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Abstract: During manufacture, handling, transportation, installation and operation, mechanical
overstress can affect the electrical and thermal properties of the conductor. As the wires in general
are made of copper, which is a very plastically deforming material, these stresses will gradually
generate plastic deformations of the copper until the wires start to fail. The objective of this article is
to study, by numerical modeling (using Comsol and Abaqus), the impact of damage mechanisms
on the electrical and thermal properties of a submarine cable phase. The influence of plasticity and
gradual copper wire failure on the physical behavior (electric and thermal) of the phase was assessed.
The heat differences between a healthy conductor vs. a damaged one (either deformed plastically
and/or with failed wires) derived from the numerical model may be an accurate indicator of the level
of damage of wires, thus furthering advanced warning before being obliged to stop the exploitation
because a mandatory heavy maintenance of the cables must be scheduled. Note that this can also be
achieved by using an optical fiber as a sensor for structural health monitoring. This study will then
make it possible to evaluate the impact of the modification of the resistance on the thermal behavior
of the cable. All of these simulations will be carried out on one phase of a 36 kV 120 mm? copper
submarine cable. Colloquially these are called “copper cables”, meaning cables with Cu conductors
(120 mm? is the smallest conductor cross-section for array cables, which are usually 3-phase cables).

Keywords: finite element modeling (FEM); numerical modeling; mechanical behavior; electric
behavior; thermal behavior; multiphysics; marine renewable energies (MREs); submarine power cable

1. Introduction

The policy of the European Union has a carbon neutrality objective to achieve for
2050. In order to achieve this objective, it set itself a milestone for 2030 which consists of
reducing greenhouse gas emissions by at least 55% [1], which is called “Fit for 55” by the
EU Plan. One of the most promising European renewable energy sources is offshore wind
energy, due to the tremendous potential of offshore wind farm projects that are ongoing
and/or already in service either on the Atlantic Ocean or the North Sea. High-voltage
electric cables for offshore farms are used for the transmission of high-voltage electric
power between the wind turbines and the onshore station through a network of grids. It
consists of a conductor (usually copper) and an insulator, the most efficient of which is
Cross-Linked Polyethylene (XPLE). The cables have an insulation system consisting of
layers of insulators, semi-conducting layers and a metal shield. Whatever the type of cable
and the underlying applications, the insulation (XPLE) must in no case be damaged under
parasitic mechanical stresses during manufacturing, handling and seagoing operations, or
under high voltage electrical loading. The effects of ozone produced by electrical discharges
in the air or from the path are also major sources of problems for these cables.

During manufacturing, handling, transport and seabed installation, high-voltage
power cables for offshore can be overloaded, thus affecting their mechanical performances
as well as their electric and thermal properties. Indeed, due to the multiple operations
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mentioned, copper wires of the conductor are subjected to complex loadings (tensile and
torsion, compressive and tangential forces, etc.) that generate inter-wire friction. As the
wires in general are made of copper, which is a very weak material, these stresses will
gradually develop plasticity into wires, thus gradually leading to their failures. These
plastic deformations are due to the formation, multiplication and displacement of mobile
linear defects (dislocations) within the crystal lattices of the metal [2], which act as barriers
to the transport of electrical charges. The movement of existing dislocations as well as the
creation of new ones, therefore, changes the mechanical behavior of the metallic material,
but also changes its physical properties (electrical, thermal, etc.). A great deal of research
has been devoted to the aging of high-voltage power cables, and several facets were
studied; especially the aging of XPLE by water-trees, structural health monitoring by
way of embedded fiber-optic sensors to assess plasticity of copper, and how mechanical
loading beyond the elastic limit also defines the “elastic limit” for both electric and thermal
behaviors [2-9].

