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nonuniform soil resistivity along a pipeline-power line
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Abstract

Metallic buried pipelines sharing the same corridor with AC power lines are
subjected to AC interference, potentially harmful to personnel and equipment.
The inductive coupling depends, among other factors, on the physical character-
istics of the soil. This work presents an analysis of the effects of soil resistivity
nonuniformities spanning along the length of a corridor. The investigation is
performed by assessing several realistic configurations suited to highlight the
various mechanisms affecting the phenomenon. The calculations are carried out
employing an ad-hoc developed numerical tool, where the network analysis is
used to enforce physical constraints on a 2D finite element analysis. The ob-
tained results show that longitudinal nonuniformities in the soil resistivity can
significantly affect the induced currents, depending on the particular configura-
tion of the power line under exam.

Keywords: AC Interference, Pipeline, Inductive Coupling, Finite Element

Method, Soil Resistivity

1. Introduction

The process of transporting water, oil and gas is generally performed by

means of metallic pipelines buried in the soil. For several reasons, such as high
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costs of land and environmental concerns, these structures often share their
geographical corridors with high voltage AC (HVAC) power lines. A metallic
pipeline located in the proximity of a HVAC power line will inevitably experience
inductive coupling due to the power line currents [1]. Although AC interference
to pipelines is commonly regarded as less severe than DC current interference,
if the values of the induced voltages and currents on a pipeline exceed certain
threshold levels, the pipeline’s risk of experiencing electrochemical corrosion is
considered to be high [2, 3]. Likewise, whenever the induced pipeline voltage
with respect to the remote earth is higher than 50 — 60 V, workers touching the
pipeline are exposed to electrical shock [4, 5]. Finally, high levels of induced
voltages can result in damages for the active cathodic protection systems con-
nected to the pipeline. For the above reasons, an accurate knowledge of these
phenomena is fundamental for the design of pipelines routings and mitigation
measures for existing structures [6, 7]. In this spirit, the necessity of reliable
simulation tools for the assessment of the induced electromagnetic variables on
buried pipelines stems from both the inherent complexity of the problem and

the technical difficulty of performing measurements on such wide geometries.

The majority of the calculation methodologies devoted to the study of AC
interference on metallic objects use the transmission line theory for the assess-
ment of the inductive coupling [8-10]. As discussed in [11], these techniques
are generally based on approximate formulas [12, 13] for the evaluation of the
mutual impedance between earth-return conductors. These are employed to
overcome the computational cost of a direct solution of the Carson [14] and
Pollaczek integrals [15]. Nevertheless, Finite Element Analysis (FEA) is also
applicable to the task of AC interference. The quasi-3D methodology intro-
duced in [16, 17] employs a series of 2D finite element simulations to extract
the physical dependencies existing among the different conductors of a given
corridor section. The obtained information can be embedded in an equivalent
electrical circuit, which serves the purpose of enforcing appropriate constraints

on the electromagnetic quantities, complementing the assumptions made when



the 2D FEA is performed. In this way, the developed methodology allows im-
perfect coatings or groundings of the metallic conductors to be modelled in a
physically consistent way, while retaining the advantages provided by the em-

ployment of a FEA.

In this work, the above described quasi-3D methodology is employed to per-
form a study on the influence of longitudinal nonuniformities of the soil electrical
resistivity over the induced voltages and currents on the pipeline. Variations
of the soil resistivity, in fact, may yield unsafe touch voltages on the pipeline,
as well as values of current that can lead to electrochemical corrosion [18].
Throughout the years, considerable attention has been devoted to develop math-
ematical methodologies that could take into account vertically or horizontally
stratified soils, both through the extension of existing analytical approaches
[19, 20] and implementing methods based on a combination of bidimensional
FEA and mesh analysis (hybrid techniques) [21-23]. However, to the authors’
best knowledge, the effects caused by gradients of the soil electrical resistivity
along a corridor (the z direction of Fig. 1) have not been studied extensively yet.
It is worth considering that a change in the value of soil resistivity at one point
of the corridor is responsible for two effects that have opposite consequences on
the induced electromagnetic fields: the inducing effect of the power line grows
with the soil resistivity (due to a less effective screening effect of the soil) but
so does the impedance of the earth-return path for the induced currents. The
combination of these two opposing effects makes nontrivial the evaluation of

their resulting consequences on the pipeline.

