6)
0

oy = ez COSN(y X) = SE2-Sinn(y -39~ 1-1- [ (2)- SinN(y) (X ) I (7)

As it is shown in the introduced case (figure 2.1), the pipeline is terminated with the

resistances R; and R,. Therefore the boundary conditions (8) and (9) are introduced:
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U, =Ry, (8)
U = -R, -1, (9)

By the boundary conditions, the system of equations is complete and can be solved. The
pipeline interference voltages Up; and Up; at the beginning and the end of the lattice network

result to:
1 L sinh(y-§)+ﬂ-cosh(y-§)
Un=7-1-R, | 1- W [ x(@)- ¢ dz (10)
cosh(y-L)+R—.sinh(y.L) 0 cosh(y-L)+R—-sinh(y-L—l)
L sinh(L-§&)+ W, cosh(I-§)
1 R,
Upp = =7 1°R, | 1= W [ (@) W & (L)
Cosh(y-L)+R—-sinh(y-L) 0 cosh(y-L)+R—-sinh(y-L—1)

1 1

In case of a pure parallel approach (constant coupling factor )  the terms (10) and (11) for

Up; and Up; are simplified to:

Uy, =k I'R,-[ 1- L (12)

COSh(y-L)+¥V-Sinh(y-L)

2

Up, = —x-1-R, | 1- L (13)

cosh(y-L)+\éV-sinh(y-L)

1

When considering non parallel approaches or distributed earthing systems along the
pipeline, the setting up and the solution of the introduced differential equations gets rather
complex. Therefore within the scope of this work a numerical approach is preferred. For that
purpose the calculation of the mutual impedances, the electrical pipeline parameters as well
as the setting up and the solution of the nodal admittance matrix are needed. The necessary

procedures are described in the following subchapters 2.2.2 — 2.2.4.
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2.2.2 Mutual Impedances

The calculation and analysis of the inductive interference of the concerned pipelines due to
operational and short-circuit currents occurs in a first step by determination of the inductive
coupling by calculating the mutual impedances due to the infinite series of Carson and
Pollaczek [17], [18]. The next figure 2.2 shows the mirror model of two conductors with earth

return, which is crucial for the calculation of the mutual impedances.

Conductor i

Conductor k

hy hi
2h; N .
\ Earth's surface
h

hi*

) 4
A 4 if
-0

Figure 2.2: Mirror-model for calculating mutual impedances between two conductors [29], modified

Simplified formulas for the mutual impedances can be found in technical literature regarding
Electrical Power Systems [29] and in international calculation directives [46]. In the following
simplified Carson formulas (13) — (22) are quoted from [29]. The geometrical parameters r;,
hi, Xk, di, di and hy are shown in the figure 2.2. The other important parameters are

described directly below the formula.

Self-impedances Z; per unit length:

‘Mo . Wg(1, D
z=R + 2oy WHol 2 ZE |14
2m (4

8 fi
R;: Resistance per unit length of conductor | (Q/m)
w: Angular frequency
w=2trf (1/s)
f: Interfering signal frequency (Hz)
Ho: Magnetic field constant, go = 41107 (Vs/Am)
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De Depth of equivalent earth return conductor (m)
D = Y25, -2 |20 _NZ_ 5880 \ﬁ (m) (15)
Y y \ou, o f
: Euler's number 2.718
v, Bessel constant 1.781
Ok Penetration depth in earth (m)
p: Specific soil resistance (Qm)

Mutual impedances Zi per unit length above earth’s surface (h; and hy20m)

Wk ; WHo 1 De

8 21 ik

Zy=

According to [29], formula (16) is valid as long the Condition C; (formula 17) is smaller than
0.5.

Ci= 185 (h; +hy )2 +X2 (A7)

De
For a specific soil resistivity of p=100 Qm and a frequency of =50 Hz formula (16) is valid for
a dy (horizontal distance between conductors) of approximately 300 m [29]. The dominant
parameter of Dg amounts for f=50 Hz and p=100 Qm to approximately 932 m and for
f=16.7 Hz to approximately 1612 m. Formula (16) is applicable for the in this thesis carried
out investigations because for the investigated high-voltage lines and railway systems (see

chapter 5) C, is smaller than 0.5.

The borderline case of a conductor lying directly on the earth’s surface (h; or h,=0) is covered
by the following approximation formula (18):

w D 2
Zy ~—H0.117.| ZE | (18)
417 dik

According to [29], formula (18) is also valid if the Condition C; is greater than 3.5.

For 0.5<C;<3.5 other accurate formulas have to be used.

Mutual impedances Zi per unit length under the earth’s surface (h; >0 and h, <0 m)

For horizontal distances (xj) between pipeline and interfering conductor of approximately

300 m the condition C, is valid and formula (16) has to be used.

For increasing horizontal distances the Conditions C, (19) and C; (20) get valid and formula
(22) has to be used [29].
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h.
Co: —<<1(19)
Xik
e 3
Cs:le 4 - [2H905 4(20) k=e 4 . |2HO (59
P with p

! 41T k2 'Xik2

For very high distances (xi) between pipeline and interfering conductor (xix > Dg) C; gets

greater than 3.5 and formula (18) can be used [29].

With the help of the mutual impedances and the interfering currents, the induced pipeline

voltages in longitudinal direction Ud (figure 2.3) can be calculated:

Ud=2y0.1 (23) [3]
I Interfering currents of the electrical power system (A)

Zqg Mutual impedance per unit length (Q/km)
{ Length of parallel course (km)
N\ . /’
N Interfering system //
\ /
N e e e e e e e e e e e e e e e e e e e e e e e e 7/

Pipeline

R [Jus| o [Uno Us. | [|R:

| — |

Figure 2.3: Inductive interfered pipeline with induced voltage in longitudinal direction [15], modified

For calculating the pipeline interference voltage distribution the pipeline parameters as the
galvanic shunt conductance g, and the impedance in longitudinal direction Z, are necessary.

The calculation procedures are described in the following subchapter 2.2.3.
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2.2.3 Pipeline Parameters

In the following the longitudinal direction and shunt-axis parameters are calculated for a PE-
isolated pipeline (r, = 100.000 Om?) with a radius of 250 mm and a specific soil resistivity of
100 Qm. The fundamental frequency of the interfering system is assumed with 50 Hz. The
pipeline longitudinal direction impedance per unit length (R, L) and the shunt-admittance
per unit length (Rq, Cq) are calculated by the formulas of Michailow and Rasumov [3],[5]. The
following formulas (24) - (30) and (33) - (34) in this subchapter are taken from [3].

Longitudinal direction-impedance Z_per unit length:

The pipeline resistivity per unit length r, results from the resistivity of a full conductor

regarding skin effect.

R 1
= r e 10

pp R
rLo
28L

1
= (—+25)-10° (Q/km) (24
R 2n G, * )10 (@fkm) (24)

L

Lo Pipeline resistivity per unit length without skin effect (Q/km)
r'io = p/(m . R?) . 103 (Q/km) (25)

R. Pipeline radius (mm)

oL Skin depth(mm)

2p,
S5 = |[—=— (mm) (26
= o (mm) (26)
pL Specific resistance of the material, for steel approx. 0.16 Qmm?*m
f Interfering signal frequency (Hz)
Mr Relative permeability, for steel approximately 200.

As one can see from formula (26), the skin effect has an impact on the longitudinal direction
pipeline resistivity covering. In the supposed case, the skin depth in a steel-pipeline with a
radius of 250 mm amounts for 16.70 Hz, which is the common frequency of Austrian railway
systems, approximately 3.48 mm. For a fundamental frequency of 50 Hz the skin depth
amounts approximately 2.01 mm. The pipeline resistivity covering in direct axis r,o can be
calculated to 0.051 Q/km, for the fundamental frequency of 50 Hz. For the fundamental
frequency of 16.7 Hz the pipeline resistivity covering in direct axis r,, amounts to

approximately 0.029 Q/km.

The earth resistivity per unit length r. is calculated with the following formula:

O, T 3
r=—2.—.10° (Q/km)(27
© 2n 4 ( )( )
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The self-resistance of the loop per unit length x. can be calculated with the following

equation:

D
X_ =0 In==.10° ( Q/km) (28)
2 R

L

The inner reactance covering X; o can be calculated with the following equation:

R
Xip = X'pp gt 107 =1 L = 2:TL6'103 (Q/km) (29)

L L™L

The whole longitudinal direction impedance per unit length Z,’ is calculated with:

Z'=(r +r )+j-(x_+x_) (Q/km) (30)

The ohmic component in longitudinal direction r_ for a one kilometer pipeline segment can

accordingly be calculated with:

r = (real (zL))-1 () (31)

The inductive component in longitudinal direction I, for a one kilometer pipeline segment can

accordingly be calculated with:

_ (imag(zL))
L= 2 n-f-0) () (32)

Shunt admittance Y.’ per unit length:

An inductively influenced pipeline can not only be simulated as an ideally isolated buried
pipeline. Due to unavoidable coating holidays, and the spatial dimensions of buried pipelines
the modelling of shunt elements has also be taken into account. The calculation of the shunt-
elements, bases on the assumption of the ladder network as an equivalent network for an
inductively influenced pipeline. The main difficulty is the determination of the coating

resistance, which is taken by experiences or measurements [19].

René Braunstein Page 27



Pipeline Interference Voltages

The coatings of older pipelines, that were constructed approximately between 1960 and
1975, are made of bitumen with an inside glass fibre tissue. Today’s pipeline coatings are
principally made of Polyethylene (PE). The existence of coating holidays can never be
completely avoided. In idealised considerations, a coating holiday can be seen as a steady
galvanic conductance, which depends on the amount of pipeline coatings as well as on the
specific soil resistivity. The galvanic conductance per unit length g, can be estimated with
following relation [3], [5]:

_2-TE-R

g, ~.10° (S/km) (33)

r

u

Iy On the surface related specific coating resistivity (Qm?)

The capacitive conductance per unit length b., which arises from the capacity from the
pipeline to earth can be calculated with the following formula:

2.7-
b, =0 = =" .10° (S/km) (34)
R +t
In L L
IQL
t Wall thickness of the metallic pipeline (mm), 3 mm in this example

The whole shunt-admittance per unit length Y|’ is calculated with:

Y, '=g +j-b, (S/km) (35)

The shunt-ohmic component rp for a pipeline segment with a length of one kilometre can

accordingly be calculated with:

r =[1]/| Q) (36)
9.

The shunt-capacitive component cp for a pipeline segment with a length of one kilometre can

accordingly be calculated with:
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cp=( il j«l (F) (37)

2-m-f

The whole pipeline impedance (pipeline-earth-loop) can be achieved by solving the
quadripole (see also figure 2.6):

| Zogae [=1 (Y, 1207 +Z,) 1Y, 12)*1 () (38)

Pipeline

To get an overview about the sensitivity of the equivalent pipeline network components for
changing parameters as frequency and coating material, the parameters introduced in the
formulas (24) — (38) are summarized in the following table 2.2 and in table 12.1 in the

appendix of this thesis.
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Network Element ) ] ]

Bitumen-Coating ru = 10 kam® PE-Coating ru = 100 kam®
or derived term

Most Determining

16.7Hz | 50 Hz 150 Hz 16.7 Hz | 50 Hz 150 Hz Factors
ro (Q/km) 0.029 0.051 0.088 0.029 0.051 0.088 f,R.
re (Q/km) 0.017 0.049 0.148 0.017 0.049 0.148 f
XL (Q/km) 0.039 0.083 0.144 0.039 0.083 0.144 f,R, P
XiLo (Q/km) 0.029 0.051 0.088 0.029 0.051 0.088 f, R,

, 0.046+ 0.100+ | 0.240+ | 0.046+ 0.100+ | 0.240+
Z,/(Qfkm) 0.068 | 0.133] 0.232j) | 0.068]j 0.133] 0.232] f,Ru P
| Z.](Q/km) 0.082 0.167 0.331 0.082 0.167 0.331 f,R, P
I 1km (Q) 0.046 0.100 0.236 0.046 0.100 0.236 f, R,
I, 1k (MH) 0.651 | 0.424 | 0.246 0,651 | 0424 | 0.246 f, R, p
gL (mS/km) 157.1 157.1 157.1 15.71 15.71 15.71 re, RL
b (mS/km) 2.40 7.33 21.98 2.40 7.33 21.98 f, RL
; 157.1+ | 157.1+ | 157,1+ 15.71+ | 15.71+ | 15.71+

Yi(mS/km) 245 7.33] | 21.98j 2.45 7.33j | 21.98j fu f Ry
o 1km (Q) 6.37 6.37 6.37 63.66 63.66 63.66 ra, Re
Cp 1km (UF) 23.32 23.32 23.32 23.32 23.32 23.32 R,
|Zoipeinelun (@) | 638 | 638 | 6.36 6291 | 5769 | 37.02 f, ru

Table 2.2: Sensitivity table for elements of pipeline equivalent network for low frequencies

As one can see from table 2.2, the most determining factors for the pipeline equivalent
network parameters are the frequency f, the pipeline radius R, the specific soil resistivity p

and the to the surface related specific coating resistivity r,,.

The impedance distribution along the pipeline is an interesting factor regarding induced
voltage distribution. The figures in table 2.2 show that primarily the specific coating shunt-
resistivity r, is dominant. The specific coating resistivity r, results from the coating material,
the surrounding soil and the number of coating holidays. In the table 2.2 guideline values as
10000 QOm? for Bitumen-coatings and 100000 Qm? for PE-coatings are applied. The specific
coating resistivity for newly constructed PE-pipelines is nowadays mentioned with about 1
MQm? and above. The value of r, is measured by the pipeline operators, whereas the pure
pipeline voltage at switched off corrosion protection and the pipeline potential at switched on

corrosion protection are taken into account [19].

A continuous contact to earth, which means a low soil resistivity over the full pipeline length
and possible coating holidays lead to a decrement of the specific coating resistivity r, during

the years.
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Being aware of the influence of the specific coating resistivity r,, the following figure 2.4
shows the correlation between the shunt resistance rp and the specific coating resistivity r, for
variable pipeline radii.

10°
|
/f
10 -]
el
Py
=
10° —+7 o =
- E
I’
2 o /
10 7
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E
7 .
10 R,=50 mm =
o] o —7
c ~ rd
= = 7
'l
o 0 - /
10 - 27
=
!
B .’
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™
r"
/l ~—
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= R, = 1050 mm
/I
10°
10-4 0 : 1 2 3 4 5 6 7
10 10 10 10 10 10 10 10
" in Qm?

Figure 2.4: rp plotted against ry for variable pipeline radii

The figure 2.4 shows how the shunt resistance rp rises with increasing specific coating
resistivity r,, for 1 km pipeline segments. The specific coating resistivity r, is varied from
1 0Om? to 10 MQm? The figure 2.4 shows that rp increases clearly with rising r,, which
underlines the effect of lower induced voltages in Bitumen isolated pipelines than in PE

isolated pipelines.

The pipeline radius R, is varied from 50 mm to 1050 mm in 50 mm steps. The R =50 mm
series is dotted red; the series with the biggest pipeline radius of 1050 mm is dotted in black.
The greater the pipeline radius, the smaller the shunt resistance as well as the induced

pipeline voltage distribution.

With the help of Z’ and Y.’ the whole impedance of the pipeline-earth-loop can be
calculated. For the at the beginning of this subchapter introduced PE-isolated pipeline
segment with 1 km the absolute value of the pipeline-earth 100p |Zpipeiine| 1km IS 57.69 Q (see

table 2.2). One can imagine that this leads to very low impedances of longer pipeline
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networks due to the facts of the rising capacity with increasing pipeline length (formula 37)
and the parallel connection indicated in figure 2.6. According to this, the pipeline-earth-loop
impedance of a pipeline network consisting of as ten above mentioned 1-km PE-isolated
segments is about 5.90 Q. An equivalent pipeline-earth-loop of a 10-km Bitumen isolated
pipeline amounts to approximately 0.88 Q. As one can see from these explanations, the
pipeline acts like a low impedant horizontal earthing conductor for itself. This effect is hereby
be titled as self-earthing effect. Consequently pipeline interference voltages can only be
significantly reduced by low impedant earthing systems because of this low impedant

pipeline self-impedances.

In the appendix of this thesis (see table 12.1) the change of the equivalent network
components for frequencies between 1 kHz and 50 kHz are shown. The results show clearly,
that the Pipeline impedance gets lower with increasing frequency. The pipeline impedance in
longitudinal direction (loop, inductivity) increases with growing frequency. The pipeline shunt
impedance (capacity of pipeline-coating to surrounding earth) decreases with growing
frequency. The consequence is that the influence of high frequency sources drains off earlier
to ground, compared with the influence of low frequency (for example 16.7 Hz 50 Hz)

sources.

2.2.4 The Nodal Admittance Modell

With the help of the in the previous subchapter described parameters, influenced pipeline
pieces can be modelled as an equivalent network and the distribution of the pipeline

interference voltage along an inductive interfered pipeline can be calculated.

To act on the assumption of a homogeneous pipeline, which means that pipeline- constants
or the longitudinal direction-impedance per unit length Z, as well as the shunt admittance per
unit length Y, are constant, an equivalent network can be used (compare figure 2.3). The
pipeline is represented by a longitudinal direction-impedance (r_ + jwl, ) and shunt admittance
(ro // 1/jwcy), at which it has to be mentioned that it can be distinguished between influenced

and uninfluenced pipeline segments (figure 2.5) [4].

induced
re I r |, voltage U,
—] } 1 p—o o o o o
N[ © Ol M~
ST ST
[ ] [ ] [ ] [ ]

Figure 2.5: Pi-Circuit with influenced and uninfluenced pipeline segments [2], modified
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The for the specific interference situation modelled lattice networks can for example either be
solved by modelling the lattice network elements with Simulink® power systems toolbox or by
solving the voltage-current-equations with the help of the nodal-admittance-matrix (figure 2.6,
equation 39).