The objective of this article is to study, by numerical modeling under Comsol [10] and
Abaqus [11], the impact of damage mechanisms on the electrical and thermal properties
of an underwater power cable. Firstly, this study aims to assess whether the overload
undergone by an underwater high-voltage power cable has a significant influence on the
deterioration of its electrical resistance. This study will then make it possible to evaluate the
impact of the modification of the resistance on the thermal behavior of the HV power cable.
It is worthwhile to note that one of the originalities of the current article is that the model
considers a multilayer conductor (1 + 6 + 12), with a length of 1 m along with considering
the plasticity of copper. This article is looking at the cables from a multiphysics perspective,
which includes mechanical, electrical and thermal behaviors. The multiphysics approach
is dictated by multiphysics parameters which play central roles simultaneously. It is also
interesting to note that the situation is worsened when one also considers the chemical and
environmental aspects (salt, humidity, stress-corrosion, etc.) that are not assessed by the
current article. The first part of this work therefore consists in considering the deformed
geometry of the conductor in the elastoplastic domain as well as the non-homogeneous
distribution of the electrical conductivity within a wire. The study will continue with
analyzing their influence on the electrical resistance of the conductor. In the second part,
the impact of the modification of the electrical resistance on the thermal behavior of the
cable will be assessed. All of these simulations will be carried out on one phase of a 36 kV
120 mm? copper submarine cable. Before developing these two parts, we briefly present in
the following section the design of the cable used in these simulations.

1.1. Cable Design—Preliminary Notions

The cable targeted by these simulations is a phase of a synthetically insulated
(XLPE) [12] kV three-core cable. The phase conductor is made of copper with a section of
120 mm?. The structure of the cable cross-section is shown in Figure 1 [12].

Nexans type designation: TXXE, U., = 36 kV, 1x120 mm? KQ

1) Conductor with water blocking compound
2) Conductor screen — semi-conducting layer
3) Insulation — cross linked polyethylene (XLPE)
4) Insulation screen — semi-conducting layer

5) Sheath/jacket - semi-conducting polyethylene

Figure 1. Phase cross-section [12].
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The geometric, thermal and mechanical properties of the cable constituents are pre-
sented in Table 1 [12].

Table 1. Geometric, thermal and mechanical properties of phase constituents and materials.

Young’ Thermal Volum
. oung s Poisson’s erma’ Thermal Thickness
Component Material Modulus . Conductivity C .
(GPa) Ratio (W/lk.m) apacity (mm)
[M].m-3 K-1]
Conductor Copper (Cu) 115 0.3 370.4 3.45 Diameter: 13
Semi-conductor XLPE 0.34 0.34 0.28 2.4 1
Cross-linked
Insulator (XPLE) polyethylene (XLPE) 0.35 0.4 0.28 2.4 8
High-density
Sheath polyethylene (HDPE) 1.38 0.42 0.28 2.4 24

1.2. Numerical Model

In this section a mechanical model of an underwater cable conductor was built. This
model reproduces the loading in tension that a submarine HV cable can undergo. This
will allow us to calculate the distribution of the mechanical stresses and the deformation
of the conductor. The deformation of the conductor will be used in an electrical model in
the second part to calculate the electrical resistance. Finally, in the third part we will study
the impact of the modification of the electrical resistance on the thermal behavior of the
cable. Using Comsol Multiphysics, two models of the conductor of length, L (modeled
cable length is 210 mm), have been developed:

e A model of a 6-wire helical single-layer conductor with a central core (Figure 2).

u=v=w=0

= 0,=0,=9,

Figure 2. Conductor wires 1 + 6 type.

e A second model of a bilayer conductor with 6 helical wires in the first layer and
12 wires in the second layer (Figure 3)

Figure 3. Conductor wires 1 + 6 + 12 type.

The characteristics of the geometry and material of the conductor (copper) are pre-
sented in Table 2 [1]:
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Table 2. Copper wire properties [4].

Radius Young's Poisson’s Unwounded Elastic Limit  Strength Electr}c .
Number Modulus . Conductivity
(mm) Ratio (mm) (MPa) (MPa)
(GPa) (S/m)
Central wire 1 1.97 115 0.33 R L 135 340 5.9107
Helical wire 6 1.865 115 0.33 210 135 340 5.9107
(1st row)
Helical wire 7
12 1.865 115 0.33 210 135 340 5.910

(2nd row)

For the meshes, quadratic elements are used. Figure 4 presents an example of the
mesh used for the monolayer model. The mesh has 14,536 nodes for 54,252 elements.