This work is focused on the twofold purpose of adapting the quasi-3D method-
ology introduced in [16, 17] to investigate such interference cases, and to provide
an interpretation to the physical effects produced by the aforementioned longi-
tudinal soil nonuniformities. In order to do so, a simple configuration is analyzed
using both the developed quasi-3D methodology and the well consolidated ap-
proach described in the CIGRE guide [24]. Afterwards, more complex configura-

tions (i.e. adding an overhead ground wire (OGW) and assuming a nonparallel



pipeline-power line routing) are investigated, aiming to reproduce more realistic
interference cases. The following sections will show that the described changes
in soil resistivity can both mitigate or intensify the AC interference induced by
a power line on metallic objects sharing the same corridor. This, depending
on the geometry and configuration of the considered structures, may result in
over-estimations of the induced currents, or unexpected hazardous conditions
that need to be carefully assessed in the safety design process for these kind of

structures.

Figure 1: Representation of a corridor with a power line and a metallic pipeline buried in the

soil, which features a longitudinal variation of electrical resistivity.

2. Numerical Methodology

The quasi-3D methodology utilized in this paper is based on a 2D FEA,
performed on a certain number of sections of the considered power line-pipeline
corridor. Each section represents the specific features of the corridor at a given

position along the line, i.e., the relative positioning between the pipeline and



the power line, the soil characteristics, including nonuniformities and stratifica-
tions, the presence of earthing and mitigation devices. The number of sections
along the corridor determines the accuracy of the solution along the longitudi-
nal direction. However, the considered sections are not physically independent.
A circuital approach is employed to enforce the interconnection between these
sections. That is, for each section, FEA is used to extract the parameters of
a multiport component, which describes the local behaviour of the corridor in
terms of voltage and current. The components obtained in this way are then

assembled to form an electrical network that describes the entire corridor.

2.1. Finite element formulation

As previously mentioned, the finite element solver is a fundamental block of
the analysis tool developed to obtain the results described in this paper. The
solver is based on a quasi-magnetostatic formulation, where only the conduction
current is considered in the Ampére-Maxwell law. The voltages and currents are
assumed to be in a sinusoidal steady-state, and the materials are considered to
be linear and isotropic. Finally, the current densities are assumed to flow per-
pendicularly to the calculation plane. Hence, if the power line is directed along
the z-axis, J = J.(z,y,t)k, and a magnetic vector potential A = A_(z,y,t)k
is defined for the magnetic field, such that B =V x A. These assumptions,
discussed in more detail in [16], allow one to formulate the diffusion equation of

the magnetic vector potential with the following stationary complex expression:

1
-V </~LVAZ) =Jo,, — jwoA;, (1)

The unknown A, appearing in (1) is the phasor associated to the sinusoidal
component A, of the magnetic vector potential, while the phasor Jo,» accounts
for the impressed current densities due to externally applied fields along the z
direction (such as the power line three-phase source). Equation (1) is discretized

by means of a finite element approach [25], yielding a complex linear algebraic



system:
(K{A.} = {f}, (2)

which provides the nodal values of A,. The right hand side in (2) takes into
account the imposed current densities & and the boundary conditions. Thus,
(2) can be regarded as an algebraic expression describing the relationship be-
tween the forcing terms of the problem (i.e. the impressed current densities Jo,z )
and their effects on the considered section, that is, the vector potential distri-
bution. The forcing terms & are generally not known a priori, since they are
related to the longitudinal electric fields, and depend on the behaviour of the
whole system. Hence, the problem requires the physical interactions between
the considered sections to be modelled. As anticipated, this task is carried out

by introducing an circuital model.