The elements of the main diagonal are build up with the positive sum of all conductivity
values at the nodes of the main diagonal (Y11,Y22... Ynn). Elements outside the main diagonal
(Y12,Y21... Ymn) are build up with the negative coupling conductivity values between two
nodes [23]. The following figure 2.6 shows an example of the complex admittance matrix for

a pipeline system with 6 nodes.

N1 N2 N3 N 4 N5 N 6

FRE i

I
L: !
I

 Y,-Y, 0 0 0 0
Y1 Y=Yy 0 0 0
v - 0 -Yy Y5u-Y; O 0 (ij
B 0 0 Y45 Yu-Ys O Q
0 0 0 —Yg Yo —Yg
0 0 0 0 -Ye Y]

Figure 2.6: Example wi{h 6 nodes and complex nodal network admittance matrix [2], modified
Based on the induced voltage, a longitudinal direction component, the nodal current vector I,
can be calculated. In a next step the pipeline interference voltage distribution can be

calculated with the following formula:

=Y " 1.(39)[2]

U

U nodal voltages

Y nodal admittance matrix

nodal currents (n... number of nodes)
nodes

|_
=

=
o

The conductivity values of possible interference voltage reducing AC earthing systems have

to be considered within the main diagonal.

Within the scope of this thesis, the MATLAB®-programme PipePotentials was developed to
calculate interference voltage distributions of any pipeline configuration for user-defined

earthing systems and isolating joints.
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2.3 Pipeline Interference Voltage

The figure 2.7 shows the interfering scheme of the full parallel approach between an
interfering system and a pipeline. The appending pipeline interference voltage distribution is
shown in figure 2.8. The beginning and the end of the approach is marked with a green
dotted line in both figures. It is assumed that the pipeline has an uninfluenced course at the
first and the last 20 % of its length. Up; and Up, are the pipeline interference voltages at the

beginning and the end of the parallel approach.

\ | I V4
\\ : Interfering system | //
N S v

| I I

| I

I |

| I

! Pipeline !
| U | Un |Us.

Remote earth J_

Figure 2.7: Interfering scheme of a full parallel approach

In the figure 2.8 the interference voltage distribution is shown with black points. Up; and Up;
have based on the ladder network composition different directions (compare chapter 2.2.1).
The absolute value of the pipeline interference voltage is shown in blue. Based on the shunt
conductance the pipeline interference voltage reduces after the parallel approach. This effect

can slightly be seen in figure 2.8.
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Figure 2.8: Pipeline interference voltage distribution for the full parallel approach
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The figure 2.9 shows the interfering scheme of the partial parallel approach between an

interfering system and a pipeline. The appending pipeline interference voltage distribution is

shown in figure 2.10. The beginning and the end of the approach is marked with a green

dotted line in both figures. It is assumed that the pipeline has an uninfluenced course at the

first 20 % and the last 50 % of its length. Up; and Up, stand again for the pipeline interference

voltages at the beginning and the end of the parallel approach.

\ : : 4
N, ! Interfering system Y
X e
NI N Yy
: ! :
I I
I I
! ! Pipeline
E T [

Figure 2.9: Interfering scheme of a partial parallel approach

Remote earth

In the figure 2.10 the interference voltage distribution is shown with black points. Up; and Up,

have based on the ladder network composition different directions (compare chapter 2.2.1).

Based on the shunt conductance the pipeline interference voltage reduces after the parallel

approach. This effect can compared to figure 2.10 be better seen in figure 2.10. The

representation of the absolute value (blue) is common use, therefore in further simulations

only the absolute values of the pipeline interference voltages are shown.
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Figure 2.10: Pipeline interference voltage distribution for the partial parallel approach
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3 AC Corrosion and Coating Holidays

This chapter describes the AC corrosion process and points the relevant factors for AC
corrosion out. Furthermore AC corrosion protection measures and the necessary equipment
are explained. In addition to that the correlation between coating holiday diameter, specific
soil resistivity and current densities are investigated in order to evaluate the AC corrosion
likelihood. At the end of this chapter the contribution of conductive interference at coating

holidays to the AC corrosion likelihood is discussed.

3.1 AC Corrosion Process

AC corrosion in general is an electrochemical process, which takes place under certain
circumstances. The following figure 3.1 shows a scheme of an isolated pipeline in earth with
coating holidays.

B Soil

XX Coating (PE, Bit.)
. Steel

Figure 3.1: Scheme of an isolated pipeline in earth with coating holidays [14]

If the pipeline is inductively influenced and has at least one isolation defect (coating holiday)
and lies in a humid soil all necessary requirements for AC corrosion (soil with oxygen, water,
ions and salts) are given. The humid, salty or rich in oxygen soil can be seen as the
electrolyte. The bare steel in the area of the coating holiday is the cathode. The electric
circuit is given by the fact that the pipeline is inductive (or conductive) interfered. For AC
corrosion two electrochemical processes are necessary. The first one is the reduction of
water or oxygen (humid or oxygen-rich soil). A reduction process needs electrons which are
taken from the earth contacting metal. Therefore the second necessary process starts with

the oxidizing of the metal. Within this step metal ions (ferric) and electrons get free. The
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metal ions react with other ions in the electrolyte. In the following rust-products (for example
metal oxide) develop [1].

3.2 AC Corrosion Protection

Metallic oil-, gas-, and district heating pipelines are covered with an isolating coating. This
first protection measure is also called primary corrosion protection [1]. If there are no coating
holidays, the pipeline will be protected against AC corrosion. Figure 3.2 shows the
installation of a natural gas pipeline. The pipeline could get some surface defects for
example by stones lying under it at the moment the digger fills the gap. In case of inductive
interference already small induced voltages of some 4-10 V can lead to high current
densities (above 100 A/m?) at small coating holidays (for example diameters < 10 mm, see

also subchapter 3.5).

Figure 3.2: Burying of a natural gas pipeline, image by Ernst Schmautzer

For this reason there exists the secondary corrosion protection called cathodic corrosion
protection [1]. In that case the pipeline is charged with a low (approx. -1.2 Vpc to -3.0 Vpc)
negative DC-voltage. Because of the negative polarity of the protection voltage, positive
metallic ions simply cannot leave the pipeline. The release of positive metal-ions and a
consequently anodic attack on the metal can so be mitigated and retarded. Therefore the
pipeline is split up into so called protection sections. The galvanic separations between
protection areas is realised with isolating joints. The following figure 3.3 shows the separation
of a cathodic protected pipeline into two protection areas [2].

Isolating Pipeline-km

joint 10,0
Pipeline-km | I Pipeline-km
0,0 | | 20,0

Protection

IZH—:I currents IZH—:l currents

() Protection
(+)

Anode Anode

Figure 3.3: Cathodic corrosion protection along interfered pipeline [2]
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3.3 Modelling Coating Holidays

Pipeline isolation defects can develop very easily, for instance during construction work.
From an electrical point of view, coating holidays can be seen as a small, high-impedant

pipeline AC earthing system connected to the pipeline.

There exist several publications and technical reports for example [1], [9], [25] in which the
model of a coating holiday is discussed. In this thesis it is chosen the approach to assume
the coating holidays as high impedant earthing systems of the pipeline. Generally speaking
the total resistivity of a coating holiday is the sum of the polarisation resistance of the bare
steel, the resistance of the medium inside the coating defect and the leakage resistance in

the soil. In this context in literature the term spread resistance is often mentioned.

Assuming homogenous soil conditions inside and outside the coating defect, the coating
holiday can be simplified as a circular plate earthing system. The amount of the polarisation
resistance plays a minor role and is not taken into account for the following considerations.
This can be done aware of the fact that for example the determination of the soil resistivity is
always an assumption [14].

The resistivity of a circular coating holiday can be calculated for example with the
approximate formula for a circular plate earthing system under the surface.

I’ch

p 2 r
=——(1+—-arctan—) (40) [16
L )0 el

resistivity of the coating holiday in Q
specific soil resistivity in Qm

diameter of circular coating holiday in m
radius of circular coating holiday in m
vertical distance from earth’s surface

to coating holiday in m

=
Q
=2

T—-0oDo

The following figure 3.4 shows the correlation between the resistivity of the coating holiday

r.h, the specific soil resistivity p and the diameter of the coating holiday d.
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Figure 3.4: Coating holiday resistance ren plotted against p for variable coating holiday diameters [14], [1],
modified

The figure 3.4 shows how the resistance of the coating holiday rises with increasing soil
resistivity. The specific soil resistivity p is varied from 10 Qm to 2000 Qm in steps of 10 Qm.
The diameter of the coating holiday is varied from 1 mm to 5 cm in steps of 1 mm.

The d = 1 mm series is dotted in red, the d =5 cm series is dotted in black.

One can see that a coating holiday acts like a very high impedant earthing system (for
example 1000 Q for a coating holiday with d = 2.5 cm at 100 Qm) to inductively interfered
pipelines. As can be shown the earthing effect of such high impedant holiday earthing
systems is much too low to reduce pipeline interference voltages of inductively interfered

pipelines, because of the low pipeline self-impedance [14].

3.4 Currents over Coating Holidays

In a next step a relevant induced pipeline voltages of 10V is assumed (the plots for the
relevant voltages of 1V, 4 V and 20 V can be found in the appendix — chapter 12.2). Based
on the coating holiday resistivities shown in figure 3.4 and Ohm’s law, the currents I, flowing
over the coating holidays, for the chosen values of the soil resistivity p and the coating

holiday diameter d can be calculated.
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Figure 3.5: Coating holiday current Icn plotted against p for variable coating holiday diameters and the reference
pipeline interference voltage of 10 V

The figure 3.5 shows how the currents over coating holidays decrease with rising soll
resistivity. This corresponds to relevant European recommendations [9], that state that for
very low soils resistivities (p < 25 Qm), the measured pipeline voltage towards remote earth
should not exceed 4V, to reduce AC corrosion likelihood. For greater soil resistivities
(p > 25 Qm) the pipeline voltage to remote earth should not exceed 10 V. These mentioned

values base on long term practical experience of European pipeline operators [9].

The diameter of the coating holiday in figure 3.5 is again varied from 1 mm to 5 cm in steps
of 1 mm. The d = 1 mm series is dotted in red, the d = 5 cm series is dotted in black. The
currents leaving the coating holidays are relatively small. The highest current I, of
approximately 0.4 A can be achieved with the maximum assumed interference voltage U; =
20 V (see figure 12.2), the maximum assumed coating holiday diameter d = 5 cm and the

minimum assumed specific soil resistivity p = 10 Qm [14].
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3.5 Current Densities at Coating Holidays

By dividing the currents over the coating holidays I, (see figures 3.5, 12.1 and 12.2) by the
circular surfaces of the coating holidays, the current densities at the assumed coating

holidays Jg, for the assumed induced pipeline voltages can be calculated.
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Figure 3.6: Current density at coating holidays Jen plotted against p for variable coating holiday diameters and the
selected reference pipeline interference voltage of 10 V, red line: 100 A/m? limit, green line: 30 A/m>-limit

The figure 3.6 shows how current densities at coating holidays J., decrease with rising soll
resistivities. At coating holidays with smaller diameters, the current densities are
comparatively higher. Due to the relevant European recommendations [9] there exists no or
a low likelihood of AC corrosion for current densities < 30 A/m2. The 30 A/m? limit is plotted in
green. For current densities between 30 A/m? and 100 A/m? there exists a medium AC
corrosion likelihood. For current densities > 100 A/m? there exists very high AC corrosion
likelihood. The 100 A/m? limit is plotted in red.

The calculations show that there already exist high AC corrosion risks for an assumed
induced voltage of 1 V (see figure 12.1), knowing well that this occurs only for very low soil
resistivities and very small coating holidays with diameters up to 5 mm. The small coating

holidays (d~ 1mm) in this investigation demonstrate a borderline case [14].

In the following tables 3.1 — 3.3 some significant cases are represented. Current densities
over 100 A/m? (very high AC corrosion likelihood) are marked in red. Current densities
between 30 A/m? and 100 A/m? (medium AC corrosion likelihood) are marked in yellow.

Current densities lower than 30 A/m? are marked in green.
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d=1mm ‘ d=5mm ‘ d=lcm ‘ d=2cm ‘ d=5cm
Jen in A/m?
Ui=1Vv 509.21 101.78 50.84 25.38 10.11
Ui=4v 2036.85 407.11 203.39 101.54 40.42
ui=iov | oo | I0NNE | FOSNS 253.84 101.06 |
ui=2ov | [i0IGHE | POSSISE | [OEGEN 507.68 20211 |

Table 3.1: Jch for selected induced pipeline voltages, selected coating holiday diameters and p = 10 Qm

The cases of low or no AC corrosion likelihood are marked in green. The medium AC
corrosion likelihood is marked yellow. Cases of high AC corrosion likelihood are marked red.

The bigger the coating holiday diameter gets, the lower the AC corrosion likelihood.

Table 3.2: Jep fi

d=1mm ‘ d=5mm d=lcm d=2cm d=5cm
Jen in A/m?
Ui=1vV | 50.92 10.18 5.08 2.54 1.01
vi=4v | EOSIGR 40.71 20.34 10.15 4.04
ui=1ov | GOCIEE 101.78 50.84 25.38 10.11
viz2ov | IDTEEE 203.56 101.70 50.77 20.21

or selected induced pipeline voltages, selected coating holiday diameters and p = 100 Om

d=1mm ‘ d=5mm ‘ d=1cm ‘ d=2cm d=5cm
Jen in A/m?
Ui=1Vv 5.09 1.02 0.51 0.25 0.10
Ui =4V 20.37 4.07 2.03 1.02 0.40
Ui=10V | 50.92 10.18 5.08 2.54 1.01
ui=20v | I00SE 20.36 10.17 5.08 2.02

Table 3.3: Jen for selected induced pipeline voltages, selected coating holiday diameters and p = 1000 Om

When comparing tables 3.1 — 3.3 one can recognize that AC corrosion likelihood referring to
the current density criterion (see also chapter 2.1.2) decreases with raising specific soil

resistivity p.

These results coincide with long-term electrochemical experiments [24] of corrosion research

institutions.

This effect can additionally be explained by the Pi-equivalent-circuit of an interfered pipeline
and with Carson’s and Pollaczek’s infinite series. Mutual impedances and consequently
induced pipeline voltages in direct axis get according to Carson [17] and Pollaczek higher
with increasing soil resistivities [18]. Consequently voltage drops in shunt direction (see also

figure 2.6) get proportionally lower.
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Generally speaking AC corrosion likelihood decreases with raising soil resistivities, because

the currents are more constraint to stay inside the metal.

Of course the impact of changing specific soil resistivities is in reality not as linear as shown
in the tables above. The linearity in the mentioned tables comes from disregarding the
nonlinear [19] polarisation resistance. The polarisation resistance bases on the pipeline
potential jump (polarisation) in the case of corrosion. The nonlinear resistance can for most
current densities not be calculated and has to be determined experimentally [21]. Knowing
that there exist several empirical formulas [19], the polarisation resistance can be neglected

in these cases.

Nevertheless the values are practicable reference values, if one thinks about uncertain
variables like the prevailing specific soil resistivity, the seasonal changes of the specific soil

resistivity or the geometry [20] of the coating holiday.

3.6 Conductive Interference through Coating Holidays

Conductive interference of coating holidays has to be considered in the vicinity of electrical
power stations and pylons [14], precisely because the cumulated impact of inductive and
conductive interference is relevant for AC corrosion. Mechanical destructions can damage
pipeline coatings causing coating holidays. If they are damaged once, they are exposed to
the risk of AC corrosion. Electric railways that lead their return currents partially through earth
may bring some additional interfering voltages through coating holidays or earthing systems.
Other interesting cases for conductive interference are pipelines in the vicinity of
transposition poles as well as in the vicinity of unbalanced high-voltage transmission

systems.

3.7 Summary

In this chapter coating holidays are assumed as circular plate earthing systems. The
investigations in this chapter show that for higher specific soil resistivities
(> 250 Qm) that are typical in parts of Austria, higher induced voltages than the in [9]
proposed 10 V are possible to remain nevertheless under the current density criterion for the
AC corrosion likelihood. In these cases the voltage criterion and the current density criterion
do not match. The voltage criterion is too general and inadequate; in the actual standard [9]
there exists only a differentiation for specific solil resistivities less than 25 Qm and bigger than
25 Om (see chapter 2.1.2). The current density criterion should in any case be kept because
it is more precisely, less general and considers coating holiday dimensions, specific soil
resistivities and induced voltages, whereas different coating holiday geometries are not

considered.
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4 Interference Voltage Mitigating Measures

This chapter describes the function of common pipeline interference voltage mitigating
measures such as AC earthing systems, isolating joints, compensation conductors,
increasing the distance between pipeline and interfering system and the optimisation of the
phase conductor arrangement. The descriptions of these measures are based on
measurements and simulations that are carried out with programs and tools developed within

the scope of this PhD thesis.

4.1 Earthing of the Pipeline

Connecting the pipeline with low impedant earthing arrangements such as ground rods or
horizontal earthing conductors represents an effective method to reduce induced pipeline
interference voltages. For the cathodic corrosion protection it's necessary to connect the
earthing arrangements with DC current blocking devices, as power capacitors or kirk-cells
(see figure 4.1). With the help of the power capacitor or kirk-cell, cathodic corrosion
protection DC currents can be prevented from draining off against remote earth [2].

In this connection the notion AC earthing is a common use [1].

The construction of earthing systems is an in Austria practicable option to reduce induced
pipeline voltages. Earthing systems can be installed during or after construction of the
pipeline if it occurs necessary. Effective earthing systems have to be very low impedant. This
can be realized by expanded horizontal earthing conductors or vertical earthing rods. This
can be very cost-intensive if one considers high soil resistivities of lime, brash or rock (500
Qm ... 3000 Om). A significant analysis regarding the seasonal change of the specific soll

resistivity is given in chapter 6.