Figure 4. Meshing of the 1 + 6 model type [1].

Initially, with regard to the contact, the calculations carried out consider the hypothesis
of a sticky contact. Studies in the literature show that the hypotheses on the contact have a
negligible influence on the global behavior of the cable in tension, but they modify in a very
important way the behavior in bending [13]. To take into account the plasticity of copper
we have considered the stress—strain relationship shown in the previous paragraph. To
analyze the results obtained, we calculate the Von Mises stress to position ourselves with
respect to the elastic limit o_e [14]. The Von Mises criterion is a criterion used in the field
of the resistance of materials; metals in particular (but also for other materials, as well). It
makes it possible to know, under given stresses, if a part deforms plastically or if it remains
in the elastic domain. A ductile material begins to yield when Von Mises stress reaches a
level equal to the stress limit. In most cases, the yield stress o_e is used as the stress limit.
Von Mises stress is given by the following equation:

1 2 2 2
OVon_mises = 5\/(01 —02)" + (01 —03)" + (02 — 03) 1
where 01, 0pand o3 are the main stress components. Plasticity starts when oy, mises = Ce.

2. Results and Discussion

We simulated the behavior of the cable for a monotonic tensile force ranging from
F =0 to F = 25 kN. The results corresponding to the total displacement of the cable are
given in Figure 5. The distribution of Von Mises stress is shown in Figures 6 and 7.



Energies 2023, 16, 6286

50f19

Déplacement total (mm)

0.25

0.2

0.1

0.05

Figure 7. Von Mises stress distribution in the plastic domain (MPa).

From the figures below one can note that the stresses are significant at the level of the
central wire as well as in the contact zones between the latter and the helical wires.

In the next section, the deformation of the conductor resulting from the mechanical
calculations will be imported into the electrical model to calculate the electrical resistance,
the objective being to understand the influence of the elastic—plastic deformation on the
electrical behavior of the conductor.

2.1. Finite Element (EF) Model

DC electrical simulations are performed using the electrical module of the Comsol
software. The model developed consists in subjecting the deformed structure obtained by
the mechanical study to an electric potential difference between the two extreme surfaces
of the conductor, as depicted in Figure 8.
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Figure 8. Potential difference applied to the conductor.
The DC electrical model is governed by the charge conservation equation:
div(]) =0
J=0E 2)
E=-VV

where J (A/m?) is the current density, E (V/m) is the electric field, V (V) is the electric
potential and o(S/m) is the electric conductivity of the material. This model makes it
possible to calculate the electrical potential, V. We will also consider the impact of the
mechanical stresses symbolizing the work hardening that could exist and its effect on
the electrical conductivity of the material. For this, we will introduce an experimental
behavior law [15] obtained for a copper wire coupling the electrical conductivity and
the mechanical stresses. This law would make it possible to control the evolution of the
electrical conductivity according to the distribution of the stress resulting from mechanical
calculation (Figure 9).

Electrical Conductivity versus Axial Strain

x10’

5.885¢
5.88f
5.875¢
5.87f
5.865¢
5.861
5.855¢
5.85f
5.845¢
5.841
5.835¢
5.83f
5.825¢
5.82f
5.815¢
5.81%

Electrical Conductivity (S/m)

150 200 250
Axial Stress [MPa]

Figure 9. Electric conductivity as a function of mechanical loading.

Note that computation of the current intensity (I) in the of conductor was obtained
by making the cut plane 2D at the middle cross-section of the cable and using the surface
integral over current density (Jz) along the z-axis.

I= ff Jzds 3)

The electrical resistance of the conductor can be calculated by Ohm’s law: R = AV /L.