2.2. Equivalent circuit

A power line-pipeline corridor with a generic routing can be approximated
by a sequence of segments of finite longitudinal length. The FEA described
in the previous section is utilised on each of these segments, to derive a linear
relation between the forcing terms and the electric currents in each conductor.
In symbolic form, the current density due to inductive coupling can be expressed

as:

o= Jo. — jwods, (3)

where Jo . represents the current density corresponding to a stationary problem,
i.e., without the self and mutual induction effects, which are accounted with the
—jwo A, term. The electric current ) in a generic conductor h can therefore
be obtained by integrating J, over its cross-section S, on the x — y domain {2,

as:

L:/ J.dS = J07ZdS—jw/ 0A.dS. (4)
Sh Sh S

This allows one to derive a linear relationship between the array {I} composed

of the electric currents Iy,Is,...,I, in each conductor of the considered sec-



tion, and the forcing term array {.J, o}, whose entries are the impressed current

densities J 0.1, J.,0,2, ---,Jz,0,n o0 the conductors:

{1} = [M{ o). (5)

Equation (5) can be considered as a definition of the characteristic matrix [M].
In a system with n conductors (including OGWs and the soil), the characteris-
tic matrix [M] is a rank n complex square matrix embodying the relationship
between the conductors due to the phenomenon of electromagnetic induction.
The generic entry my, ;, of [M] is the current I;, flowing through the hth conduc-
tor when a unit current density Jo .k is enforced on the kth one. As a result,
the characteristic matrix is populated by running n FEM simulations, in each
of which all the entries in @ are set to zero, except for M which assumes
unit value. The values of the kth column of [M] are found by calculating the
current on the conductors according to (4).

Considering a segment of corridor with a longitudinal length L, the m im-
pressed current acting on the kth conductor is related to the voltage V}, applied
to the same conductor along its longitudinal length by:

O
ook =7 Ve (6)

Therefore, it is possible to derive from (5) and (6) a constitutive relation of
an n-port circuit component representing the behaviour of a corridor segment
as obtained from FEA. Fig. 2 shows the first two cells of an equivalent circuit
encompassing the derived n-port components with the above described method-
ology (the third phase conductor has been omitted for the sake of clarity). As
one can see, every cell features an admittance connecting the OGW to the soil,
in order to account for the combined impedances of the power tower metallic
structure and groundings. As the present work does not feature any fault condi-
tion, the line conductors’ admittances have not been considered (hence omitted
in Fig. 2). Nevertheless, a fault involving a current running from a line conduc-
tor to the soil through the power tower can be simulated as well, as long as the

assumption of a sinusoidal steady-state is valid. This can be done by connecting



the faulted line conductor to the soil via an impedance, representing the sum
of the pylon and the power tower grounding system impedances. In Sec. 3,
two different routings of the pipeline are considered, as well as two different soil
structures. The general case of a pipeline crossing the power line in presence
of longitudinal nonuniformities of the soil resistivity is treated by subdividing
the corridor in a series of sections, in which the pipeline is considered to be
(locally) parallel to the power line. In this way, the condition J = Jz(:c,y,t)l;:
is always fulfilled. Each section is associated with a set of electrical properties
and a 2D domain discretization, constituting the input of the finite element
solver. For every section, the aforementioned characteristic matrix is extracted
via the FEA, and the resulting equivalent electric network is solved via standard

tableau analysis technique, as detailed in [16].
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Figure 2: Schematic of the equivalent network embodying the characteristic matrices.

3. Results and Discussion

In the next paragraphs, the following four corridor configurations are anal-

ysed, focusing on the effects of longitudinal soil nonuniformities:

(A) Pipeline running parallel to a power line without OGW;

(B) Pipeline running parallel to a power line with a single OGW;



(C) Pipeline crossing a power line without OGW (nonparallel routing);

(D) Pipeline crossing a power line with a single OGW (nonparallel routing).