The following figure 4.1 shows the principal impact of earthing systems on induced pipeline
voltages, for a parallel interfering situation, in dependency of the location and the earthing

resistance. The effects are hereby classified in

e No earthing

e One sided earthing

e Balanced earthing
and

e Unbalanced earthing.
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In the first subfigure the basic case, without a connected earthing system, is plotted in black.
In the second subfigure the basic case is black dotted.

Only one earthing system at the beginning or the end of a parallel approach leads, assuming
that the earthing system is sufficient low impedant to the full induced voltage at the end
without earthing system. This one side earthing effect is shown in the second subfigure of
figure 4.1.

Earthing systems with the same resistances at the beginning and the end of the pipeline lead
to the same reduction of the pipeline interference voltage at both ends, without any increase.
This effect is classified as balanced earthing effect and shown in the third subfigure of

figure 4.1.

Earthing systems at the beginning and the end of a parallel approach with different
resistivities lead to an increase of the pipeline interference voltage at the side with the higher
earthing system resistance. This effect is named unbalanced earthing and shown in the

fourth subfigure of figure 4.1.

In praxis increases of the pipeline interference voltage based on one sided earthing or
unbalanced earthing effects should be avoided.

|Up(><)|
» X
| | > _“’T_ Pipeline l
! Pipeline ! E
AC earthing system
Basic case: No earthing system connected One side earthing
rS rs
UP(X) UF’(X)
N =~ ~ - - - - = ~ - - =
By ~ — - =~ ~ = =
» X » X
‘_'LL Pipeline j_‘ ‘_’L Pipeline j_‘
EAC earthing EAC earthing EAC earthing EAC earthing
system 1 system 1 system 1 system 2
Balanced earthing R; = R» Unbalanced earthing Ri< R
R, R, Resistance of earthing systems (Q)
[Upgo Absolute value of pipeline interference voltage (V)
X Spatial distance (m)

Figure 4.1: Principle impact of earthing systems to induced pipeline voltages
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The figure 4.2 shows the approach between an in this example interfering railway system

and an interfered pipeline for the first calculation example (see figure 4.3).

\ Interfering electrical railway system /
I '

Isolating
joint Pipeline-km

o 8,0
F(’)ll%ellne-km |!l-{ i{ ”

Figure 4.2: Approach between an interfered pipeline and electric railway, locations of earthing [2], modified

Pipeline-km
20,0

—

The basic case (no earthing system connected) in figure 4.3 is plotted in blue. The red
plotted line demonstrates the potential raising effect if only one side of the pipeline is
grounded. The maximum induced pipeline voltage is about 100 % higher than in the basic
case without earthing systems. The best voltage reducing effect in this example can be
achieved with low impedant (£ 1 Q) earthing at both ends of the pipeline (green line). This
effect is caused by the low pipeline impedance derived in 2.2.3.

The position of the earthing systems has a real influence on the maximum induced pipeline
voltage as it is shown in figure 4.3 by the black or the red line.
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Figure 4.3: Principal pipeline voltage distribution along inductive interfered pipeline with different earthing
locations [2]

René Braunstein Page 46



Interference Voltage Mitigating Measures

The calculations in figure 4.3% show that earthing systems at inappropriate locations can
raise the maximum induced pipeline voltage significantly [2]. In addition to the fact that they
have to be very low impedant (< 1 Q) to achieve significant results [4], [6]. Within the scope
of chapter 8 algorithms for the optimum placement of earthing systems along interfered
pipelines are described.

4.2 Installation of Isolating Joints

An isolating joint is a piece with an isolating inner layer, which is put between two pipeline
parts. The isolating coupling interrupts the electrical continuity between the two pipeline
pieces [9.]

The installation of isolating couplings can be an expensive and extensive measure (see also
at the case studies in chapter 7). Isolating joints may cause problems regarding longevity.
Originally they are installed for separating cathodic protection areas (see chapter 3.2), but
they also have an impact on pipeline interference voltage distributions. It has to be taken into
account that for every isolating joint an additional cathodic corrosion protection area with an
additional rectifier has to be realised (see figure 3.3 and chapter 7.2).

The following figure 4.4 shows the principal impact of isolating joints to pipeline interference
voltages, for a parallel interfering situation, in dependency of the location of the isolating joint.

A
IUP(X) | |UP(><) | Isolating joint
» X
} Pipeline l > X
f it il
Pipeline
Basic case: No earthing isolating joint installed Isolating joint at 50 % of pipeline length
A A
|UP(><) Isolating joint Isolating joint |UP(><) | Isolating joint Isolating joint Isolating joint
» X » X
I } if d I } if it il
Pipeline Pipeline
Isolating joints at 25 % and 50 % of pipeline length Isolating joints at 25%, 50 % and 75 % of pipeline length
[Upgo Absolute value of pipeline interference voltage (V)
X Spatial distance (m)

Figure 4.4: Principle Impact of isolating joints to pipeline interference voltages

“Detailed simulation parameters, see chapter 12.
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In the first subfigure in figure 4.4 the basic case, without an installed isolating joint, is plotted
in black. The second subfigure shows the basic case in dotted black, the effect of an isolating
joint in the middle of the pipeline is shown in blue. For a parallel approach and a constant
horizontal distance between pipeline and interfering system an isolating joint at the middle of
the pipeline leads to a halving of the maximum pipeline interference voltage. This effect is
shown in the second subfigure in figure 4.4.

Isolating joints at 25 % and 50 % of the pipeline lead in case of a parallel approach and a
constant horizontal distance between the pipeline and the interfering system to a quartering
of the maximum pipeline interference voltage between 0 % and 50 % of its length. Between
50 % and 100 % of the pipeline length the maximum interference voltage is halved. This
effect is shown in the third subfigure of Figure 4.4.

Three balanced isolating joints at 25 %, 50 % and 75 % of the pipelines length lead to a
gquartering of the maximum pipeline interference voltage. This effect is shown in the fourth

subplot of figure 4.4.

The figure 4.5 shows the approach between an in this example interfering railway system
and an interfered pipeline for the second calculation example (figure 4.5).

\ Interfering electrical railway system /

Pipeline-km km 10,0 km 20,0
0,0 | |
Isolating
joint
Figure 4.5: Approach between an interfered pipeline  and electric  railway, location  of

isolating joint [2]
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Figure 4.6: Absolute values of interference voltages along inductive interfered pipeline with and without an
isolating joint [2]

The basic case (no isolating joint, approach between systems is shown in figure 4.5) in the
previous figure 4.6 is plotted in blue. The induced pipeline voltage reaches about 98 V. The
red line in figure 4.6 explains the use of an isolating joint at pipeline-kilometre 10. As it can
be seen in figure 4.6, the pipeline voltage can be halved [2].

The following figure 4.7 shows the approach between the influenced pipeline and the railway

for the third calculation example.

\ I /

Interfering electrical railway system

Isolating Pipeline-km

joint 10,0
Pipeline-km I I I Pipeline-km
0,0 ! il 1 200

Figure 4.7: Approach  between an interfered pipeline and electric  railway, location  of
isolating joint [2]

The following figure 4.8 shows the induced pipeline voltage along the interfered pipeline for
the approach in figure 4.7. The basic case (no isolating joint) is plotted blue. The case with
an isolating joint at pipeline-kilometre 10 is shown in red. The maximal induced pipeline

voltage without an isolating joint (plotted in blue) is in this case lower than the maximum

René Braunstein Page 49



Interference Voltage Mitigating Measures

induced pipeline voltage with the option of an isolating joint at pipeline-kilometre 10 (plotted
in red).

Another interesting effect, shown in figure 4.8, is the in 223 derived
self-earthing effect [2].

100 T r T r
= no isolating joint == isolating joint at km 10

90

80

70

.\ /
S
m N A/
o \V4

0 2 4 6 8 10 12 14 16 18 20
Pipeline-kilometre

Figure 4.8: Induced voltage distribution along an inductive interfered pipeline with and without isolating joint [2]

Interference Voltage in V

The installation of isolating joints can already be realized during pipeline construction. The
installation of an isolating joint at an already buried pipeline is very cost intensive. It makes
sense to plan the isolating joints together with the pipeline operator during the planning
phase. So the distribution of the cathodic corrosion protection areas can be adjusted with the
interference situation. As the calculations in figure 4.8 show, an isolating joint at the wrong
location can increase the maximum induced pipeline voltage. For this reason the interference
situation and the design of the protection sections shall be considered in the planning
process as equally important and be evaluated by experts [2].
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4.3 Compensation Conductors

Generally speaking compensation conductors in earth have either to be buried barely or they
have to be grounded with low impedances at both ends in order to enable the current flow. In
order to avoid corrosion of bare compensation conductors in earth, tin coated copper can be

used.

Established reduction factors of for example earth wires (approximately 0.7) or railway
systems (approximately 0.15 — 0.5, depending on the number of rails and the distances to

substations) are summarised in [10].

The in this thesis calculated reduction factors base on the series of Carson (see chapter
2.2.2), assuming the pipeline and compensation conductors as infinite long conductors with
earth return. Therefore the computed values can be seen as the mitigation of the in the
pipeline induced currents due to the existence of additional compensation conductors with
earth return. As also mentioned in [35] these compensation conductors can be for example
earth wires, cable sheaths, other metallic pipelines or horizontal earthing conductors.

Referring to [36] the advantages of bare buried compensation conductors are the mitigation
of the pipeline interference voltage as well as the simultaneous existence of a horizontal
earthing conductor which can be used for earthing the pipeline and the voltage grading effect
which reduces touch voltages.

In the following subchapter 4.3.1 the calculation procedure is derived and described for a
concrete example. In addition to that a simulation result for the influence of varying the
horizontal distance between compensation conductor and pipeline on the pipeline reduction

factor Rep is shown and discussed.

In the following subchapter 4.3.2 the influence of the phase positions of an interfering high-

voltage line is investigated.

In subchapter 4.3.3 the results of a concluded pipeline interference measurement are

summarised and compared with the results of the computational simulation.
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4.3.1 Calculation of the Pipeline Reduction Factor Rgp

The following figures 4.9 and 4.10 show schemes of interfering situations for explaining the

calculation of the pipeline reduction factor Rep.

For the calculation of the pipeline reduction factor, the pipeline current is important.
Therefore the current has to be calculated as if there is no compensation conductor (see Ipo,
figure 4.9). In a next step the pipeline current has to be calculated, taking the to be analysed

compensation conductor into account (see lpc, figure 4.10).

The pipeline reduction factor Rgp can be set up as:

R, - |ec| (41)
!PO
Ipc Pipeline current taking the to be analysed compensation conductor
into account (A)
lpo Pipeline current without taking the to be analysed compensation conductor
into account (A)
\ . /
\\ Interfering system //
N /
(S —— — e ——— /
Jﬂ Pipeline
|u-

J_ Remote earth

I ... Interfering current (A), Upo ... Pipeline interference voltage (V)

Figure 4.9: Scheme of an interfering situation between a pipeline and an interfering system

\ Interfering system V4

Remote earth

PC Pipeline

Usc

Remote earth

Ic ... Induced compensation conductor current (A), Upc ... Induced compensation conductor voltage (V),
Ipc ... Induced pipeline current, Upc ... Pipeline interference voltage (V)

Figure 4.10: Scheme of an interfering situation between a pipeline, a compensation conductor and an interfering
system
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The following figure 4.11 shows the geometrical arrangements of an assumed one-circuit
pylon with one earth wire, the in this example varying compensation conductor and the
pipeline. For the simulation the crucial mutual impedances are based on simplifications of

Carson’s formulas, which can be found in [29].

Earth wire - E

gy

Compensation O Pipeline - P
Conductor - C

Figure 4.11: Mutual impedances between the phases of a one-circuit pylon, earth wire, horizontal movably
compensation conductor and pipeline

The interfering phase currents |;, I, and |z are given. The currents along the earth wire Ig, the
compensation conductor Ic and the Pipeline I have to be calculated. The calculation

procedure is principally described in [41].

The relation between mutual impedances?®, inducing currents, phase voltages and induced

currents can be stated as:

QJ _ZPll ZPlZ ZP13 ZPlE ZPlC ZPlP

Qz ZPZl ZPZZ ZPZB ZPZE ZPZC ZPZP

Qg _ ZP31 ZPSZ ZPSS ZPSE ZP3C ZP3P ] (42)
01 L 1L

With the help of the areas marked green in the above equation (42), the following equation

(43) can be set up in order to calculate the unknown currents Ig, Ic and Ip:

®The particular mutual impedances can be found in figure 4.9. Zp11, Zp2o, Zpss, Zeg, Zcc @and Zpp are the
self-impedances of the particular conductors.
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_!l _
|
0 Lo Looe Lose Leg Lec Zep iz
0= ZPlC ZPZC Zpsc ZEC ch ZCP ’ f (43)
0 Lo Loop Losp Lep Lep Lpp iE
Ic
e |

The next algebraic transformations offer equations (44) and (45).

P1E =P2E ZP3E ll ZEE ZEC ZEP !E

0] [Zoe 2
0 = ZPlC ZPZC ZPSC : l2 + ZEC ZCC ZCP ' !C (44)
0] |Zop2Z

pop Lpap 15 Zep Zep Zop lp

P1P

- -1

!E ZEE ZEC ZEP _ZPlE ZPZE ZP3E !1
!c == ZEC ch ZCP ) ZPlC szc Zpsc ’ !2 (45)
!p_ ZEP ZCP ZPP _ZPlP szp ZPBP !3

Using the law of Sarrus for symmetrical matrices with more or equal than 3 line- and column
elements the following equation (46) can be set up:

2

ZEE 'ZPP _ZCP ZEP 'ZCP - ZEC 'ZPP ZEC 'ZCP _ZEP 'ch
- ZCP 'ZEP - ZEC 'ZPP ZEE 'ZPP - ZEP2 ZEP 'ZEC _ZEE 'ZCP
I
iE LZec Lep—LopLep Zic Lep —Lee Ler Lee " Lec _ZEC2
c | T

P2E ZP3E !l

Lo Z
ZPlC ZPZC ZP3C : !2 (46)
Loy L

P1E

PP &P2pP ZP?,P !3
The unknown currents Ig, Ic and Ip are calculated with the following equations (47), (48) and
(49).

_ {[(Il 'ZPLE +!2 'ZP2E + !3 'ZpsE)] i [(ZEE 'ZPP _ZCPZ) + (ZEP 'Zcp — ZEC ‘ZPP) + (ZEC 'ZCP — ZEP ch)]}
e~ 2

ZEE 'ch 'ZPP +ZEC 'ZCP 'ZEP + ZEP 'ZEC 'ZCP _ZEP 'ch - Zcpz 'ZEE _ZPP 'ZE(:2

. = — {[(Il 'ZPlc + lz 'szc + ls 'ZPac)] i [(ZCP 'ZEP _ZEC 'ZPP) + (ZEE 'ZPP — ZEPZ) + (ZEP 'ZEC — ZEE 'Zcp)]}
Lo
ZEE 'Zco 'ZPP + ZEC 'ZCP 'ZEP + ZEP 'ZEC 'ZCP _ZEP ? 'ch _ZCPZ ’ZEE - ZPP 'ZECZ
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_ = {[(, - Zpyp +1y - Zoop + 1y Zogp )] - [(Zee * Zep = Zop - Zep) + (Zee " Zep — Zeg * Zep) +(Zeg " Lo — ZECZ)]}

P 2 2 2
'ZEE _ZPP 'ZEC

ZEE 'ch 'ZPP + ZEC 'ZCP 'ZEP + ZEP 'ZEC 'ZCP - ZEP 'ch _ZCP

(49)

Based on the mentioned equations (42) — (49) the pipeline reduction factor Rgp can be
defined for the in figure 4.11 introduced conductor arrangement. For calculating the pipeline
current as if there is no compensation conductor, the elements of the 4th line and 4th row of

the in equation (42) shown impedance matrix have to be eliminated.

Based on formula (41), the pipeline reduction factor Rep for the example introduced in figure

4.11 can be set up as:

- {[(Il i ZPlP + !2 'ZPZP + !3 'ZPsp )] ’ [(ZEC 'ZCP - ZCC 'ZEP) + (ZEC 'ZEP - ZEE 'Zcp) + (ZEE 'Zco - ZECZ)]}
2 2 2
_ ZEE 'ch ‘ZPP + ZEC 'ZCP 'ZEP + ZEP 'ZEC 'ZCP _ZEP 'ch - Zcp 'ZEE - ZPP 'ZEC
P - {[(Il i ZPlP + !2 'ZP2P + !3 'ZPsp) ’ (_ZEP )] + [(Il | ZPlP + !2 'ZPZP + !3 'Zpsp) i (_ZEE)]}

ZEE ‘ZPP _ZEPZ

Pyl

(50)

The calculation procedures derived in this subchapter show that it gets complex very quickly,
if one takes more phase- or compensation conductors than in the introduced example into
account, which underlines the benefit of a Matlab® based tool with matrix algebra.

As formula (50) shows, the impact of the earth wire is taken into account for the calculation of
the pipeline reduction factor, because also the passive conductors influence each other.
Consequently the following figures 4.12 — 4.14 demonstrate the shared influence of a fixed

earth wire and a varying compensation conductor.