2.2. Numerical Results

In order to test the model, it was applied to a copper wire. Indeed, we have an
analytical solution which connects the variation of resistance to the deformation for the
case of a cylinder loaded under tension (Figure 10). This analytical validation would make
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it possible to test the numerical results and therefore that of the model before embarking
on the more complex case of the complete conductor, which will be impossible to verify.

Figure 10. Illustration of a deformed cylinder.

The electrical resistance of a cylinder is given by the relation R = pL./S, where p is the
resistivity of the material, S is the area of the base and L its length. The variation of the
resistance of a cylinder loaded in tension, in the plastic area [16], is given by the following
equation:

AR

. 2
?f(l—ke) -1 (4)

where ¢ is the total strain. To validate the numerical model, we consider a copper cylinder
with a radius of 0.1 mm and a length of 1 mm. Figure 11 presents the resistance variation
obtained numerically and analytically. The figure shows a good agreement between the
numerical model and the analytical solution. We can therefore apply our numerical model
to the conductor 1 + 6and 1 + 6 + 12.

307 — Numerical 7 |

28 —— Analytical
261
24+
22¢
20r
18+
16+
14+
12+
10t

Electrical change resistance AR/R (%)

o N B O
e

0 1 2 3 4 5 6 7 8
Axial Force (N)

Figure 11. Electric resistance vs. axial force acting on a copper cylinder.

2.3. Conductor Geometry Type 1 + 6

Figure 12 shows the distribution of Von Mises stress over the conductor in the plastic
area, and its correspondence in electrical conductivity is depicted in Figure 13.
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300

250

200

150

%107
5.89
5.88
5.87
5.86
5.85
5.84
5.83
5.82
5.81

Figure 13. Conductivity distribution in the conductor (S/m) due to copper hardening.

From these figures, it can be seen that the electrical conductivity is lower in the areas
where the mechanical stress is greater. This means that these areas are less conductive.

Figure 14 shows the density of volume losses by Joule effect for a conductor, both
without and with mechanical constraints. It can be seen in the figure on the right that the
losses are uniform and are approximately 3-10° W/m?. On the left figure, one notices a
non-homogeneous distribution of the losses, which corresponds to the distribution of the
mechanical stresses. Indeed, in the zones where the mechanical stresses are important, the
losses by Joule effect are also important.

x10

6
B.5
5
4.5
4

Figure 14. Volume loss by Joule effect (W / md) (right without stress loading, left under stress).

The total resistance is determined by integrating the current density over the cross
section of the structure. The resistance is therefore calculated by Ohm’s equation:

AV

R
I

®)

Figure 15 shows the evolution of the total electrical resistance of the conductor as a
function of a monotonic loading. From this figure, the resistance is almost constant in the
elastic region. In the plastic area, an increasing evolution of electrical resistance is noticed.
For example, for a load of 20 kN the resistance has increased by 30% (AR—R).
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Electrical resistance versus Axial Force
: :

41; Plastic area

w
©
AN\

|~' L

3321 Elastic area

Electrical resistance (LQ)
w
)]

0 5000 10000 15000 20000
Axial Force (N)

Figure 15. Electric resistance (u(}) of the conductor vs. mechanical loading.

To reduce the cost of calculations in time and memory, we will carry out a study of
the sensitivity of the electrical resistance when only a portion of the conductor is modeled.
Figure 16 shows the evolution of the electrical resistance variation for 1/10th and 1/4th of a
step as a function of the average stress in the conductor. The curves of the evolution of the
variation of electrical resistance for the different portions of the pitch are almost identical
with a slight difference for the case of a pitch of 2%. As a result, the rest of the simulation
will be conducted on 1/10th of a step.

Resistance change versus Von Mises Stress

20 — 1/10 Pitch Length /
— 1/4 Pitch Length
— 1 Pitch Length

18-

16
14r
12r

10+

Resistance change AR/R[%]

E (2} o]
T T

0 50 100 150 200
Average of Von Mises Stess [MPa]

Figure 16. Resistance vs. averaged Von Mises stress for various pitch lengths.