In the listed configurations, soil resistivity nonuniformities on the zy plane
of Fig. 1 have purposely not been included, in order to focus on the effects
of the ones along the z direction, along the corridor. Figure 3 shows the ge-
ometrical disposition of the power line conductors, which, together with the
pipeline burial depth, is retained for all the considered configurations. Other
geometrical and electrical properties of the line conductors, pipeline, soil and
OGWs are reported in Tab. 1, along with relevant references. The adopted
values for the pipeline and OGW electrical properties correspond to steel and
aluminium, respectively. The pipeline per unit length admittance to soil y, s
has been evaluated with the expression provided in [24], assuming a 5 mm thick
bituminous coating resistivity of p = 2 x 10 Q2m and ¢, = 5. The value for the
OGW admittance to the soil conductor (yg,,,_s) has been obtained assuming
that a power tower is installed every 200 m of the power line, and that the series
of every power tower and its grounding system has a resistance of 10 [26, 27],
giving Yiower = 0.1 S. Consequently, the power tower admittance-to-soil is then
distributed over 200m, yielding the p.u.l. value reported in the table. Each
of the four listed configurations has been simulated twice, firstly assuming that
the pipeline is buried in a uniform soil with ps = 50Qm (p, in Fig. 5, then by
considering the nonuniform resistivity profile denoted as py,, in Fig. 5. This lat-
ter assumption corresponds to a corridor that crosses different kinds of soil, and
hence different values of electrical resistivity. In the resistivity profile depicted
in Fig. 5, the lower value of p; = 50 Q2 m corresponds to a fairly conductive
soil (e.g., clay), while the higher one (p, = 5 x 10° 2m) is typical of gravel or
sandstone [24].

8.1. A - Parallel routing without OGW
In this first test (A) the pipeline has been assumed to run parallel to a power
line with the geometrical characteristics described in Fig. 3, with the exception

of the OGW, which has been excluded. The pipeline horizontal positioning



Table 1: Geometrical and electrical data

Physical quantity Value

I; 1 (line current) [28] 600/0° A
L 600/—120° A
Iigrr 600/120° A

op (pipe electr. conductivity) 5.5 x 108 Sm™!
Text,p (Pipe external radius) 0.5 m
Tint,p (Pipe internal radius) 0.475 m
Wr.p (Pipe rel. magnetic perm.) 250 —
Y, (pipe admitt. to earth) [24] 3 x107*4+j9 x 107 Sm™!
Zp—s (pipe terminal imped.) 1 kO
0ogw (OGW electr. conductivity) 3.77 x 107 Sm~!
Togw (OGW radius) 6 x 1073 m
Yogw—s (OGW admitt. to earth) 5 x 1074 Sm™!
Zogw—s (OGW terminal imped.) 1 Q
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Figure 3: Geometrical positions of the conductors.

with respect to the power line has been set to hy = —40m. With reference
to Fig. 4, the negative sign denotes that the pipeline is located on the left
of the power line. The information extracted via the quasi-magnetostatic 2D
analysis has been used to build an equivalent network as described in Sec. 2.2,
consisting of 880 cells representative of 25 m each, to reach the total corridor

length L = 22km.

This configuration has been analyzed using both the developed quasi-3D
methodology and the procedure prescribed in the CIGRE guide on the influ-
ence of high voltage AC power systems on metallic pipelines [24]. The latter
represents a well established methodology that can be employed for the valida-
tion of the simulation results [29], especially regarding power line configurations
without OGWs [11]. Figure 6 shows the obtained pipeline current and pipeline-
to-soil voltage for the two cases of uniform and nonuniform longitudinal soils
computed using the two different calculation techniques. With a 3.2 % maxi-

mum relative difference in the obtained pipeline current I,, for the uniform soil
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Figure 5: Uniform (p,) and nonuniform (ppn.) longitudinal soil resistivity profiles employed

in the simulations.
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case 6 (a), the two approaches show a good agreement for this configuration.

As one can see from Fig. 6 (a), the induced pipeline current decreases by
18.3 % at the midpoint of the corridor (z = 11km) when the nonuniform soil
structure is considered. The same behaviour of the induced current occurs
(with a phase shift of 180°) in the soil. The HVAC transmission line carries a
balanced system of currents, i.e., the sum of the line currents is null: »°, I; = 0.
In absence of other earth-return conductors, the pipeline current can only take
the soil as a return path (I, + I, = 0). An increase of soil resistivity produces

two opposing effects with respect to the induced current:

1. The local electromotive force induced on any conductor by the power line
is increased, due to a lower screening effect of the soil with regards to the
time-varying magnetic field of the power line;

2. Considering a generic earth-return conductor, the real part of the impedance

of its return path is increased proportionally to the soil resistivity.