The following figure 4.12 shows the pipeline reduction factor Rgp for the in figure 4.9 shown
one-circuit pylon and varying horizontal distances between compensation conductor and

pipeline.
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giig;ir::.lz Pipeline reduction factor Rep for varying horizontal distance between compensation conductor and
The figure 4.12 shows the pipeline reduction factor Rgp for moving horizontal locations of the
compensation conductor. The pipeline is located 50 m on the left side of the overhead line
and buried in a depth of 1 m. The compensation conductor is buried at the same depth. A
demonstrably positive effect is evident for a compensation conductor position between
- 70 m and -30 m (related to the pylon centre). Between -20 m and 20 m the compensation
conductor is inside the 20-m-safety radius which is in Austria required [7] between 110 kV
pylons and pipelines. In this area conductive interferences between pylon earthing system
and compensation conductor is very likely. Therefore this green marked area should be
avoided as position of the compensation conductor. In the close area to the best result for
the pipeline reduction factor Rep can be achieved. Consequently the optimum position of the
compensation conductor is between -52 m and -47 m (related to the pylon centre). The main
result of this simulation is that compensation conductors should be located very close to the
pipeline. In order to investigate the optimum burying depth of a compensation conductor

additional simulations are carried out and shown in figure 4.13.
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Figure 4.13: Zoom into relevant area for pipeline reduction factor Rrp and different compensation conductor
burying depths

The figure 4.13 shows the pipeline reduction factor Rgp for the introduced example and
different compensation conductor installation depths. The pipeline is buried at a depth of 1 m,
the compensation conductor is buried between depths of 0.5 m and 2 m. The best result can
be achieved by burying the compensation conductor 0.25 m directly above the pipeline. This
result stands similar for putting the compensation conductor 0.25 m beside the pipeline.

The figure 4.14 shows the pipeline reduction factor Rgp for varying pipeline positions and
varying compensation conductor positions. The pipeline is located between -450 m and
450 m from the overhead line and buried in a depth of 1 m. The compensation conductor is
buried at the same depth. The deviation between the varying pipeline positions having the
same distance to the overhead line but lying on the opposite side of the high-voltage line can
be explained by the influence of the phase conductor arrangements (see also 4.3.2). It is
evident, that the phase conductor arrangements have the biggest influence if the
compensation conductor is close to the overhead line. If the compensation conductor is in

the vicinity of the pipeline, the influence of the phase positions is very low.
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Figure 4.14: Pipeline reduction factor Rep for different pipeline locations and moving compensation conductor

There exists a local dependency of the pipeline reduction factor Rgp in relation to the distance
between pipeline and compensation conductor. In cases where the compensation conductor
is close to the pipeline, the pipeline position plays a minor role. In cases where the pipeline is

closer to the high-voltage line, a comparably better effect can be achieved by positioning the

compensation conductor close to the overhead line.

Generally speaking, there are two possibilities of placing the compensation conductor either
close to the pipeline or close to the overhead line whereas the 20-m-safety radius has to be
taken into account. Effects based on the phase conductor arrangement may worsen the
situation. Consequently one is on the safe side by burying the compensation conductor close

to the pipeline.

The simulations for the pipeline system show, that a the situation depends on a lot of
parameters as there are for example the specific soil resistivities, the number of influencing
conductors, the frequency, the conductor self-resistances per unit length, the phase positions

or the geometry. All significant parameters have to be separately evaluated for each case.
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4.3.2 Influence of Phase Conductor Arrangements

The influence of different phase conductor arrangements is investigated for the in figure 4.15

introduced overhead-pylon. For a single circuit-system, the following phase conductor

arrangements can be defined:

¢ Phase position 1: Phase 1: 0°, Phase 2: 120°, Phase 3: 240°
¢ Phase position 2: Phase 1: 0°, Phase 2: 240°, Phase 3: 120°
¢ Phase position 3: Phase 1: 240°, Phase 2: 120°, Phase 3: 0°
e Phase position 4: Phase 1: 240°, Phase 2: 0°, Phase 3: 120°
e Phase position 5: Phase 1: 120°, Phase 2: 0°, Phase 3: 240°
e Phase position 6: Phase 1: 120°, Phase 2: 240°, Phase 3: 0°

In the table 4.1 the results for a typical arrangement of 3 phase wires, an earth wire and a

pipeline (see also figure 4.15) are summarised.

Earth wire - E

Phase 1-P1

Phase 3 - P3

Phase 2 - P2

O Pipeline - P

Figure 4.15: Conductor- and pipeline arrangement for the first investigated case summarised in table 4.1

Absolute Phase Absolute Phase
value of Ig angle of [e | value of Ip angle of Ip
Phase Value E1 Value El Value P1 Value PI
position 1
Phase Value E2 Value Ell Value P2 Value PII
position 2
Phase Value E2 Value Elll Value P2 Value PlII
position 3
Phase Value E1 Value EIV Value P1 Value PIV
position 4
Phase Value E2 Value EV Value P2 Value PV
position 5
Phase Value E1 Value EVI Value P1 Value PVI
position 6

Table 4.1: Influence of the phase positions for an arrangement with 3 phase wires, 1 pipeline and 1 earth wire
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The general results in table 4.1 show that the investigated phase positions lead for a
configuration with three horizontal phase wires, one earth wire and one pipeline to two
possible results regarding the absolute values of the currents in the earth wire I and in the
pipeline l,. Two obvious classes develop (marked in yellow and green). Phase positions 1, 4
and 6 lead to the same absolute values as the phase positions 2, 3 and 5.

This effect can be explained by the two passive conductors (earth wire and pipeline)
additionally influencing each other. The phase angles of the earth wire current Iz and the

pipeline current Ip are different for each investigated type of phase position.

In the table 4.2 the results for a typical arrangement of 3 phase wires and a pipeline (see

figure 4.16) are summarised.

Phase 1 - P1 Phase 3 - P3

Phase 2 - P2

O Pipeline - P

Figure 4.16: Conductor- and pipeline arrangement for the second investigated case summarised in table 4.2

Absolute Phase angle
value of |p of Ip
Phase position 1 | Value P3 Value PVII

Phase position 3 Value P3 Value PVIII

Phase position 4 | Value P3 Value PIX

Phase position 5 | Value P3 Value PX

Phase position 6 | Value P3 Value PXI

Table 4.2: Influence of the phase positions for an arrangement with 3 phase wires and 1 pipeline

René Braunstein Page 60



Interference Voltage Mitigating Measures

The general results summarised in table 4.2 show that for the investigated arrangement of 3
phase wires and one pipeline, the pipeline currents | are independent from the phase
position. In this case no obvious classes develop.

In the table 4.3 the results for a typical arrangement of 3 phase wires and an earth wire (see
figure 4.17) are summarised. The difference to the previous simulation is that the mutual
impedances between phase 1 and earth wire (figure 4.11 Zp;¢ and Phase 3 and earth wire

Zp1e) are identical.

Earth wire - E

Phase 1 - P1 X Phase 3- P3

Phase 2 - P2

Figure 4.17: Conductor- and pipeline arrangement for the third investigated case summarised in table 4.3

Absolute Phase angle
value of lg | of le
Phase position 1 Value E3 Value EVII

Phase position 2 Value E3 Value EVIII

Phase position 3 | Value E3 Value EVII

Phase position 5 Value E3 Value EIX

Phase position 6 Value E3 Value EVIII

Table 4.3: Influence of the phase positions for an arrangement with 3 phase wires and 1 earth wire

The general results summarised in table 4.3 show that for the investigated arrangement of 3
phase wires and one Pipeline, the earth wire currents |z are independent from the phase
position. In this case no obvious classes develop. The phase angles of I however show a
dependency of the phase positions. Therefore three obvious groups develop. Phase
positions 1 and 3 lead to the same phase angles as well as the phase positions 2 and 6 and

the phase positions 4 and 5.

The results of this investigation show that pipeline currents and accordingly pipeline
interference voltages depend on phase positions of overhead lines, if there are two or more

passive conductors.
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4.3.3 Simulation and Measurement

The calculated pipeline reduction factors that base on Carson’s formulas give good
indications about the optimal compensation conductor position. If the compensation
conductor is not buried barely it has to be grounded at both ends with low impedances. This
is not investigated in the simulations. For calculating the impact of isolated compensation
conductors that are directly connected to both ends of the pipeline other calculation methods
have to be taken into account. An iterative network considering pipeline impedances (see
figure 2.5) can for example be set up and solved. If the compensation conductor is already
buried measurements can give additional information about the impact of the compensation
conductor for different circuits, well knowing that the effective impact depends on multiple
parameters like the specific soil resistivity or other metallic installations (earth wires of other
interfering systems, horizontal earthing conductors of transformer stations) in the interfering
area. Therefore measurements [37] of the pipeline interference voltages considering the
impact of an existing compensation conductor took place. The principal arrangement of the
investigated case can be found in the figure 4.18. The distance between the pipeline and the
compensation conductor is approximately 30 cm. In the investigated case, the railway

system is only equipped with contact- , messenger wire and rails.

Messenger wire
—0 —
—0 O—

Contact wire

A&W

Pipeline Rails

Compensation
Conductor

Figure 4.18: Principal conductor arrangement of the investigated case

The rail reduction factor Rgr can be calculated with the introduced procedure in chapter
4.3.1. Assuming that there is no functional compensation conductor, the calculation of rail the

rail reduction factor amounts to 0.32.

The pipeline reduction factor Rep is, under the assumption that no rails exist, 0.62. The

product of both reduction factors leads to in the classical approach to an overall reduction
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factor of approximately 0.20. Well knowing that passive conductors have a coupling influence
to each other the overall reduction factor is calculated for an interfered arrangement with
pipeline and compensation conductor and amounts to 0.22.

The figure 4.19 shows a scheme of the approach between the interfered pipeline and the

interfering railway system.

Interfering electrical railway system

Pipeline-km 0 % | %l Pipeline-km 100 %

Isolating
joint
Figure 4.19: Approach between the interfered pipeline and interfering railway system in the investigated case

In the figure 4.20 possible switching possibilities of the compensation conductor are shown.

Isolating
joint

Pipeline-km 0 % Pipeline-km 100 %

Compensation conductor

= 05Q 0.8Q=

Figure 4.20: Pipeline and compensation conductor, switching possibilities

Within the context of this PhD thesis the following switching scenarios S1 - S7 are defined for

the measurement in order to demonstrate the effect of the compensation conductor.

e S1: The pipeline connected with compensation conductor at both ends and both
earthing systems.

e S2: The pipeline is connected with compensation conductor at one end and with both
earthing systems.

e S3:. The pipeline is connected with both earthing systems. The compensation
conductor lies isolated in earth.

e S4: The pipeline is not connected to earthing systems. The compensation conductor

is connected to the earthing systems at both ends.
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e Sb: The pipeline is not directly connected to any earthing system. The compensation
conductor is connected to the pipeline at one end. At the other end the compensation
conductor is connected to an earthing system.

e S6: The pipeline is connected with compensation conductor at both ends. No
connection to earthing systems.

e S7: The compensation conductor is connected to the pipeline at one end. No
connection to earthing systems.

e S8: The pipeline and the compensation conductor are not connected with each other

and not connected to earthing systems.

With the help of the at the beginning of this chapter introduced method, based on Carson’s
formulas it is possible to calculate the impact of switching scenario 4— Pipeline not connected
to earthing system, compensation conductor is grounded at both ends. The calculation of the
pipeline reduction factor Rep is carried out within this thesis. The simulation of this switching
scenario (Rep 0.62) coincides with the measurement (Rrp=0.59).

The measurements showed that the best effect can be achieved with switching scenario 6 —
pipeline connected with the compensation conductor at both ends without a connection to the
earthing systems. This effect can be explained by the compensation of the currents along the
pipeline by the return currents in the reduction conductor based on the small distance of

approximately 30 cm between the pipeline and the compensation conductor.

Based on the measurements the best pipeline interference voltage mitigating effects can be
achieved by

¢ Earthing the pipeline at both ends (S3).

e Earthing the compensation conductor at both ends (S4).

e Connecting the compensation conductor with the pipeline at both ends (S6).

In order to get sufficient compensation currents, simulations show that the self-resistance of
the compensation conductor (see R;, formula (14)) should be less or equal than the self-
resistance of the pipeline. For the simulation of the impact of switching scenario 4, the
earthing systems where not considered. It is apparent that the compensation conductor can
be a preferable variant under certain circumstances, if there is for example a full and
constant parallel approach over some kilometres where very high specific soil resistivities (>

250 Om) prevail and low impedant earthing systems are not possible.

During the measurement carried out, the pipeline interference voltage against remote earth

was measured at 6 measuring points along the pipeline. The interfering railway system was
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fed from one substation. The interfering currents were measured directly in the substation.
The measurements as well as the simulation in figure 4.21 are extrapolated to a given
current feeding current of 1000 A from the substation. The measurement and the simulation
base on a switching scenario without a functional compensation conductor. Therefore the
railway reduction factor of Rgg= 0.32 is considered for the simulation. The following figure
4.21 shows the comparison between measurement and simulation of the introduced case
and switching scenario 8. In the investigated case the compensation conductor is an isolated
copper conductor with a cross section of 50 mm?. Due to the fact of an isolated conductor
and consequently no current flow, the compensation conductor in scenario 8 has no

influence on the pipeline interference voltage.

r r
100 \ = Simulation == Measurementﬁ
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Figure 4.21: Comparison between measurement and simulation for the investigated case
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As figure 4.21 shows, the simulation gives higher values than the measurement. A difference
between the simulation and the measurement is that from the middle the measured curve
doesn’t rise with the same gradient as the simulated curve. This can be explained by the fact
that for the simulation a constant current is assumed over the whole interfering section. In
reality in case of one side infeed the current decreases over the length of the contact wire,
because different vehicle positions have to be considered (see also
figure 5.1).

The existence of other conductive material in earth, for example horizontal earthing
conductors of transformer stations or two additional inoperative rails along some parts of the
railway section is known but not part of the simulation model. Some older publications, for

example [35] mention a civilisation (reduction) factor in order to regard these circumstances.
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As it can be seen in the comparison it could be meaningful to reintroduce the civilisation

(reduction factor) especially in urbanised areas with global earthing systems.

The calculation of mutual impedances was performed for a in this region conservative value
of the specific soil resistivity of 100 Qm. According to the in chapter 2.2.2 introduced
formulas, the mutual impedances and consequently induced voltages in longitudinal direction
raise with raising specific soil resistivity.

Another argument for explaining the differences between measurement and simulation is the
fact that it was due to the topological conditions not always possible to place the measuring
conductor electrode at a sufficient high distance from the pipeline to find remote earth,
consequently the measured voltages would not correspond to the pipeline interference

voltages.

4.4 Increasing of the Distance between Pipeline and Interfering System

An alternative to the above mentioned measures is the spatial separation of influencing and
influenced system. The following example in figure 4.22 shows clearly that for keeping the
pipeline voltages under the 10 V AC corrosion risk criterion, it is necessary to consider a
protective distance between pipeline and influencing system [4].

55
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= PE 500 m
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.. PE 1000 m
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g R ——PE 1250 m
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Pipeline-kilometre

Figure 4.22: Pipeline interference voltage as a function of the horizontal distance [4], modified

The smaller induced voltage distribution in Bitumen isolated pipelines compared to PE

isolated pipelines with the same system distance is evident in figure 4.20.
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Thus results for a 10-km-long parallel course, with a homopolar influencing current (in the
figure 4.22: 1000 A traction current), as it might be caused by electric railway equipment, to
distances of approximately 2000 m, in order to keep the pipeline voltage under the requested
10 V-limit.

Additional Results as for example for a 1000-m-long parallel course can be derived from
formula (23) which amount to a necessary horizontal distance of 200 m to keep the pipeline
voltage under the 10 V-limit. Such easy developable distances should be taken as far as

possible into consideration during spatial planning processes [6].
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45 Other Measures

The optimisation of the phase conductor arrangement of high-voltage-overhead lines can
reduce induced pipeline voltages. In the previous chapter 4.3.2 of this thesis, the effect of
different phase conductor arrangements of a single circuit-system is already demonstrated.

Former investigations [12] of the Institute of Electrical Power Systems of Graz University of
Technology show a significant effect of the phase positions on the magnetic field in the
vicinity as well as in the far area of high-voltage lines. In [38] the impact of the phase
conductor arrangements of a three-level pylon (,Tonne”) on the induced interference
voltages of a parallel 10-km-long pipeline in a horizontal distance of 250 m buried pipeline is

investigated. The figure 4.23 shows the investigated phase conductor arrangements.

1 1 1 1
L3 L1 L3- L2
2 2 6 2 2
L1 L2+ L1+ L3
3 3 3 3
L2* L3+ L2+ L1
1 1 1 1
L3+ L2 L3* L3
2 2 2 2
n L1 L1 Y L1 L1
3 3 3 3
L2- L3 L2* L2
1 1 1 1
L3 L1 L3* L3
9 2 2 2 2
L1+ L3+ L1+ L2+
3 3 3 3
L2 L2° L2 L1

Figure 4.23: Investigated phase conductor arrangements [38], modified

In figure 4.24 the pipeline interference voltages for the in figure 4.23 introduced phase
positions are shown.
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Figure 4.24: Pipeline interference voltage for different phase positions [38], modified
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The pipeline interference voltages in figure 4.24 are rated to the maximum (y-transposition)
and shown in per cent. It is evident that there is a factor of 5-6 between best-case
(symmetrical n-transposition) and the worst-case (y-transposition). In summary it can be said
that the optimisation of the phase positions is a supplement to the introduced measures like
AC earthing systems, isolating joints or compensation conductors especially for shorter
pipelines of some ten kilometres, if the phase positions do not change along the interfered
pipeline section. Nevertheless, the scope of this thesis is focused on the measures AC

earthing systems, isolating joints and compensation conductors.

Partial and full active compensation of induced pipeline voltages are effective, but
expensive measures. In the case of short parallel courses between pipeline and interfering
system, the methods are too cost-intensive. In the case of long parallel courses the required
electric power of the active compensation system might be very high [1]. Until today this

measure hasn’t been applied in Austria.