2.4. Conductor Geometry Type 1 + 6 + 12

For important calculation times, one models only 1/10th of the step of winding in
order to limit the size of the mesh. Figure 17 shows the distribution of Von Mises stress
in the conductor as well as the distribution of the electrical conductivity. Figure 18 shows
the influence of plasticity on the behavior of the electrical resistance of the conductor. It
can be seen that the electrical behavior of a two-layer conductor (1 + 6 + 12) has the same
tendency as a single-layer conductor.
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Conductivité électrique. (S/m) %107  Volume: Contraintes de Von Mises (MPa)
5.89
5.88 300
5.87
5.86 250
5.85
5.84 200
5.83
582 150
5.81
Figure 17. Von mises stress variation (right) and corresponding electric conductivity (left).
Electrical Resistance versus Axial Force
aF . ; ; ‘
3.9+
3.8t
3.7t
— 3.6f
i::- 350 .
g Plastic area 7
= i
ﬁ [ \
0 3.2 2>
ki 31t 1
T 3r
g 290
G 2.8-
w 2.7+ .
26} Elastic area
2.5 =
2.4t
23 L 1 L L 1 L
0 5000 10000 15000 20000 25000 30000 35000 40000

Axial Force (N)
Figure 18. The influence of plasticity on the electric conductivity of the 1 + 6 + 12 conductor type.

2.5. Influences of Some Variables on the Electrical Resistance of the Conductor

In this section, the impact of some parameters such as friction, step length and pro-
gressive wire failure on the electrical behavior of the conductor, are studied.

2.6. Effect of Friction

The consideration of the contact is managed by an algorithm of the surface-to-surface
type. Only radial contact is considered, admitting the hypothesis of non-contact between
wires of the same layer. Figure 19 shows the evolution of electrical resistance as a function
of loading for different values of friction coefficient, yt. It can be seen that the impact of
friction is almost zero in the elastic domain and that it remains very low in the plastic region.
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Electrical Resistance versus Axial Force

3.1F ! ! | —
— Frictionless
3.05¢ — With Friction u=0.05 1
al # With Friction p=0.1 ]
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®
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o

© 2.8¢ 1
i

o 275) 1
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2.65¢ q
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0 2000 4000 6000 8000 10000 12000 14000 16000

Axial Force (N)

Figure 19. Effects of friction on the electric conductivity.

2.7. Pitch Length Effects

Figure 20 shows the variation of the electrical resistance versus the mechanical loading.
As shown, the variation of the resistance decreases when the pitch length increases; then
it no longer varies. From the numerical results, it is clear that the electrical resistance
of low-pitch conductors is very high, which leads us to advise against them. Due to
their low tensile stability, low torsional stiffness and low bending strength, smaller pitch
length conductors are more advantageous. Therefore, one has to choose a pitch with an
acceptable electrical resistance, torsional rigidity and bending resistance and which respects
the constraints imposed on the conductor.

;(5) —Pitch Length=58mm
65t — Pitch Length=90mm ]
— Pitch Length=115mm
60y — Pitch Length=210mm i
55r

50r
45r
40r
35r
30r
25¢
20r
15¢
10r

Electrical Resistance change AR/R(%)

0 ; . L
0 5000 10000 15000 20000
Axial Force (N)

Figure 20. Effects of the pitch length on the variation of electric resistance.

2.8. Effects of Progressive Wire Failure

Figures 21 and 22 show the effect of progressive conductor wire failure on electrical
resistance and resistance variation. It can be seen that the impact of wire breakage is very
significant on the electrical resistance. In the field of elasticity, we notice an increase ranging
from 20% for one cut wire to 80% for three cut wires. This shows that the mechanical
behavior of the conductor influences its electrical behavior.
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— Reference
77 — 1 Helical wire
— Central wire

6.5¢ Central wire + helical wire
i — Central wire + 2 helical wire
a 6F
=
v
g 5.5F
S
E 5
[}
o
i 4.5}
.
] a4t
1}
w

3.5} —

s = e —
2.5F
0 2000 4000 6000 8000 10000 12000

Axial Force (N)

Figure 21. Effects of progressive wire failure on the electric resistance of the conductor.