Figure 6 (b) shows the magnitude profile of the obtained pipeline-to-soil voltage.
As one can see, the nonuniform soil resistivity profile does not radically change
the magnitude of the induced voltage. However, it is worth noticing that the
inflection points exhibited by the voltage obtained using p,,,, i.e, at z = 5km and
z = 17km are located where p,,;; changes sharply. Indeed, the slab of high soil
resistivity has essentially the effect of partially isolating the parts of the pipeline
located at its left and right sides. In the hypothetical case of an extremely high
resistivity of the soil slab, the obtained induced voltage (between z = 0km
and z = 5km) would show the characteristic V-shaped profile that can be
observed between the two ends of the corridor when the uniform soil resistivity
is employed (Q3D p, in Fig. 6 b). The same would be true considering the

portion of the pipeline between z = 17km and z = 22km in the p, case.

From a technical standpoint, a mitigation system (i.e. a combination of
grounding and screening conductors) designed under the assumption of uniform
soil (p, in Fig. 6) would not be optimal for the described nonuniform soil

resistivity profile. As an example, taking action against the maximum induced

13



current obtained with p, would lead to installing an insulating joint at z =
11 km. However, the current profile obtained with p,, indicates z = 7km and

z = 15km as the two most problematic spots.

3.2. B - Parallel routing with a single OGW

For this second test (B), all the geometrical and electrical parameters (in-
cluding the pipeline path) are unchanged with respect to test (A), with the ex-
ception of the OGW. Indeed, in this test the power line is assumed to comprise
an OGW, characterized by a p.u.]l admittance to earth of 5 x 107*Sm™!. The
reason for repeating the same test with the only addition of the OGW is that its
earth-return nature increases the physical complexity of the phenomena taking
place among the various considered conductors. Indeed, the results depicted in
Fig. 7 show that the presence of the OGW drastically changes the profile of the
induced currents and voltages on the pipeline when the soil is nonuniform. This
fact is notable, as the results of test (A) could lead to attribute to the highly
resistive slab of soil a mitigating effect towards the pipeline. However, the re-
sults of Fig. 7 show that the addition of a single OGW is enough to reverse the
effects of the soil nonuniformity, which produces now an increase in the maxi-
mum value of induced current on the pipeline, as well as a significant distortion
of the induced voltage to earth. In order to explain this behaviour, it is useful
to compare tests (A) and (B) when a uniform soil is considered: the addition
of the OGW changes the magnitude of the induced currents and voltages, but
not their profile. This means that the difference between the results of tests
(A) and (B) for the case of nonuniform soil can be related to the interaction
between the OGW and the soil. In this respect, it is useful to remember that
from the perspective of the soil and the pipeline, the OGW constitutes a rather
low impedance path that can bridge portions of the soil, and as such provides a
preferential way for the currents that would otherwise be forced to flow through

the highly resistive slab of soil.

Figure 8 depicts the phasors of the earth-return conductors currents consid-

ered in Test (B). The current phasors for the Pipeline, OGW and the soil are
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a power line (rout; in Fig. 4) without OGW for the two resistivity profiles shown in Fig. 5:
comparison between the quasi-3D methodology (Q3D) and the CIGRE standard (CIG) [24].
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two resistivity profiles shown in Fig. 5: results obtained with the quasi-3D methodology.
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depicted at the midpoint of the corridor (z = 11km), for the two considered
longitudinal soil resistivity profiles p, (in Fig. 8a) and py, (in Fig. 8b). The
soil resistivity at z = 11km increases from 50 Qm (Fig. 8a) to 5 x 10°Qm
(Fig. 8b). Because of this, each of the three considered currents changes its

magnitude and phase:

1. I;: the magnitude of the soil current decreases from 16.5A to 11.9A
(—27%). This is due to the increase in the soil impedance caused by the
higher soil resistivity;

2. Iogw: the increased soil resistivity has a limited effect on the OGW
current, which undergoes a —5 % decrease, from 29.1 A to 27.5A. This
is partly because the OGW is an overhead conductor, and hence is not
affected by the soil’s screening properties;

3. I,: regarding the pipeline, in Test (B) the OGW is connected to ground
at each power tower for the whole length of the right-of-way. Likewise, the
pipeline is also connected to the soil over the length of the corridor via its
imperfect coating, represented in Fig. 5 (for every cell) as an admittance
to earth. Since the line conductors carry a balanced systems of currents,
the sum of the three represented currents (I,,/s and Iogw) must be null.
As Iogw shows only a small change when the p,, profile is considered,
the observed reduction in the soil current Iy must be balanced out by the
pipeline current. Indeed, I, increases from 18.3 A to 20.5A (12 %) from
Fig. 8a to Fig. 8b.