4.6 Summary

The multiple possibilities to reduce pipeline interference voltages are demonstrated in this
chapter with the help of simulations and measurements. The analyses of the impact of
varying distances between pipeline, interfering system and compensation conductor on the
pipeline reduction factor Rgp shows a dependency on the distance. Therefore established

constant reduction factors should in future be mentioned with a corresponding distance.

Well knowing that the focused interference voltage mitigating measures AC earthing
systems, isolating joints and compensation conductors relate to specific costs, the preferred
fields of application of these measures are illustrated with the help of a representative case

study in chapter 7.
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5 Interfering Systems

In this chapter the procedures for calculating pipeline interference voltages due to the
influence of electric railways and high-voltage transmission lines are described. The impacts
of electric railways and 400 kV overhead lines on maximum pipeline interference voltages

are compared with each other.
5.1 Electric Railways

The electrical railway traction vehicles can be seen as moving electrical loads along the
railway feeding section (see also figure 5.1). Railway traction vehicles can be fed by one side
only (one substation) or two sides (two substations).To calculate all possible pipeline
interference voltages along the pipeline all possible inducing current situations have to be
considered, which means all possible positions of the locomotives for both- or one side
infeed [2]. In practice both side infeed is preferred to one side infeed regarding reliability as
well as overhead line losses. The following figure 5.1 shows a scheme of a one side fed
railway section, the locomotive positions for the highest time-table load and the current
sharing of operating- and back currents.

Contact wire

—p ... Operating currents
= ... Back currents
= SS A... Substation A
| SS A V1-V6 ... Railway traction vehicles

| |
l[ola\ v1 Io[a\ lOIal \/1 \/2 \/ Iolal \/1 V2 \/3 l\/4 1

| IVl I\/2 |V3 |V4 I\/5 I\/6 I
i V1] v2 v3 ve !
I

| Ra|ls J | | | ¥
| |
I Im[al[ }ow Return conductor/Earth :
| |
| |
| |
| |
| |
I

Figure 5.1: Positions of Railway traction vehicles for highest time-table load, scheme for operating- and back
currents [27], [28], modified

If the operation current at the end of a feeding section is too small to supply the relevant
traction vehicles another feeding section has to provide the infeed. Another criterion for the
implementation of feeding sections is the admissible voltage range which is for Austria
defined in OVE/ONORM EN 15163 [45] and amounts to = 20 % from the nominal
voltage (15 kV).
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5.1.1 Normal Operation

The first subplot of the following figure 5.2 shows a typical traction-current diagram. The
development of such traction diagrams is defined in the German standard DIN VDE 0228 —
part 3 [27]. These diagrams are usually prepared by the operational management of the
railway system. The traction-current diagrams in figure 5.2 and 5.3 base on the simplified

diagram in the standard.
These traction-current diagrams depend on multiple parameters [28], as for example:

e Numbers of rails

e Type of railway traction vehicle (interurban train, freight train etc.)
e Single traction or multiple traction

e Traction time-table

e Simultaneous acceleration processes

e Technical equipment of substations (transformers)

e Specification and material of feeding lines

So the traction-current diagrams give information what kind of currents (amplitude and

direction) can be generally expected along the railway section.

In the second subplot of the above figure 5.2 the influence of a typical one side fed railway
section on a pipeline is shown. The blue plotted line - U shows the theoretical worst-case
assumption, which means the maximum current along the whole pipeline. Well knowing that
this assumption appears only under special conditions. If considering the locomotive
positions for the highest time-table load (see figure 5.1) and accordingly the possible currents
flowing from substation 1 (see 1* subplot in figure 5.2), one can recognize that the maximum
induced pipeline interference voltage is in the range of about 75 % of the theoretical worst-

case. The orange plotted envelope curve demonstrates the operational worst-case.

In the second subplot of the following figure 5.3 the influence of a typical both side fed
railway section on a pipeline is shown. The blue plotted line - Un.x Shows again theoretical
worst-case assumption, which means the maximum current along the whole pipeline. If
considering the locomotive positions and the accordingly maximum current composed of two
partial currents from both sides (substation 1 and 2), one can recognize that the maximum
induced pipeline interference voltage is in the range of about 40 % of the theoretical worst-

case [2]. The orange plotted envelope curve demonstrates again the operational worst-case.
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Figure 5.2: Typical traction current diagram referring to [27] for one side infeed and induced pipe voltages for
moving locomotive positions, 20-km paralell approach
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Figure 5.3: Typical traction current diagram referring to [27] for both side infeed and induced pipe voltages for
moving locomotive positions, 20-km parallel approach
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The analysis of pipeline interference voltage distributions for one side infeed, double side

infeed and the maximum current over the whole section show some differences:

Taking the maximum current over the whole section demonstrates the theoretical
worst-case. This current- and load flow situation should be taken into account for
evaluating the risk of hazard. For evaluating the risk of hazard the peaks of the
pipeline interference voltage are interesting. The maximum values of the operational
worst-case are depending on infeed and load flow scenarios in the range of 40 % to
75 % (see orange envelope curves in figures 5.2 and 5.3) of the theoretical worst-

case.

As the shown examples in the figures 5.2 and 5.3 show, the consideration of load-
flow situations leads to different results than the assumption of the maximum current
over the whole section. Therefore they are not suitable for evaluating the risk of
hazard. The orange lines in figures 5.2 and 5.3 show the envelope curve and mark
the operational worst-case. In the middle section of the pipeline higher results for the
pipeline interference voltages are to be expected as with the method in which a
constant current is assumed over the whole section. The distribution of the pipeline
interference voltages along the pipeline is useful to evaluate the AC corrosion risk
along the pipeline.
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5.1.2 Short-Circuit Situation

Analogous to the calculation for normal operation mode the calculations for short-circuit
cases base on the short-circuit diagram. These diagrams are usually prepared by the
operational management of the railway line. The following parameters can be seen as

determinant for short-circuit diagrams:

e Numbers of rails
e Technical equipment of substations (transformers)

e Specification and material of feeding lines

The short-circuit diagram is based on a diagram shown in the standard [27].The curves
plotted in blue and in red show the values of the short-circuit currents flowing from each
substation along the whole railway infeed section. The black curve is the cumulated short-
circuit curve from both substations. With the help of theses curves, the pipeline interference
voltage along an inductive interfered pipeline can be calculated. Generally speaking for both
side infeed sections the maximum induced pipeline interference voltages usually result from
faults at the ends of the approach between railways and pipelines (figure 5.4). Well knowing
that this strongly depends on the approach between pipeline and railway, the method of

moving fault location is appropriate to cover the worst-case.
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Figure 5.4:Typical short-circuit current diagram for a both side infeed section
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The next figure shows the approach between two interfering railway systems and an
interfered pipeline. The example is derived from praxis in order to show the methodology
which is already indicated but not explicitly described in [35]. In this example three isolating
joints are installed along the pipeline. The faults F1 to F4 are assumed at the beginnings and
the ends of the approaches between the two railway systems and the pipeline.

Isolating joints Isolating joint Isolating joint ;4

IHI E2 I I II
7 " " !
GFl ;F?, Isolating joint

[l Interfered pipeline
. Interfering railway line 1
Interfering railway line 2

Figure 5.5: Scheme of the approach between interfered pipeline with isolating joints and electric railways,
indicating the fault locations F1-F4
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5.2 High-Voltage Transmission Lines

A relevant influence from high-voltage lines to pipelines is given by the voltage levels of
110 kV and above. Based on the Austrian standards regarding touch voltages [7],
110 kV overhead lines can be neglected. This arises in case of normal operation from lower
operation currents, compared with 220/400kV lines. In short-circuit cases 110 kV lines can
be neglected due to the fact of the in Austria common earth-fault extinction. Additionally it
has to be mentioned that regarding to actual Austrian standards [7], double-faults have not to
be taken into account. Above all 110 kV lines are nevertheless interesting for evaluating the
risk of AC corrosion.

The higher the voltage level of a high-voltage overhead line, the higher the possibilities of
energy transport over the line. Consequently there exist more and longer parallel courses

between interfered pipelines and 220/400 kV overhead lines than to 110 kV overhead lines.

5.2.1 Normal Operation Mode

From an ordinary point of view an overhead line is a connection between substations. For
modelling a high voltage line (or cable), the same pi-circuit as for a pipeline (see chapter
2.2.4) can be used. Small losses in shunt-direction (for example corona losses, currents over
operating capacity) are neglected for pipeline-interference investigations. Therefore the for
AC corrosion- or touch voltages relevant currents are constantly assumed along the whole
pipeline. The principal pipeline interference voltage distribution for a parallel approach can for
example be seen in figure 5.1 (2" subplot, blue line). Based on worst-case-considerations

the load flows, for example for double-circuit-pylons, are assumed in the same direction.

5.2.2 Short-Circuit Case

Short-circuit diagrams for high-voltage lines exist similar to electric railways. Usually these
diagrams are prepared by the operational management of the high-voltage line operator.
These short-circuit diagrams depend on the following parameters:

e Scale of intermeshing

e Technical equipment of substations (transformers)

e Specification and material of feeding lines

¢ Neutral point treatment

For high-voltage lines there usually exist short-circuit components from both substations
since the so called weak infeed situations are usually rare. Based on the meshed operation
of high voltage lines, in short-circuit cases, additional currents along neighbouring lines can

occur (see figure 5.7). The influence of these currents along neighbouring lines is taken into
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account for accurate pipeline interference investigations. The fault currents flowing to the

fault location are considered mathematically correct (current direction).

F1 (km 30)
Overhead line 12 +|12 '|21
Substation 1 P <4 | Substation 2
Pipeline | Overhead line 32
I3

Substation 3
Figure 5.7: Interfering currents in short-circuit case F1, currents flowing from 3 substations

As it can be seen in figure 5.7, the pipeline is interfered by fault currents, with different
algebraic signs, flowing from the substations 1, 2 and 3.

The following figure 5.8 shows a typical short-circuit current diagram of a high-voltage line,
including a neighbouring curve. With the help of these short-circuit diagrams the interfering

currents for every fault along the interfering high-voltage line can be determined.
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Figure 5.8:Typical short-circuit current diagram for a high-voltage line including neighbouring curve

The next figure 5.9 shows the approach between in this example four interfering high-voltage
lines and an interfered pipeline. The example is derived from a practical example in order to

show the methodology which is already indicated but not explicitly described in [35]. In this
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example three isolating joints are installed along the pipeline. The faults F1 to F11 are

assumed at the approaches between the two railway systems and the pipeline.

Isolating joints

|}.§I_-/_M/
] ;; |

F6
F4

Il Interfered pipeline

Interfering high-voltage lines:
High-voltage line 1
[ High-voltage line 2
B High-voltage line 3
M High-voltage line 4
Figure 5.9: Scheme of the approach between interfered pipeline with isolating joints and 4 high-voltage lines,
fault locations F1-F11
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In this example meshed structures, appear as exemplarily shown in figures 5.7 and 5.8.
High-voltage line 1 (yellow) goes from Substation 1 (SS1) to Substation 2 (SS2). High-

voltage line 2 (green) goes from Substation 1 (SS1) to Substation 3 (SS3). High-voltage line
3 (blue) goes from Substation 4 (SS4) to Substation 1 (SS1) and high-voltage line 4 (red)
goes from Substation 4 (SS4) to Substation 4 (SS5). High-voltage lines 3 and 4 have

different voltage levels than the other high voltage lines (400 kV and accordingly 220 kV).

The following table 5.1 shows the composition of the fault currents, for the fault locations F1-

F11 in %. The percentage of the fault current components is noted with algebraic signs

standing for the directions relatively to the pipeline location.

René Braunstein

Fault High-voltage line Fault- Fault current distribution
location , . .
Pipeline-km Main curves Neighbouring curve
0 Fault currents in %
(%)
F1 High-voltage line 1 5% + 81 % SS1 - 10 % SS2
F2 High-voltage line 1 12 % + 66 % SS1 - 26 % SS2
F3 High-voltage line 1 22 % 0% - 63 % SS2

+ 61 % SS4
+ 46 % SS4
+ 48 % SS4

0%

Table 5.1: Composition of the fault currents F1-F11 including mathematical directions relatively to the pipeline

- 13 % SS2
- 49 % SS2

0%
- 24 % SS1
-21 % SS1
-33 % SS1
-29 % SS1
-19 % SS1
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A fault current of 0 % from one side occurs if the fault is assumed at the beginning or the end
of an approach area between pipeline and interfering high-voltage line.

The following figure 5.10 shows the simulation result for the pipeline interference voltages for
the above mentioned conditions and the moving fault locations F1 to F11. With the help of
this method a widespread view of possibly pipeline interference voltages in short-circuit
cases is possible.

100 r

Envelope curve

Interference Voltage %

80 90

Pipeline-kilometre in %
Figure 5.10: Induced pipeline interference voltage for moving fault locations F1-F11

Because only selected fault locations (F1-F11) are calculated, the orange envelope curve
visualizes the in worst-case to be expected pipeline interference voltages along the entire

pipeline.
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5.3 Comparison between Interfering Systems
5.3.1 Thermal Currents and Risk of Hazard

In the following figures 5.11 and 5.12 the influence of the two introduced interfering systems
is exemplary investigated for thermal currents. Basis for the calculation is a 10-km parallel
course between pipeline and interfering systems. The horizontal distance between the
systems is varied between 50 m and 2000 m. The influence of a double-track high-power
railway line and a 400 kV overhead line are compared with each other. The for the simulation
used thermal currents base on exemplary practicable values of the Austrian operators. The
thermal current for the railway line is varied between 2500 A and 1500 A in 10 A steps in
order to create an envelope curve. Base is the thermal limit of common contact wires. Well
knowing that there exist several current limiting elements like transformers and contact wires
in the railway system. In addition to that thermal currents also strongly depend on wind
speed and temperature.

The base for the 400 kV overhead line is an in Austria common 3-level pylon with
3 sub-conductors and 2 circuits. Well knowing that due to penetration depth and field-effects
3 sub-conductors cannot transport the triple thermal limit current of one conductor, the
thermal current of one system of 3 sub-conductors is varied between 2100 A and 3600 A in
steps of 10 A in order the create an envelope curve.

Thermal currents are as already mentioned used for evaluating the maximum occurring
possible touch voltages. Therefore the following simulations in figure 5.11 are based on the

thermal currents in order to compare the impacts on the risk of hazard.

The simulations reflect worst-case assumptions and cannot be compared with normal
operation modes. The highest currents of an electric traction vehicle are for instance needed

during acceleration processes or for going uphill. In motion the losses have to be covered.

The following figure 5.10 shows the comparison between the influences of the introduced
400 kV overhead line and the railway system on maximum induced pipeline interference
voltages, considering the above mentioned currents and horizontal distances. As it can be
seen in figure 5.8 the electric railway has compared with the 400 kV overhead line a
dominant influence on the maximum pipeline interference voltage. In the vicinity area up to
approximately 70 m the 400 kV overhead line has for some currents a bigger impact than the
electric railway. According to the Austrian standards [7] because of possible conductive
interference, there should be a 30-m-safety radius between the pipeline and the centre of
400 kV pylons. Consequently the simulation results for the vicinity area show a borderline-
case and are due to the safety radius not significantly practicable. The results show clearly

that there exists an influence up to a horizontal distance of 2000 m.
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Figure 5.11 also shows that the influence of 400 kV overhead lines decreases more rapidly
with increasing horizontal distance than the influence of the electric railway. In addition, it can
be seen that the influence of the electric railway is because of for the magnetic field
disadvantageous conductor arrangement dominant over the whole investigated section.
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Horizontal distance between pipeline and interfering systems in m
Figure 5.11: Comparison of the Influence of an electric railway system and a 400 kV overhead line for exemplary,
practicable thermal currents, thermal currents over whole interfering section
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5.3.2 Practicable values for steady currents and AC corrosion likelihood

Basis for the calculation is again a 10-km parallel course between pipeline and interfering
systems. The horizontal distance between the systems is varied again between 50 m and
2000 m. Regarding AC corrosion likelihood short-term peaks can be neglected [25]. The AC
corrosion likelihood is evaluated by currents that last for a certain duration in order to start
electrochemical processes for instance by a 95 %-quantile of the current load duration curve.
Based on load flow- and train run simulations these values in Austria can be obtained from
the railway operator. Therefore practicable values between 250 A and 500 A are taken for

the simulation in the following figure 5.12.

A rule of thumb says that high-voltage lines are maximal aimed to be operated with the (n-1)-
current which is defined between 60 % and 70 % of the thermal current. Therefore the
following simulation bases on practicable values of 1200 A up to 1600 A (approximately 35%
and 45 % of the thermal rated current), which can cover the 95 %-quantile of the current load

duration curve.

The following figure 5.12 shows the simulation results for the maximum pipeline interference
voltages for the mentioned currents and horizontal distances. It is evident that the
400 kV overhead line has a bigger influence in the vicinity area up to approximately 100 m,
caused by the higher currents. With horizontal distances above 100 m the disadvantageous
(conductor-) geometry of the railway system becomes more important and leads to higher
pipeline interference voltages.