1801 — Référence

1701 — 1 Helical wire

160 — Central wire

150- Central wire + 1 helical wire
140+ — Central wire + 2 helical wire

Electrical resistance change AR/R (%)

0 2000 4000 6000 8000 10000 12000
Axial Force (N)

Figure 22. Effects of progressive wire failure on the variation of conductor’s electric resistance.

2.9. FE Thermal and Thermoelectric Modeling

In this section the thermal behavior of the cable, considering the mechanical effects
on the electrical resistance of the conductor studied in the previous section, is assessed.
A thermal model under natural convection, allowing the calculation of the distribution
of the temperature in the section of the cable, is first built. To calculate the temperature
distribution inside and on the boundary of the calculation domain (the latter corresponds
to the section of the studied phase), the equation of heat transfer by conduction in unsteady
state considering the convection [17] is applied. It is defined as follows:

oT )
pCpg +pCpu-VT +div(-KVT) = Q (6)

where T is the absolute temperature (K), K is the thermal conductivity (W-m~1.K™1),Qis
a heat source (W-m~2), u is the velocity field of the fluid (m/s), p (kg / m3) is the volume

weight, and C, (kgLK) is the calorific capacity. Under natural convection, the velocity field
is created by the temperature field, and the velocity obeys the Navier-Stokes equations [17]:

div(u) =0 @
P02 + pou-Vu = —Vp + pg + uVu
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where p is the density. It depends only on the temperature and is given by the Boussinesq
approximation p = poB(T — Tp), where Tj and pj are the parameters relating to the fluid,
B is the coefficient of expansion at constant pressure, p is the pressure (Pa) and y is the
dynamic viscosity coefficient of the air. For the heat sources, Q, we will consider that
generated in the conductor by the Joule effect [18]:

We = I2.Ryc (8)

R4c(W/km) is the cable resistance and I.(A) is the current density of the conductor.
The cable is considered laid horizontally, in air with an ambient temperature of 20 °C.

The idea behind thermal sizing of the phase is to enable electric current transport
without exceeding the maximum heat allowed by the cable, which is 90 °C (upper limit for
XPLE insulator thermal resistance). The suggested model will help figure out the effects of
plasticity and wire gradual failure on the thermoelectric performance of the cable. A 2D
model was developed just to save calculation time. Heat transfer by steady state conduction
when considering thermoelectric coupling is as follows [19]:

div(-KVT)=0.1VVI2 )

T is the temperature (K), K is the thermal conductivity (W-m~1.K™1), V is the elec-
trical potential (v), and o(S/m) is the electrical conductivity of the material, given by the
following:

c=L/RA (10)

R is the conductor resistance, A is the total surface area of the wire, and L is its length.
Natural convection and heat radiation were considered on the phase surface in such a way
as to enable the defining of the corresponding boundary conditions as follows:

—V(KT)-n = h(Text — T) (11)

where 1 is the convective heat transfer coefficient, and T,y is the ambient temperature. The
h parameter at the surface is calculated from h = k-Nu/L (L is the cable’s diameter, k is the
contour’s thermal conductivity and Nu is the Nusselt number). Under natural convection,
and in the event that the phase is placed horizontally, the Nusselt number is [19,20]

Nu = (0.6 + 0.387 x R0 / (1 + (0.559Pr)°/16)8/27 (12)
Using the Stefan—Boltzmann law, the heat radiation on the cable surface is as follows:
—V(KT)-n = ev(T*ext — T*) (13)

where ¢ is the emissivity, taken as 0.9, and v is the Stefan—-Boltzmann constant.