3.83. C - Nonparallel routing without OGW

Test (C) differs from the previous two because a nonparallel pipeline-power
line routing is considered. In particular, the pipeline follows the dashed path
depicted in Fig. 4, denoted as routr;. As for the previous tests, the simulations
are repeated twice, firstly assuming a uniform soil resistivity of 50 Qm (p,,), and
then the nonuniform soil resistivity profile marked as p,,. In order to extract

the characteristic matrices needed for the equivalent network construction, 27
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(b) nonuniform soil - pny

Figure 8: Magnitude and phase of the induced currents for test (B) at z = 11km.

different 2D meshes have been computed by progressively changing the hori-
zontal distance of the pipeline from the power line centre and the soil electrical
resistivity. Figure 9 shows the obtained current and voltage magnitude profiles
on the pipeline (for the two considered soil resistivity profiles). As in Test (A),
the configuration has been assessed using both the developed quasi-3D code and
the methodology prescribed in [24], denoted as CIG in the legend of Fig. 9. The
results yielded by the two different approaches show a good agreement for both
the induced current and voltage. Unlike the results of tests A and B, which refer

to parallel configurations, the induced pipeline current profile in Fig. 9 is asym-

18



metric with respect to the point where the pipeline path crosses the power line,
i.e., at z = 11 km. This can be explained considering that the two upstream and
downstream sections of the pipeline with respect to the crossing are not at the
same distance from the power line conductors. Indeed, higher values of induced
current can be observed on the left of the crossing in Fig. 9, where |hy| = 30m
with respect to the right part of the corridor, where |hy| = 40m. In analogy
to what can be observed in Test (A), the py, soil resistivity profile yields a
lower maximum value of induced current with respect to the uniform resistivity
profile p,. In general, however, the obtained profiles of current and voltage to
earth in Fig. 9a and Fig. 9b show that the different routing (with respect to
the parallel routing configuration) has a dominant effect with respect to the soil
longitudinal nonuniformities. Nevertheless, in this case the maximum value of
induced current I, ;45 is reduced by 10.3% when py,,, is considered, showing
a non negligible effect of the longitudinal soil nonuniformity. For the sake of
reference, I mas was reduced by 16.4 % in the parallel configuration considered

for Test A.

3.4. D - Non-parallel routing with a single OGW

Figure 10 shows the results obtained when a single OGW is added to the
power line, while keeping the same routing employed for Test (C). Coherently
to what has been observed comparing Test (A) to Test (B), the addition of a
single OGW to the geometry employed for Test (C) radically changes the effects
produced on the pipeline by the nonuniform soil resistivity profile. Indeed, Fig.
10a shows that the nonuniform soil causes now the induced current on the
pipeline to rise slightly, as opposed to what has been shown in Fig. 9a. For
what concerns the induced voltage, the comparison between Fig. 10b and Fig.
9b highlights that (excluding the two endings of the corridor), the presence of
the OGW does not significantly alter the profile of induced voltage. Finally,
Fig. 10c confirms what has been observed in Test (B), i.e., that where the
soil resistivity is higher the OGW locally acts as a return path for the pipeline

current.
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Figure 9: Test (C), current and voltage vs corridor position for a pipeline crossing a power line
(routry in Fig. 4) without OGW for the two resistivity profiles shown in Fig. 5: comparison
between the quasi-3D methodology (Q3D) and the CIGRE standard (CIG) [24].
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Figure 10: Test (D), pipeline current, pipeline voltage and OGW current vs corridor position
for a pipeline crossing a power line (routr; in Fig. 4) with a single OGW for the two resistivity

profiles shown in Fig. 5: results obtained with the quasi-3D methodology.
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4. Domain discretization and code performances