When examining the green line (10-V-limit) it emerges that for this example (20-km parallel
course) corrosion relevant voltages of 10 V [9] can in case of the railway interference occur
up to horizontal distances of 1500 m. In case of the 400 kV overhead line, interference
voltages fall for horizontal distances between approximately 450 m and 580 m under the
10-V-limit.
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Figure 5.12: Comparison of the Influence of an electric railway system and a 400 kV overhead line for exemplary,
practicable operational currents, operational currents over whole interfering section

5.4 Summary

With the help of traction current- and short-circuit diagrams it is possible to evaluate the
inductive pipeline interference for all operating- fault and load flow situations. For the
investigated 10-km long approach the comparison of the interfering systems show a stronger
influence of the electric railway regarding the risk of hazard. When evaluating the AC
corrosion likelihood the influence of the 400 kV overhead line is dominant in the vicinity area.
In the far area the influence of the electric railway system is greater. For evaluating the AC
corrosion likelihood in figure 5.12 the maximum occurring pipeline interference voltages of
each horizontal distance is taken account. These values occur at the beginning and the end
of the approach (see figures 2.8, 2.10). This is for example interesting if there are coating
holidays in these areas. For achieving a profile of the pipeline interference voltage along the
pipeline the current traction diagram as shown in the figures 5.2 and 5.3 should be

considered.
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6 Soil Conditions for AC Earthing systems

This chapter shows measuring results of the specific soil resistivity p during the seasons.
Within the carried out case study in chapter 7, the impact of a seasonal varying specific soil
resistivity p on AC earthing systems and accordingly on pipeline interference voltages is

investigated.
6.1 Measurements

As already mentioned in the introduction of this thesis a humid soil is beside other things
(oxygen in soil, AC currents flowing along pipeline, existence of coating holiday(s))
necessary to start AC corrosion effects.

The humidity and the temperature of the soil are also significant for the specific resistivity of
any soil [39]. Therefore between November 2009 and March 2011 monthly measurements of

the specific soil resistivity took place [40] on a fixed location.
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Figure 6.1: Investigated soil for annual measuring series for two different measuring dates, images by René
Braunstein

The above figure 6.1 shows the investigated soil at two different measuring dates. The pylon
resistances of the shown 110 kV overhead line were also measured, but are not part of this
thesis. For measuring the specific soil resistivity it is important to choose a measuring trace
at a sufficient distance from metallic installations such as pylon earthing systems in order to
get correct results. Therefore the already mentioned 20-m-saftey radius according to [7]
offers an applicable solution.

The specific soil resistivity was measured by the method of Frank Wenner [41]. The method
can also be called “4-electrode method” and bases on the measurement of the potential
difference of two points inside an electric flow field in earth [39].

In the following figure 6.2 the results of the twelve monthly series is shown. The upper and

lower envelope curves are dotted red.
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Figure 6.2: Series of specific soil resistivities over one year plotted against electrode spacing

During the measurements, the electrode spacing was varied from 0.5 mto 16 m (0.5 m, 1 m,
2m, 4m, 8m and 16 m®).

In praxis the measurement goes until a depth which is almost equivalent to the electrode
spacing. The measuring values are average values of all more or less conductive soil layers
until the measured depth (electrode spacing) [39].

The above figure 6.2 shows that the investigated soil gets more conductive until an electrode
spacing of approximately 8 m. In higher depths a less conductive soil layer follows.

Based on the dependency of the specific soil resistivity on humidity and temperature it is in
literature [39] recommended to bury horizontal earthing conductors at least between 0.5 and
1 m. In figure 6.2 a special sensitivity regarding humidity can be seen in the upper soil layers
(for example May and October), especially at a depth of 0.5 m. Consequently in some cases
it might be useful to install horizontal earthing conductors at least in a depth of 1 m.
Regarding to literature [39] the specific soil resistivity changes up to +- 30% over the season.
The lowest values in Central Europe are usually reached in August, the highest values in
February [39]. The months with the highest or lowest values don’t correlate exactly with the
measurements, the “dry” July has in lower depths for example almost similar high values
than the “frozen” January or February. Nevertheless the range of possible specific soll

resistivities and the dependency on humidity and temperature for different depths is shown.

“ Based on the prevailing topography and the applied measuring system it was in the investigated case not
possible to work with higher electrode spacing than 16 m.
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When calculating the arithmetic average of the deviation for low depths between 0.5 m and
2 m, one gets a factor of 3.4. Based on the measurements at the investigated soil horizontal
earthing conductors in the worst-case can have a 3.4 times higher impedance than expected.
When calculating the arithmetic average of the deviation for greater depths between 8 m and
16 m, one gets a factor of 1.5. Based on the measurements at the investigated soil ground
rods in the worst-case can have a 1.5 times higher impedance than expected because of the
seasonal changes of the specific soil resistivity.

Consequently safety demands might not be achieved during these seasons. When installing
earthing systems, one should take higher impedances in case of frozen or dry soils into
account.

Well knowing that the measurement of the specific soil resistivity based on the Wenner
method depends on the above mentioned parameters, with the help of the measurement one
gets a hint whether a ground rod or a horizontal earthing conductor is to be preferred for the
measured soil.

The effective resistivity of a horizontal earthing conductor can be calculated with the following
approximation formulas (51) and (52):

R = 2_Ip for 1 <10 m (52) [39] Rs Resistivity of the earthing system in Q

p Specific soil resistivity in Qm

R, - B_Ip for 1 >10 m (52) [39] I Length of installed material (band steel) in m

The effective resistivity of a ground rod can be calculated with the following approximation
formula (53):

Ry =" (53)139]

Rs Resistivity of the earthing system in Q
p Specific soil resistivity in Qm
I Depth of installed material (steel) in m

The introduced approximation formulas (52)-(53) show that for the investigated soil, ground

rods will offer earthing systems with lower impedance than horizontal earthing conductors.

6.2 Summary

As the measurements show, the investigated specific soil resistivity varies in the upper layers
(0.5m -2m) by a factor of 3.4 and in the deeper layers (8 m — 16 m) bay a factor of 1.5.
More information about the resistivities of layers deeper than 16 m can be obtained by the
measuring method of Schlumberger. The impact of the measured soil characteristic on

effective AC earthing systems is shown within the case study in the following chapter.
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7 Case study

In this chapter the cost effectiveness of the introduced pipeline interference voltage
mitigating measures AC earthing systems, isolating joints and compensation conductors is
evaluated by a case study. At the end of this chapter the special fields of application for each

measure is investigated.

7.1 Situation

The following figure 7.1 shows the approach between the interfered pipeline and the
interfering system for the case study. It is here shown a typical example with an
approximately 13.3-km-long pipeline (blue), an interfering 400 kV overhead line (red) and an
interfering railway system (black). The routes of the pipeline, the railway and the
400 kV overhead line base on practice. The for the AC corrosion relevant operation currents
(95 % quantiles) are in the case of the 400 kV overhead line assumed with 1100 A per
conductor and in the case of the railway system with 400 A (detailed simulation parameters,
see chapter 11). Based on worst-case assumptions the same current is assumed along the
whole interfering railway section (see also chapter 5.1.1).

The combination of interfering systems with different operation frequencies (50 Hz and

16.7 Hz) often occurs in practice.

. GOOGle

M Interfered pipeline system
B interfering 400 kV overhead line (50 Hz)
M Interfering Railway system (16.7 Hz)
Figure 7.1: Approach between the interfered pipeline and the interfering system for the carried out case study

At the moment there exists no calculation rule that considers the combination of interfering
sources with two different operating frequencies. Therefore it is decided to choose the
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approach of superposition. The actual versions of CEN/TS 15280 [9] regarding the AC
corrosion likelihood of buried pipelines or prEN 50433 [42] caused by railway systems and/or
high voltage lines do not include this calculation procedure at the moment, however it is
discussed in the committees for future versions.

The superposition of the pipeline interference voltages of both interfering systems is in the
following chapter 7.2 calculated for each pipeline nodal point and plotted in red.

7.2 Solution Scenarios

In this subchapter 4 solutions scenarios to reduce the pipeline interference voltages below
the 10-V-limit are investigated. Within the first solution scenario the impact of the seasonal
varying specific soil resistivity p on AC earthing systems and as a consequence on pipeline

interference voltages is discussed.
7.2.1 Solution Scenario 1

The first solution scenario presents a conservative and secure method, the earthing of the
pipeline with as much earthing systems as necessary to come below the required limit. The
following figure 7.2 shows the scheme of the selected solution scenario 1.

1Q- 1Q0- 10- 10- 10-
km 0.6 km 2.4 km 8.8 km 10.5 km 12.3

L 10- 1Q- 10- 1Q- I
1Q- km 1.4 km 3.7 km 9.7 km 11.3 10 -
km 0.0 km 13.3

Il Interfered Pipeline I Isolating joint at the beginning
T‘A c. earthing system and the end of the pipeline

=

Figure 7.2: Scheme of Solution scenario 1, Installation of11 earthing systems with 1Q°

The following figure 7.2 shows the simulation result for the pipeline interference voltages for
the above introduced approaches between pipeline, 400 kV overhead line and electric
railway system.

Based on the approaches in it is evident that the 400 kV overhead line has a dominant
influence (blue line). Compared with the 400 kV overhead line, the electric railway occurs
only at the last third of the pipeline and has less horizontal distances. As can be seen in the
figure 7.3, the pipeline interference voltages are much too high for an evaluation of the AC
corrosion likelihood based on CEN/TS 15280 [9] (compare also chapter 2.1.2).
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Figure 7.3: Induced pipeline interference voltages without interference voltage mitigating measures

In order to reduce the pipeline interference voltage under the 10-V-limit regarding to [9]

interference voltage mitigating measures such as AC earthing systems are necessary. In the

following figure 7.4 the impact of 11 AC earthing systems with 1 Q on pipeline interference

voltage is shown. With the help of the 11 AC earthing systems the pipeline interference

voltage can be reduced from approximately 42V below the 10-V-limit. The pipeline

interference voltages caused by each interfering system as well as the superposition of both

interfering frequencies are under the 10-V-limit.
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Figure 7.4: Induced pipeline interference voltages with 11 earthing systems, each with 1 Q

The low impedant 1-Q-earthing-systems could be implemented by ground rods (investigated

soil see chapter 6), because the investigated soil is less practicable for installing horizontal
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earthing conductors. Based on the in chapter 6.1 calculated arithmetic average of the
deviation in deeper soil layers the following figure 7.5 shows the pipeline interference
voltages based on earthing systems with 1.5 times higher resistances.

16 =400 kV overhead line (50 Hz)
= Electric railway (16.7 Hz)
14 == Superposition (50 Hz, 16.7 Hz)
10-V-limit

12 5_.
™~ Y/

Interference Voltage in V
[e¢]

6 N\ ,
)\E——;\/\/"I p o

4 — /
0
0 2 4 6 8 10 12
Pipeline-km

Figure 7.5: Induced pipeline interference voltages with 11 earthing systems, each with 1.5 Q

As it can be seen in the above figure 7.5, the pipeline interference voltage caused by the
400 kV overhead line and consequently the superposition of both frequencies is above the
10-V-limit. As already mentioned in chapter 2.1.2, practical experiments [11], [24] as well as
the analyses in chapter 3 showed that under some circumstances (properly adjusted
cathodic protection potentials, high soil resistivities) higher interference voltages than 10 V
can be accepted. Nevertheless this case study shows that the seasonal change of the
specific soil resistivity could in worst-cases lead to an exceeding of permissible limiting

values.
7.2.2 Solution Scenario 2

The combination of isolating joints and earthing systems is to be discussed when thinking
about earthing systems directly at the isolating joint. These earthing systems can only be
realised either at the left or the right side of the isolating joint. Earthing systems at both sides
of the isolating joint could lead to a bridging of the isolating joint through earth. The
interference voltage reducing effect of the isolating joint would not be effective any more. The
second selected solution scenario is realised by 7 isolating joints exclusively. The following
figure 7.6 shows the scheme of the solution scenario 2. Isolating joints can be realised at
nodes of the model. Between pipeline-km 10.5 and the end of the pipeline no additional

isolating joint is necessary to keep the pipeline interference voltage below the 10-V-limit.
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km 4.7
— B E— ) SE——  E—
km 1.4 km 3.7 km 5.5 km7.6 km 8.8 km 10.5
I interfered Pipeline I Isolating joint at the beginning
and the end of the pipeline

I Relvant isolating joints for
solution scenario 2

Figure 7.6: Scheme of Solution scenario 2, Installation of 7 isolating joints5

Based on the high number of isolating joints it is possible to reduce the induced pipeline
interference voltage significantly under the 10-V-limit regarding to [9]. In the following figure
7.7 the impact of 7 isolating joints on pipeline interference voltage is shown. The
disadvantage of the installation of isolating joints at every few kilometres is the high
economical effort for a separate rectifier for each cathodic corrosion protection area. For
longer cathodic corrosion protection areas (for example 20 km ... 40 km) a depth drilling is
necessary for the protection anode. These expenditures have not to be realised for such

small cathodic corrosion protection areas.

16 T T
=400 kV overhead line (50 Hz)
= Electric railway (16.7 Hz)

14 = Superposition (50 Hz, 16.7 Hz) |

Isolating joint
12 10-V-limit i
10
8

Interference Voltage in V

j /NN AN N
A~/ \NI\/ /\//\\/
I /SEAVARR'SAVER

0 2 4 6 8 10 12
Pipeline-km
Figure 7.7: Solution scenario 2 - Induced pipeline interference voltages with 7 isolating joints

° Isolating joints at the beginning and at the end the pipeline (green) are not part of the case study.
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7.2.3 Solution Scenario 3

The next selected solution scenario is realised by 1 isolating joint and two compensation
conductors. The following figure 7.8 shows the scheme of the selected solution scenario 3.

[ iF i

km 6.6

I interfered Pipeline I Compensation Conductor

I Relvant isolating joint for I Isolating joint at the beginning
solution scenario 3 and the end of the pipeline

Figure 7.8: Scheme of Solution scenario 3, Installation of 1 isolating joint6 and two isolated compensation
conductors

Based on measurements [37] a pipeline reduction factor Rgp (see chapter 4.3.1) of
approximately 0.3 can be achieved if the pipeline is connected with the compensation
conductor at both ends and there is no additional connection to earthing systems. An
additional reduction for the selected solution scenario 3 is achieved by the installation of an
isolating joint approximately at the middle of the pipeline. The following figure 7.9 shows the
impact of a combination of isolating joints and compensation conductors on pipeline

interference voltages.

16 r r
=400 kV overhead line (50 Hz)
= Electric railway (16.7 Hz)
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o/ y
S TN

0 2 4 6 8 10 1
Pipeline-km
Figure 7.9: Solution scenario 3 - Induced pipeline interference voltages with 1 isolating joint and one
compensation conductor

0

4'\ / g

6 Isolating joints at the beginning and at the end the pipeline (green) are not part of the case study.
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7.2.4 Solution Scenario 4

The last selected solution scenario is realised by 2 isolating joints, 4 low impedant earthing
systems and two compensation conductors. The following figure 7.10 shows the scheme of

the selected solution scenario 4.

km 4.2 km 8.8
| ] | |
10- 10 10 10-
km 0.0 km 13.3
I Interfered Pipeline I Compensation Conductor A.c. earthing system
I Relvant isolating joint for I Isolating joint at the beginning

solution scenario 3 and the end of the pipeline =
Figure 7.10: Scheme of Solution scenario 4, Installation of 2 isolating joints7, 4 earthing systems and one
compensation conductor

As it can be seen in the following figure 7.11, with the help of the combination of earthing
systems, isolating joints and a compensation conductor the induced pipeline interference
voltages can be reduced to 10 V. The root mean square value of the pipeline interference
voltages of both interfering systems (50 Hz and 16.7 Hz) is in the range of 10 V. This can
possibly be tolerated, well knowing that the root mean square value calculation procedure is
currently not part of calculation standards and that higher pipeline interference voltages

between 12 V... 15V are discussed to be tolerated for properly adjusted cathodic protection

potentials.
16 T T
=400 kV overhead line (50 Hz)
= Electric railway (16.7 Hz)
14 = Superposition (50 Hz, 16.7 Hz) ||
Isolating joint
12 10-V-limit I

10 Se—

s\ \ /

Interference Voltage in V
oo

.\ / \ A\ )
A

2 \ / \ / //
v ~ "~ /Y

Figure 7.11: Solution scenario 4 - Induced pipeline interference voltages with 2 isolating joints, 4 earthing
systems and one compensation conductor

! Isolating joints at the beginning and at the end the pipeline (green) are not part of the case study.
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7.3 Cost Effectiveness Analysis

In this subchapter cost effectiveness analysis of the four introduced solution scenarios are
carried out. The following table 7.1 shows orientation prices for interference voltage
mitigating measures and the belonging equipment in €, which base on the experiences of

Austrian pipeline operators.

Nr. Measure/Product Costs in €
1 Compensation conductor, costs for material and laying (Cimc) 8.- per Im®
2 Ground rod, mobile site equipment (Cse) 2.800.-

Ground rod, costs for material, working hours and depth drilling (cqq) 190.- per dm®
3 | Horizontal earthing conductor, costs for material only, laying in existing 2.- perim
trench

4 | Horizontal earthing conductor, costs for material and digging work (Cimn) 5.-perim
5 | Power capacitor for cathodic corrosion protection and earthing system 2.500.-

(Cp)
6 Isolating joint, installation before operation start (cj) 4.000.-

7 | Isolating joint, installation after operation start 35.000.-
8 | Rectifier for cathodic corrosion protection of a small system (c) 15.000.-
9 | Rectifier for cathodic corrosion protection including depth drilling 45.000.-

Table 7.1: Orientation prices for pipeline interference voltage mitigating measures

The construction costs (C.) of the four introduced solution scenarios are calculated with the
formula (54):

Cc C Cc
C. = nl'(cdd .dd+i+cpcj 1, '[Clmh I, +—= +Cpc]+n3 '(Clmc 'lmc)+n4 '(Cij +C, +_rj (54)
i 1 4

In the following the variables that are not contained in the table 7.1 are described:

N1 Number of ground rods
dd Drilling depth
N2 Number of horizontal earthing

systems
Imy, Linear meters of horizontal earthing system(s)
N3 Number of compensation conductors
Im, Linear meters of compensation conductor(s)
Na Number of isolating joints

&|m ...linear meter, dm ... drilling meter
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Basis for the calculation is a simplified model of the in chapter 6 investigated soil layers with

a specific soil resistivity of approximately 100 Qm in the upper layers (0 m — 2 m) and 30 Om

in the underlying layers. Based on the in chapter 6.1 introduced approximation formulas a

horizontal extension of 300 m would be necessary for realising a 1 Q horizontal earthing

conductor. When estimating the necessary drill depth for a 1 Q ground rod it has to be

mentioned that if the specific soil resistivity of the upper layers is relatively high, by

considering only the upper value for the calculation of the earthing system, a too high system

resistance would be calculated if the underlying layers have a lower impedance [16], [43].