Figure 23 illustrates the cable environment as well as the boundary conditions consid-
ered. At the borders, it is assumed that no heat exchange can occur, which is translated by
a zero normal flux. The free circulation of air on the borders (zero pressure) is assumed.
To reach a temperature of 90 °C in the conductor with the conditions defined above, we
are going to circulate an admissible current which is equivalent to 515 A. The value of the
maximum intensity of the current, I, admissible (A) in the permanent mode for a cable
HVAC is given in the IEC standards [18] by the following equation:

L AO — Wy[0.5T; + n(Ts + Ts + Ty)] 0o
admissible — RaeTy + ﬂRac(l + /\1)’]"2 + nRaC(l + A+ /\2)(T3 + T4)

(14)

where:

L4 AO = Opax — 045
e Wy are the dielectric losses in the insulator;
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e nis the conductor wire number;
e Ry is the resistance of the conductor to an alternative current;
e ) is the dissipation factor of the screen;
e )y is the dissipation factor in the shield.
The electrical resistance of the reference conductor is 0.153 Q) /km.
n-(-AVT)=0 p=0
Air\
™l
n-(—AVT)=0 p=
p= n-(=AVT)=0
T=20°C

p=0  n-(—AVT)=0

Figure 23. Effects of the environment geometry of the cable and imposed boundary conditions.

2.10. Numerical Results

Figure 24 shows the distribution of the temperature field (left) and the air velocity
field (right) of the cable in equilibrium, obtained numerically. The arrows illustrating the
velocity field are shown in both figures. To visualize the temperature variations in the
various constituents of the cable, the temperature profile is drawn along a radial section
starting from the conductor (Figure 25).

Champ de température en (*C)

Figure 24. Distribution of temperature field (°C) (left) and speed field (m/s) (right) under equilibrium.
Arrows show speed field.
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Figure 25. Radial temperature distribution on the cable.

Table 3 summarizes the average temperature in each component of the cable.

Table 3. Mean temperature in the cable.

Constituents Mean Temperature (°C)
Conductor 89.94 °C
Semi-conductor layer 82.79 °C
XPLE 71.29 °C
Semi-conductor layer 64.53 °C
Sheath 62.30 °C

These results will serve as a reference for the next experiment. Indeed, when the cable
undergoes mechanical stresses, we expect an impact on the thermal behavior.

2.11. Copper Plasticity Effects on the Cable Temperature

In this section, we study the impact of conductor plasticity on cable temperature. For
this, we consider several levels of work hardening ranging from 100% up to 168% of the
elastic limit. Figure 26 shows the impact of plasticity on the thermal behavior of the cable.
It is clear that the resistance increases with the increase in the rate of work hardening
of copper.

= = - degC
50 55 60 65 70 75 a0 85 90

Figure 26. Temperature variation when copper is plastically deformed at 140% and 168% of the elastic
limit [3].
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The average temperature of the cable’s components versus copper plasticity levels
is pictured in Figure 27, where it is clear that the temperature is quite a bit higher in the
conductor compared to what happens in the XPLE.

20- T T T T ‘_168
18' ‘164
* 1160
& 16+ 1156
P 1152
< 147 {148
)
=) 1144 -
s 12 — l1a0 £
[} — Conductor 2
o 10+ o, ; 1136 o
s} Insulation 9
c — 0 : 1132 2
I uter serving a
w 8- 1128 o
g 1124
T 6r {120
i 1116
) 4+
ki {112
w
2+ 1108
1104
Ot 1 1 1 1 1 1100
64 72 80 88 96 104

Average of Temperature (°C)

Figure 27. Mean temperature in the cable vs. the level of plasticity.

2.12. Effects of Wire Failures on Cable Temperature
In this section, we are interested in the impact of wire failure on cable temperature.
Figures 28-30 show the temperature distribution for one wire with up to three cut wires.

Surface: Température (degC) Température (degC)
120

115
110

105
100

\ 95
e 90

85

80

Figure 28. Distribution of the cable temperature with one wire failure (right) and two wire fail-
ures (left).
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Surface: Température (degC)
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Figure 29. Distribution of the cable temperature with three wire failures.
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Figure 30. Impact of progressive wire failures on transient cable temperature.