The 2D triangular meshes employed for this work consist of circular cross-
sections with a radius of 25 km, with the boundary condition A, = 0 enforced
on the outer edge. The power line is contained in the upper half of the cir-
cular domain, whereas the pipeline is buried in the soil (bottom half). The
employed radius has been selected in order to be larger than the magnetic field
penetration depth for the highest soil resistivity among the different employed
values, i.e., 50002 m. The geometrical sizes of the elements range from hun-
dreds of meters (outer edge of the domain) to sub-millimetric lengths (pipeline,
power line conductors), in order to adequately account for the skin effect phe-
nomenon while keeping a reasonable number of nodes. To do so, the outer part
of the metallic conductors has been discretized by means of structured regions
(offering fine control on the local mesh size), while unstructured Delaunay trian-
gulation has been employed for the rest of the geometry. The meshes have been
generated employing the GMSH software [30] and are constituted, on average,
by approximately 95.000 nodes, and hence 190.000 triangular elements. The
number of mesh nodes equals the rank of the (sparse) complex linear system
to be solved in order to find the nodal values of the magnetic vector potential
(quasi-magnetostatic problem). The solution of the linear system is performed
using the Fortran 90 version of the Intel MKL Pardiso library [31] for sparse
complex non-symmetric linear systems. As mentioned in Sec. 3.3, a total of
27 characteristic matrices (hence 2D meshes) have been employed to discretize
the pipeline path and the resistivity longitudinal changes. The configuration
adopted in this work features 6 conductors (including the soil) for every mesh.
Hence, following the procedure described in Sec. II, 6 different runs must be
performed for each of the 27 meshes in order to extract the corresponding char-
acteristic matrices, for a total of 162 runs of the described quasi-magnetostatic
code. Every run takes approximately 1.5s on an Intel i7-7700 HQ processor
with 16.0 GB of RAM, yielding a total run time of 4 min for the computation

of the characteristic matrices. Once these have been obtained, the equivalent

22



circuit is built and solved using a MATLAB implementation of the Tableau
Analysis methodology (as described in Sec. 2.2). The process of automatically
building and solving the equivalent circuit takes approximately 3s. It should be
considered that the most time-intensive process, i.e., the characteristic matrix
collection, must be carried out only once for a given geometry (if the materials

physical properties are not changed).

5. Conclusion

A quasi-3D methodology, based on the combination of 2D FEA and network
analysis, has been employed to analyse the AC interference induced on a buried
metallic pipeline by a high voltage power line. Several examples of parallel
and nonparallel routings of the two structures have been considered, to assess
the physical effects caused by nonuniformities of the soil electrical resistivity
over the length of a corridor. The results obtained with the developed quasi-3D
methodology show good agreement with the well established approach described
in the CIGRE Guide on the Influence of High Voltage AC Power Systems on
Metallic Pipelines. With respect to the CIGRE approach, the proposed method
can be also emplyed to model configurations comprising multiple earth-return
conductors, such as mitigation wires or OGWs. The results provided in Sec.
3 show that longitudinal nonuniformities in the electrical resistivity of the soil
can significantly alter the induced current values. The performed simulations
have shown that whenever the pipeline is the only earth-return conductor, a
highly resistive section of soil has a mitigating effect on the induced current.
However, if another earth-return conductor is added, such as an overhead ground
wire, the highly resistive soil causes then the induced current on the pipeline to
increase. This behaviour has been discussed for both a pipeline running parallel
to the power line, and a corridor where the pipeline crosses the power line. The
presented methodology allows one to predict the changes of induced voltages
and currents produced by soil nonuniformities along the corridor route, and can

be used as a modelling tool for mitigation design. Finally, while the physical
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configurations assessed in this work are rather simple, the FEM-based nature

of the presented methodology also allows taking into account soil resistivity

changes in each 2D plane adopted in the finite element calculations, including

horizontal layers,vertical layers and arbitrary 2D resistivity distributions. These

can be combined with the the longitudinal resistivity gradients presented in

this work, to assess the effects of soil resistivity changes in the three physical

dimensions.
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