The results of the calculation lead to a necessary drilling depth of approximately 35 m for the

introduced soil conditions. In the following table 7.2 the investigated scenarios and their

construction costs are summarized.

Solution Scenarios Costsin €
Scenario 1a — 11 Ground rods with 1 Q (see fig. 6.7) 118.450.-
Scenario 1b — 11 Horizontal earthing conductors with 1 Q (see fig. 6.7) 59.000.-
Scenario 2a — 7 Isolating joints before start of operation (see fig. 6.8) 148.000.-
Scenario 2b — 7 Isolating joints after start of operation (see fig. 6.8) 365.000.-
Scenario 3a — 1 Isolating joint before start of operation and 1 compensation conductor (see fig. 140.400.-
6.10)
Scenario 3b — 1 Isolating joint after start of operation and 1 compensation conductor (see fig. 171.400.-
6.10)
Scenario 4a — 2 Isolating joints before start of operation, 4 ground rods and 1 compensation 129.200.-
conductor (see fig. 6.12)
Scenario 4b — 2 Isolating joints after start of operation, 4 horizontal earthing conductors and 1 105.800.-
compensation conductor (see fig. 6.12)
Scenario 4c - 2 Isolating joints before start of operation, 4 ground rods and 1 compensation 191.200.-
conductor (see fig. 6.12)
Scenario 4d — 2 Isolating joints after start of operation, 4 horizontal earthing conductors and 1 167.800.-

compensation conductor (see fig. 6.12)

Table 7.2: Selected solution scenarios and their construction costs

In the above table 7.2 for each scenario, additional price variations are listed. The overall

prices consist of the following items:
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Scenario 1
e Scenario l1a: 11 ground rods including 11 power capacitors and 1 rectifier for cathodic
corrosion protection.
e Scenario 1b, same configuration as scenario 1a: 11 horizontal earthing conductors
are assumed instead of ground rods.

Scenario 1b includes 11 horizontal earthing conductors. The smallest assumed distance
between two systems is 600 m. As already mentioned a horizontal extension of 300 m would
be necessary for realising horizontal earthing conductors with 1 Q. In addition to that the
potential gradients of two close horizontal earthing conductors could overlap which could
lead to a bridging effect and consequently to the loss of the interfering voltage mitigating
functions of two close earthing systems. Not least because of this reason Scenario 1b
represents a borderline scenario which is problematical to put in reality. To sum up, it can be
said that horizontal earthing conductors would be an impracticable variant for this
investigated case, if one thinks about the seasonal changes of the specific soil resistivity p of

the in chapter 6.1 investigated soil.

Scenario 2
e Scenario 2a: 7 isolating joints and 8 rectifiers for cathodic corrosion protection.
e Scenario 2b, same configuration as scenario 2a: It is assumed that the isolating joints
are installed after pipeline operation start. Based on the high costs and expenditures
in praxis it should be avoided to install isolating joints after pipeline operation start for

interference voltage mitigating reasons.

Scenario 3
e Scenario 3a: 1 Isolating joint and two rectifiers for cathodic corrosion protection.
Compensation conductor of 13000 m length.
e Scenario 3b, same configuration as scenario 3a: Assumption that isolating joint is
installed after pipeline operation start. The practical procedure regarding the
subsequent installation of isolating joints is already mentioned in the description of

Scenario 2b.

Scenario 4
e Scenario 4a: 4 ground rods. 2 Isolating joints 3 rectifiers as well as 4 power
capacitors for cathodic corrosion protection. Compensation conductor of 4600 m
length.
e Scenario 4b, same configuration as scenario 4a: 4 horizontal earthing conductors are

assumed instead of ground rods. Based on the above described overlapping effect of

René Braunstein Page 96



Case Study

the potential gradients of two close horizontal earthing conductors, scenario 4b would
be a practicable variant because they are far enough apart from each other. But when
thinking about the above mentioned seasonal changes of the specific soil resistivity p
of the in chapter 6.1 investigated soil, this variant can be seen as not
recommendable.

e Scenario 4c, same configuration as scenario 4a: It is assumed that the isolating joint
is installed after pipeline operation start. The practical procedure regarding the
subsequent installation of isolating joints is already mentioned in the description of
Scenario 2b.

e Scenario 4d, same configuration as scenario 4b: It is assumed that the isolating joint
is installed after pipeline operation start. The practical procedure regarding the
subsequent installation of isolating joints is already mentioned in the description of
Scenario 2b. The disadvantages of horizontal earthing conductors in this case have
already been mentioned.
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The following figure 7.12 shows the voltage reduction of the 4 introduced solution scenarios.
Therefore the superposition of the pipeline interference voltages (50 Hz, 16.7 Hz) of the
solutions scenarios are subtracted from the pipeline interference voltages of the reference
case without any interference voltage mitigating measures (see figure 7.3).

50 :
= Solution scenario 1
45 Solution scenario 2 i

== Solution scenario 3
404> — Solution scenario 4 ]

w
o
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o

Voltage reduction in V
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o

0 2 4 6 8 10 12
Pipeline-km
Figure 7.12: Voltage reduction in every node of the 4 solution scenarios

In the above figure 7.12 it is evident that some mitigating scenarios lead to small voltages
rises in areas where the pipeline is at least interfered. For classical parallel courses this area
is located in the middle of the pipeline. In the case of solution scenario 1, the earthing
systems lead to a voltage reduction at relevant nodes and to a, considering AC corrosion,
small and uncritical increase at nodes with low interference. In the case of solution scenario
3 the isolating joint at the node with the lowest interference (pipeline-km 6.60) leads to an
uncritically increase of the pipeline interference voltage directly at the isolating joint.
Principally all reduction curves have a shape similar to the initial curve (see figure 7.3, root

mean square value without interference voltage mitigating measures).
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The following table 7.3 shows a benefit-cost analysis of the investigated scenarios. The for
the assumed circumstances non-practicable scenarios 1b, 2b, 3b, 4b, 4c and 4d are still
taken into account in order to cover the range of specific costs and to demonstrate the
impact of possible planning errors.

In column 2 the minimum voltage reduction, in column 3 the maximum interference voltage
reduction of all nodes is shown. Column 4 shows the arithmetical average of the interference
voltage reduction over all nodes. The last column shows to whole numbers rounded € per V

of the averaged voltage reduction.

Ssczlrl::r?gs '\(A\I/;‘ '\?\?)X Az\\;)G € per V of averaged voltage reduction
Scenario l1a -0.95 33.48 18.03 6.570.-
Scenario 1b -0.95 33.48 18.03 3.272.-
Scenario 2a 0.04 40.24 21.10 7.014.-
Scenario 2b 0.04 40.24 21.10 17.299.-
Scenario 3a -4.47 36.72 20.31 6.913.-
Scenario 3b -4.47 36.72 20.31 8.439.-
Scenario 4a 2.70 33.37 18.88 6.843.-
Scenario 4b 2.70 33.37 18.88 5.604.-
Scenario 4c 2.70 33.37 18.88 10.127.-
Scenario 4d 2.70 33.37 18.88 8.888.-

Table 7.3: Overview of the interference voltage reduction for each scenario

One result of the above table is that the investigated case scenario la (ground rods
exclusively) shows the best cost-benefit ratio. The installation of horizontal earthing
conductors (scenario 1b) is cheaper but based on the seasonal changes of the specific soil
resistivity much more uncertain. Scenarios 3a and 4a offer tolerable alternatives with higher

expenditures.
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7.4 Fields of application

Based on the findings obtained in this thesis it is possible to verify the crucial impact of two

parameters for the cost- and technical effectivity of pipeline interference voltage mitigating

measures. The first one is the specific soil resistivity p and the soil arrangement in layers and

the second one is the length of the influenced pipeline or pipeline segment. In the following

the main characteristics of earthing systems, isolating joints and compensation conductors

are summarised.

Earthing systems: The carried out cost effective analysis are based on the measured
relatively low impedant soil. Earthing systems are directly dependent on the specific
soil resistivity. For relatively low specific soil resistivities earthing systems offer a solid
method. For higher soil resistivities they are uneconomical and respectively because
of the hardness of soils with high resistances almost impossible to realise. Ground
rods should be preferred to horizontal earthing conductors because their system
resistivities fluctuate less during the season. The length of the interfered pipeline or
pipeline segment has no influence on the principal effectivity of earthing systems.

Isolating joints: Nowadays they are generally used for defining cathodic corrosion
protection areas. The selection of these areas is usually already customised to the
interference situation. The realisation of more cathodic protection areas in order to
reduce pipeline interference voltages could be taken into account more often,
especially in areas with high specific soil resistivities. The length of the interfered
pipeline or pipeline segment has no influence on the principal effectivity of isolating

joints.

Compensation conductors: The preferred field of application of the compensation
conductor are pure parallel and narrow routes between interfering systems and
pipelines over some kilometres. The carried out investigations are bases on an
approximately 7 km long isolated copper test compensation conductor with a cross
section of 50 mm?®. As within the case study shown one can imagine that longer
compensation conductors present a cost-intensive measure if one considers a higher
cross section in order to keep a low conductibility. The measurements show that the
compensation conductor should be installed over the whole length of the interfered
pipeline or pipeline segment. Pipeline segments with lower interference or with

installed earthing systems should be separated by isolating joints.
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Nevertheless compensation conductors show an alternative in regions with high

specific soil resistivities.

7.5 Summary

Based on the findings in this chapter, the numerous possibilities and combinations of
measures to mitigate pipeline interference voltages are shown and economically evaluated.
The optimisation of these measures can be viewed as a target in order to reduce the

workload for pipeline interference investigations.

The in Austria up to now preferred measure is the installation of AC earthing systems. The
following chapter presents algorithms for the optimum placement of AC earthing systems

along inductively interfered pipelines.
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8 Optimisation Procedures

This chapter describes present simulation and optimisation procedures as well as two
algorithms for the optimal location of pipeline interference voltage mitigating AC earthing

systems.
8.1 Practical Procedures

The following figure 8.1 enables a holistic view of the calculation- and optimisation

procedures to minimise pipeline interference voltages.
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Figure 8.1: Holistic view of present simulation- and optimisation procedures, important input- and output
parameters

René Braunstein Page 102



Optimisation Procedures

The mutual impedances for any approach between the interfering systems and the interfered
pipelines are calculated with the help of the programme KABEIN which was developed within
the scope of a previous work [3] at the Institute of Electrical Powers Systems of Graz
University of Technology. The most important input parameters for calculating the mutual
impedances between interfering and interfered systems are the geometrical approaches, the
conductor arrangements, the specific soil resistivity p, the interfering currents (absolute
values and phase angles) and the interfering system-frequency. The calculation procedures

for pure parallel approaches are shown in the chapters 2.2.2 and 4.3 of this thesis.

The output parameters are the induced pipeline voltages in direct axis and the lengths of the
influenced pipeline segments. With the help of the in chapter 2.2.3 of this thesis described
formulas of Michailow and Rasumov [5] the pipeline impedances in longitudinal direction and
the pipeline shunt-admittances are calculated for each pipeline segment with the Programme

PipePotentials.

In a following step the setup of the nodal admittance-matrix is solved in order to calculate the
pipeline interfering voltages along an inductively interfered pipeline (see chapter 2.2.4). The
locations and the values of possible AC earthing systems (see chapter 4.1, earthing
systems) are in the programme PipePotentials taken into consideration. Also possible
locations of isolating joints (see chapter 3.3, isolating joints) are taken into account. Possible
reduction factors either obtained by the operational management of the interfering system
operators or calculated by the in chapter 4.2 (compensation conductors) described
procedures. The reduction factors are be multiplied with the pipeline interfering voltages

within the programme.

The output of the programme PipePotentials is a diagram of pipeline interference voltage
along the interfered pipeline for the selected input parameters.

Practical experiences show that a successively supplementation of AC earthing systems at
locations, where peaks of the pipeline interference voltage occur, is necessary in order to
reach practicable and secure values for the pipeline interference voltage. Within this process
it must be ensured that the AC earthing systems attain practicable values. As introduced in
the previous chapter one can imagine that extremely low earthing system resistances as for

example 0.1 Q can be hardly achieved in praxis.

The following chapter describes algorithms that simulate practical optimisation procedures of

an expert to achieve optimal locations of AC earthing system.
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8.2 Expert system algorithms

The following figure 8.2 shows a flowchart of an algorithm realised in Matlab® [44]. The

language of the flowchart is written in pseudocode containing some Matlab®-elements.

limit= 10 V
ud, |
n=1

Start es=[4:-1:1]
n=n+1 Calculate Ug m=length(Up)

Save Up,|
Save positions
of earthing systems

no
Up> limit ?

yes

f hi
es(length (es)) =m ? end

no

Delete Up,|

l

1<n<length (es) ? yes

no

find node of Upmax, plot (,Up)
end
sort Upmax

if n>length (es)+1
n=1

already earthing system
with es(length(es)) at
node of Upmax ?

no yes

putes (n)
g?;gfiéngf at node with nexthigher
Upmax value of Up

Figure 8.2: Flowchart of the expert system algorithm no. 1
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The input parameters of the algorithm are the requesting voltage limit- in this case 10 V, the
voltages in longitudinal direction (Ud), the lengths of the pipeline segments (l) and a control
variable which is in this case called n. The calculation of the pipeline interference voltage
distribution is performed as described with the programme PipePotentials. Possible
resistances of earthing systems can in Matlab® be specified in the form of a vector, in
decreasing order. So the vector es represents a list of possible earthing system resistances

in decreasing order.

In the example of the flowchart in figure 8.2 the resistances decrease from 4 Q to 1 Q in
steps of 1 Q (vector es). The length of the pipeline interference vector Up corresponds to the

number of nodes of the equivalent pi-circuit of an inductively interfered pipeline.

The algorithm is denominated with the help of a 10-km-long pipeline, divided into 20 pipeline
segments with a single length of 0.5 km. An interfering voltage in longitudinal direction (Ud)

of 1.80 V is assumed in each pipeline pi-segment.
The following basic example in figure 8.3 facilitates the principle description of the algorithm.

The blue plotted line shows the initial voltage distribution that has to be optimised
below 10 V.

In the first 4 optimisation steps (red lines in figure 8.3) earthing systems with 4 Q, 3 Q, 2 Q
and 1 Q are assumed at the node with the initially highest pipeline interference voltage. In
the represented example the highest voltages appear at two nodes, at the beginning and the
end of the pipeline (see figure 8.3 and table 8.1). In this case the algorithm begins at the

node with the lower pipeline kilometre.

In the optimisation steps 5-8 (black lines in figure 8.3) the 1-Q earthing system (step 4)
remains at the beginning of the pipeline and 4 Q, 3 Q, 2 Q and 1 Q are assumed at the node
with the highest pipeline interference voltage, which in this case is at the end of the pipeline.
After optimisation step 8 the pipeline is grounded with 1 Q at both ends. The pipeline

interference voltage is marginally above the requested 10-V-limit.

Therefore for the optimisation steps 9-12 (grey line in figure 8.3) additional earthing systems

with 4 Q, 3 Q, 2 Q and 1 Q are assumed at the next highest node at pipeline-km 0.5.

In the course of the last optimisations step where 1-Q earthing systems are fixed at pipeline-
km 0.0, 0.5 and 10.0, an additional earthing system with 4 Q is assumed at pipeline-km 9.5
(at km 10.0 there is already an earthing system with the lowest possible value), which leads
to the solution of this problem. After this optimisation step, the pipeline interference voltage is
below the 10-V-limit (9.92 V).
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Figure 8.3: Optimisation steps of the expert system algorithm no. 1

The following table 8.1 corresponds to the above described optimisation steps in figure 8.3.

Optimisation step

Step 9

Earthing system(s) at
km

1Q,kmo0.0,4 Q, km

10.0
1Q,km0.0,3Q, km
10.0
1Q,km0.0,2Q, km
10.0
1Q,km0.0,1Q, km
10.0
1Q,km0.0,1Q, km
10.0,4 Q, km 0.5

Uimax (V) at km

17.87
(km 0.0, km 10.0)

19.20 (km 10.0)
15.75 (km 10.0)
10.15

(km 0.0, km 10.0)
10.63 (km 10.0)

21.53 (km 10.0)

Step 10

1Q,km0.0,1Q, km
10.0,3 Q, km 0.5

10.75 (km 10.0)

Step 11

1Q,km0.0,1Q, km
10.0, 2Q, km 0.5

10.97 (km 10.0)

Step 12

1Q,km0.0,1Q, km
10.0,1 Q, km 0.5

11.42 (km 10.0)

Solution

1Q,km0.0,1Q, km
10.0,1Q,km 0.5, 4 Q,
km 9.5

9.92 (km 10.0)

Table 8.1: Optimisation steps of the expert system algorithm no.1, corresponding to figure 8.3
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The introduced expert system algorithm no.1 is not suitable for interference situations where
only one earthing system is sufficient to keep the pipeline interference voltage below the
requested limit. Therefore a complete search- and sorting algorithm could go through first.
However, this would increase the simulation time significantly, because the impact of
earthing systems is successively calculated for every node.

In addition to that, it has to be said that nowadays a lot of limits have to be observed, as for
instance 500 V in short-circuit cases and 65 V in normal operation mode regarding personal
safety, as well as 10 V regarding AC corrosion (see chapter 2.1). Furthermore the pipeline
interference voltage has to be optimised for multiple interference sources (16.7 Hz, 50 Hz).