From these figures, one can notice an increase in temperature ranging from 16% for
one cut wire to 60% for three cut wires. Table 4 summarizes the average temperatures in
the different constituents of the phases as well as the temperature variations generated.
Table 4. Mean temperature in the phase on safe and on several damaged conditions.

Constituent Mean Temperature (°C) Mean Temperature (°C) Mean Temperature (°C)
onstituents Central Wire Failure With Failure of 2 Wires With Failure of 3 Wires
Conductor 104.42 °C (+16.1%) 118.95 °C (+32%) 145.01 °C (+61%)
Semi-conductor layer 96.01 °C (15%) 109.23 °C (+31%) 133.03 °C (+60%)
XPLE 82.09 °C (+15%) 92.89 °C (+30%) 112.34 °C (+57%)
Semi-conductor layer 73.91 °C (+14%) 83.28 °C (+29%) 100.16 °C (+55%)
Sheath 71.21 °C (+14%) 80.11 °C (+28%) 96.15 °C (+54%)
Temperature variation A—TT (%) 14.8% 30% 57%

With this multiphysics modeling, the various aspects pertaining to the use of high-
voltage electric cables and their aging have been investigated. A clearer idea about the
further assessment of their in-service performances can be envisaged through deepening
the various aspects that have been addressed in this article. The originality of the suggested
work is of the same inspiration as the previous research on strengthening large offshore
wind-blades with carbon nanotube-reinforced bonding along with post-stitching [21].
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As a perspective, it should be noted that the current article was conducted with
basic multiphysics modeling, and a consequent bench of research is still to come. One
particular source of trouble for high-voltage electric cables is partial discharge (PD). In a
high-voltage electric cable, when an insulation defect exists, it can be the cause of a partial
electric discharge. This discharge occurs through part of the insulation and not over its
entirety. It is important to note that the electrical discharge of high-voltage cables is subject
of numerous tests whose aim is to locate the discharge before it leads to a major failure,
knowing that the discharge once initiated will cause and, especially, will increase in intensity
until the major failure of the insulation [22]. It is also important to note the pernicious
nature of the PD, as it is a mechanism that generates progressive damage over time and
therefore acts by significantly lowering the durability of high-voltage cables. Therefore,
special attention is paid in several high-tech industries, in particular aeronautics, to the
long-term effects [23]. More specifically, when the voltage between the deep conductor and
the insulator is very high, the susceptibility to partial discharge is increased. A number of
tests and standards have been developed to test the effects of PD when cables are subjected
to high voltage [24,25]. As a future direction of research, we plan to extend our model
in order to numerically simulate the PD. We are also planning a coupling between long-
term mechanical fatigue tests on the cable with placing the phases under high electrical
tension. The experimental multiphysics coupling that we plan would make it possible to
obtain additional results in order to consolidate the models presented in this work. It is
worthwhile to note that valuable recommendations relating to the mechanical testing of
power cables have been published (see for example [26]).

3. Conclusions

High-voltage electric cables for offshore farms, by the nature of their constituent
materials, their environments of use and their operations, will necessarily have aging
kinetics of a multiphysical nature. It is on this first point that we wish to insist and that we
have tried to develop in this article. FEM was used to model the influence of the plasticity
of copper and the progressive ruptures of the wires of the conductor of the phase. The
effects of these two mechanisms clearly show that with increasing mechanical damage, the
mechanical, electrical and thermal behaviors undergo a continuous decrease, and their inter-
relation is thus demonstrated. Environmental influences (humidity, salt, stress-corrosion,
fatigue, etc.) should increase the impact of the aforementioned effects, and this would be a
possible extension of this work.

The proposed models should be viewed as an introduction to better target the influ-
ential parameters and combine them to succeed in the future in setting up a more robust
modeling of the multiphysical mechanisms that come into play during the tensioning of
offshore, electrical, high-voltage cables. The quantitative side, although being crucial, is a
secondary consideration in this study because the experimental values clearly show that
the models allow us to obtain values consistent with what happens experimentally.
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