Because of these facts, nowadays only one single earthing system is rarely sufficient.

In [44] the algorithm is compared with a random based Las-Vegas-algorithm and a complete
search and sorting algorithm by runtime-analysis of different examples. The results are that
the random-based-algorithm and the complete search and sorting algorithm are at most
suitable for shorter pipelines (few nodes). The developed expert system algorithm no.1l is

characterised by acceptable results at constantly quick run-times.

As already described in chapter 6, earthing systems are certainly connected to specific costs.
In principle, the lower the impedance of an earthing system, the higher are the costs. The
following figure 8.4 shows the flowchart of an upgraded expert system algorithm in order to
reduce the costs of possible earthing systems as well as to improve the pipeline interference
voltage distribution.
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The input parameters of the expert system algorithm no.2 are again the requested voltage
limit, the voltages in direct axis (Ud), the length of the pipeline segments (I) and a variable n.
In this case the variable n is only responsible for setting an earthing system at a node for the
first time with the highest possible resistance (position 1 of vector es.). The vector es is again
assumed with 4 Q, 3 Q, 2 Q and 1 Q. The same basic example configuration as introduced
for expert system algorithm no.1 facilitates the principle description of expert system

algorithm no.2.

The blue plotted line shows again the initial voltage distribution that has to be optimised
below 10 V.

In the first optimisation step (red line in figure 8.5) an earthing systems with 4 Q is assumed

at the node with the initially highest pipeline interference voltage.

In the optimisation steps 2-8 (black lines in figure 8.5) every occurring peak is reduced by an
earthing system at its node. If there because of a previous optimisation step already an

earthing system was assumed, the next lower value of the vector es is taken.

If the peak is already reduced by an earthing system with the lowest possible resistance of
the vector es, the highest possible value of es is taken at the node with the next higher value
of the pipeline interference voltage Ui. This happens in the optimisation step 9 (grey line in
figure 8.5) and within the final optimisation step (orange solution line in figure 8.5).
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Figure 8.5: Optimisation steps of the expert system algorithm no. 2
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The following table 8.2 corresponds to the above described optimisation steps in figure 8.5.

Earthing system(s) at

Optimisation step km

Uimax (V) at km

Step 0

‘ 17.87

Step 2 40Q,km0.0,4 Q, km 15.39
P 10.0 (km 0.0, km 10.0)

Step 3 ‘

(km 0.0, km 10.0)

3Q,km0.0,4Q, km 16.83
10.0 (km 10.0)
Step 4 3Q,km0.0,3 Q, km 14.64
10.0 (km 0.0, km 10.0)

Step 5 2Q, km 0.0, 3 Q, km 16.50
P 10.0 (km 10.0)

Step 6 ‘ 20, km0.0,2Q, km 13.27
10.0 (km 0.0, km 10.0)
Step 7 ‘ 1Q, km0.0,2 Q, km 15.75
10.0 (km 10.0)

Step 8 10, km 0.0, 1 Q, km 10.15
P 10.0 (km 0.0, km 10.0)

1Q,km0.0,1Q, km 10.63 (km 10.0)

S 10.0, 4 Q, km 0.5
1Q,km 0.0, 1 Q, km 9.23 (km 10.0)
Solution 10.0,4Q,km 0.5,4 Q,
km 9.5

Table 8.2: Optimisation steps of the expert system algorithm no.1, corresponding to figure 8.5

8.3 Summary

As the findings in this chapter show, the introduced expert system algorithm no.1 and expert
system algorithm no.2 act for the most part similar. The difference is that expert system
algorithm no.2 prefers a successive pairwise modification of earthing systems at nodes of
different peaks. Therefore in the investigated case less optimisation steps are necessary,

which leads to shorter runtimes.

Another advantage is, that in the investigated case less installation effort is necessary (2
earthing systems with 1 Q and 2 earthing systems with 4 Q instead of 3 earthing systems
with 1 Q and 1 earthing systems with 4 Q), which leads to lower costs and to a more

homogeneous voltage distribution.

To sum up expert system algorithm no.2 leads compared to expert system algorithm no. 1 at

shorter runtimes to a lower pipeline interference voltage distribution at lower costs.
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9 Conclusion and Outlook

In this thesis pipeline interference voltage mitigating measures such as AC earthing systems,
isolating joints and compensation conductors are investigated in detail from a technical and

an economical point of view.

In this thesis the possibility to calculate pipeline interference voltages with the help of
differential equations is demonstrated. For the programme ,PipePotentials” (developed within
this thesis) a numerical approach is preferred which bases on the interaction of the mutual
impedances, the electrical pipeline parameters, the equivalent ladder network and the

solution of the nodal admittance matrix.

Within this thesis an approach to model coating holidays as circular plate earthing systems of
the pipeline was chosen. The sensitivity analysis of all interesting parameters concerning
current densities at coating holidays show, that regarding AC corrosion likelihood for higher
soil resistivities, higher pipeline interference voltages than 10 V could be allowed. In future
works these effects could be approved by electrochemical measurements, whereas it could
be a topic for future guidelines and standards.

The technical effectiveness of AC earthing systems, isolating joints and compensation
conductors is shown with the help of examples. A developed tool enables to determine
reduction factors such as the pipeline reduction factor (,Rgp") and the railway reduction factor
(-ReR”). For higher soil resistivities it is difficult and expensive to install low impedant earthing
systems, therefore the installation of compensation conductors shows an alternative, which is

in Austria starts to be applied at the moment.

Additionally to calculations and theoretical considerations measurements were carried out
within the context of this PhD thesis. These measurements at a pipeline with an existing
compensation conductor show advantageous compensation conductor switching conditions.
The comparison between measurements and simulations show the longitudinal decrement of
the interfering current and consequently the pipeline interference voltage along a parallel one

side fed railway section, because different vehicle positions have to be considered.

The investigations of the impact of different compensation conductor locations show that
there are two principle possibilities to install compensation conductors either close to the
pipeline or close to the interfering system. If the compensation conductor is close to the
interfering system, effects based on the phase position may worsen the situation; therefore a
better option is installing the compensation conductor close to the pipeline. Additionally it is
shown, that the pipeline reduction factor ,Rr” depends on the distances between the
pipeline, interfering system and compensation conductor. Therefore in future the established

constant reduction factors should be mentioned with a corresponding distance.
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The developed tool helps to carry out future analyses regarding the implementation of
additional and/or high conductive earth wires. A new tool considering the inductive coupling
between interfering system, interfered pipeline and a conductive coupled compensation
conductor could be developed and verified by measurements.

The investigation of different phase conductor arrangements shows that a simple
modification of the phase conductor arrangements is in many cases an effective measure

which has also been optimised within the context of this PhD thesis.

The analysis of the impact of an increasing distance between interfering line and pipeline
shows the importance of the pipeline route planning phase. The economic analysis of the
main investigated pipeline interference voltage mitigating measures demonstrates among
other things the disadvantage of a later isolating joint installation. These facts show that in
future AC interference problems should be much more taken into account during planning

phases.

Within this PhD thesis a comparison between the impact of 400 kV overhead lines and
electric railway systems on pipeline interference voltages is carried out. Assuming thermal
currents along the whole interfering section, railways show a stronger influence regarding the
risk of hazard. The analysis of the influence on the AC corrosion likelihood shows different
results for the vicinity and the far area. In the vicinity area (up to 100 m) the 400 kV overhead
lines have a bigger influence than the electric railway systems, because of the characteristic
load flow. With higher horizontal distances, the influence of the railway system is bigger. This

hint can be useful for planning future pipeline routes.

As it is shown with the examples of one- and both side fed railway lines, the assumption of
the maximum current over the whole approach is a worst-case assumption. Based on
measured data a future model taking relevant load flows and feeding situations into account

could be developed.

The annual measuring series of the specific soil resistivity gives an interesting sight on the
seasonal changes of the investigated soil in the upper and the lower layers. The investigation
of the impact of the seasonal varying soil resistivity on earthing systems shows the need for
a safety margin for AC earthing systems resistances. This could also be a topic for future
guidelines and standards. The annual measuring series of the specific soil resistivity could be

repeated for different soil types in order to derive additional conclusions.

Within the carried out case study the approach of superposing the influence of interfering
systems with different frequencies is selected. Within electrochemical analysis this approach

could be verified or a more representative calculation rule can be worked out.
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The cost effective analysis of the solution scenarios shows useful benchmarks to compare

the efficiency of different pipelines or pipeline operators.

At the end of this PhD thesis two algorithms are designed in order to simulate the practical
optimisation procedures of an expert. The second of these algorithms can be seen as an

improvement which leads to lower pipeline interference voltages at lower costs.

In the following time the algorithms will be applied for a large national inductive pipeline
interference project. Based on these upcoming practical experiences there could be new

suggestions to develop the expert system algorithm further.
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12 Appendix

12.1 Pipeline Parameters

Appendix

Network Element

or derived term

Bitumen-Coating ru = 10 kam®

PE-Coating ru = 100 kam?

Most
1kHz 10 kHz 50 kHz 1 kHz 10 kHz 50 kHz Determining
Factors
Lo (Q/km) 0.23 0.72 1.60 0.023 0.72 1.60 fR,
re (Q/km) 0.99 9.87 49.35 0.99 9.87 49.35 f
x,(Q/km) 0.23 16.76 | 134.36 0.23 16.76 | 134.36 f,R, P
XiLo (Q/km) 0.23 0.72 1.60 0.23 0.72 1.60 f, R
, 121+ 1059+ | 5095+ | 1.21+ 10,59+ | 50.95+
Z,/(Qfkm) 00029] | 16.04] | 132.76j |0.0029j | 16.04] | 132.76] f,R. P
12, 1(Q/km) 1.21 19.22 | 142.20 1.21 19.22 | 142.20 f,RL, P
ML 1 (Q) 1.21 10.58 50.95 1.21 10.58 50.95 f, R,
I, 1im (LH) 4504 | 25534 | 42258 | 4504 | 25534 | 42258 f,R, P
g (mS/km) 157.1 157.1 157.1 15.71 15.71 15.71 ry RL
b, (MmS/km) 1465 | 14652 | 73259 | 1465 | 1465.2 | 7325.9 f, R
, 1571+ | 157.1+ | 157.1+ | 1571+ | 1571+ | 1571+
Yu(mSikm) 1465] | 1565.2j | 73259 | 146.5] | 1465.2j | 7325.9] fu B Re
o 11m (Q) 6.37 6.37 6.37 63.66 63.66 63.66 re RL
Co 1kan (UF) 23.32 23.32 23.32 23.32 23.32 23.32 R,
| Zeipeiine | 1 (Q) 4.88 1.28 027 | 684 | 129 0.27 f, ru

Table 12.1: Sensitivity table for elements of pipeline equivalent network for high frequencies
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12.2 Coating Holidays
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Figure 12.1: Coating holiday current I¢, plotted against p for variable coating holiday diameters and the selected
pipeline interference voltages 1 V and 4 V
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Figure 12.3: Current density at coating holidays Jc plotted against p for variable coating holiday diameters and
the selected pipeline interference voltages 1 V and 4 V, red line: 100 A/m? limit, green line: 30 A/m?-limit
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12.3 Simulation Parameters

If the assumed simulation parameters are not included in the full text of this thesis, they are
listed below:

Figure 2.8: Length if the pipeline 1=100 %, 50 pipeline segments with a constant length of
2 %, constant interference voltages in longitudinal direction for every pipeline segments
between 20 % and 80%, no interference voltages from 0 % - 20% and 80% - 100 %, pipeline
covering resistivity r, = 100000 Qm?, specific soil resistivity p= 100 Qm, pipeline diameter

d= 400 mm. Interfering frequency f=50 Hz.

Figure 2.10: Length if the pipeline [=100 %, 50 pipeline segments with a constant length of
2 %, constant interference voltages in longitudinal direction for every pipeline segments
between 20 % and 50%, no interference voltages from 0 % - 20% and 50% - 100 %, pipeline
covering resistivity r, = 100000 Qm?, specific soil resistivity p= 100 Qm, pipeline diameter

d= 400 mm. Interfering frequency =50 Hz.

Figure 4.3: Length if the pipeline 1=20 km, 40 pipeline segments with 500 m, constant
interference of 10 V in longitudinal direction for every pipeline segment, railway reduction
factor = 0.5, pipeline covering resistivity r, = 100000 Qm?, specific soil resistivity p= 100 Qm,
pipeline diameter d= 800 mm. Interfering frequency f=16.7 Hz.

Figure 4.6: Length if the pipeline 1=20 km, 40 pipeline segments with 500 m, constant
interference 10 V in longitudinal direction for every pipeline segment, railway reduction factor
= 0.5, pipeline covering resistivity r, = 100000 Qm?, specific soil resistivity p= 100 Qm,
pipeline diameter d= 800 mm. Interfering frequency f=16.7 Hz.

Figure 4.8: Length if the pipeline =20 km, 40 pipeline segments with 500 m, inconstantly
interference: 0 V in longitudinal direction for pipeline segments 1-10 and 22-41, 15V in direct
axis for pipeline segments 11-21, railway reduction factor Reg = 0.5, pipeline covering
resistivity r, = 100000 Qm?, specific soil resistivity p= 100 Qm, pipeline diameter d= 800 mm.
Interfering frequency f=16.7 Hz.

Figure 4.10: Phase conductor diameter d= 32.2 mm, Earth wire diameter d= 21.4 mm,
pipeline diameter d= 800 mm, compensation conductor diameter= 21.4 mm, phase currents
= 1000 A with 0°, 120° and 240°. Phase coordinates (x/y) of overhead line: Phase 1: -3.5 m/
20 m, Phase 2: 0 m/20 m, Phase 3: 3.5 m/ 20 m. Earth wire coordinates (x/y): 0 m/25 m,
Pipeline coordinates (x/y): -50 m/ -1 m, Compensation conductor coordinates (x/y): variable/ -

- 1 m. Interfering frequency =50 Hz.
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Figure 4.11: Phase conductor diameter d= 32.2 mm, Earth wire diameter d= 21.4 mm,
pipeline diameter d= 800 mm, compensation conductor diameter= 21.4 mm, phase currents
= 1000 A with 0°, 120° and 240°. Phase coordinates (x/y) of overhead line: Phase 1: -3.5 m/
20 m, Phase 2: 0 m/20 m, Phase 3: 3.5 m/ 20 m. Earth wire coordinates (x/y): 0 m/25 m,
Pipeline coordinates (x/y): -50 m/ -1 m, Compensation conductor coordinates (x/y): variable/
between- 0.5 m and -2 m. Interfering frequency =50 Hz.

Figure 4.19: Simulation curve: 31 pipeline segments with an average length of 300 m,
average voltage in longitudinal direction 17 V for every pipeline segment, railway reduction
factor Rer = 0.32, pipeline covering resistivity r, = 100000 Qm?, specific soil resistivity p= 100

Qm, pipeline diameter d= 150 mm. Interfering frequency f=16.7 Hz.

Figure 4.20: Length if the pipeline 10 km, 20 pipeline segments with an average length of
500 m, railway reduction factor Reg = 0.25, pipeline covering resistivity r, = 100000 Qm? and
30000 Om? , specific soil resistivity p= 100 Qm, pipeline diameter d= 800 mm. Interfering
frequency =50 Hz.

Figure 4.22: Length if the pipeline 10 km, 20 pipeline segments with a length of 500 m,
pipeline covering resistivity r, = 100000 Qm? , specific soil resistivity p= 100 Qm, pipeline
diameter d= 1000 mm. Interfering frequency =50 Hz.

Figure 5.2: Length if the pipeline 20 km, 40 pipeline segments with a length of 500 m,
pipeline covering resistivity r, = 100000 Qm? , specific soil resistivity p= 100 Qm, pipeline
diameter d= 800 mm. Interfering frequency f=16.7 Hz.

Figure 5.3: Length if the pipeline 20 km, 40 pipeline segments with a length of 500 m,
pipeline covering resistivity r, = 100000 Qm? , specific soil resistivity p= 100 Qm, pipeline
diameter d= 800 mm. Interfering frequency f=16.7 Hz.

Figure 5.11: specific soil resistivity p= 100 Qm, railway reduction factor Rgzr = 0.35, 10-km-
approach between pipeline and interfering system, variable horizontal distances. Only
maximum values of pipeline interference voltage of each approach are relevant for this

figure. Interfering frequency f=16.7 Hz.

Figure 5.12: specific soil resistivity p= 100 Qm, railway reduction factor Rggr = 0.35, 10-km-
approach between pipeline and interfering system, variable horizontal distances. Only
maximum values of pipeline interference voltage of each approach are relevant for this

figure. Interfering frequency f=16.7 Hz.

Figure 7.3: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rer = 0.25, pipeline

diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.
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Figure 7.4: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rgg = 0.25, pipeline
diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.

Figure 7.5: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rgg = 0.25, pipeline
diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.

Figure 7.7: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rgg = 0.25, pipeline

diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.

Figure 7.9: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rz = 0.25, pipeline

diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.

Figure 7.11: Length if the pipeline 13.28 km, 13 pipeline segments with an average length of
1 km, specific soil resistivity p= 100 Qm, railway reduction factor Rz = 0.25, pipeline

diameter d= 400 mm. Interfering frequencies f=16.7 Hz and 50 Hz.

Figure 8.3: Length if the pipeline 10 km, 20 pipeline segments with a length of 500 m,
constant interference of 1.8 V in longitudinal direction for every pipeline segment specific soil
resistivity p= 100 Qm, pipeline diameter d= 400 mm. Interfering frequency f=50Hz.

Figure 8.5: Length if the pipeline 10 km, 20 pipeline segments with a length of 500 m,
constant interference of 1.8 V in longitudinal direction for every pipeline segment specific soil

resistivity p= 100 Qm, pipeline diameter d= 400 mm. Interfering frequency f=50Hz.
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