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ABSTRACT: With the increasing maturity of marine energy development technology, the application ratio of submarine cable in marine
engineering is climbing. The connection of submarine cable between offshore wind farms and mainland power grids is of great signifi-
cance, and temperature is an important indicator for evaluating the safe operation status, which affects the stability and reliability of the
cable directly. When the cable load exceeds the rated range, it will lead to a sharp rise in temperature, which will not only shorten its
service life, but also may trigger an electrical fault. At lower loads, the cable fails to make full use of its transmission capacity under the
rated load, thus affecting the economy of power supply. Therefore, the control of temperature rise of transmission lines during long-term
operation is particularly critical, which is related to the stable operation of the power grid and the safety of power supply directly. This
study conducted a detailed calculation of the current carrying capacity of submarine cable in accordance with the IEC60287 standard
and simulated the temperature field distribution of HYJQF41-F-26/35kV 3 x 70 mm? three core AC submarine cable in different laying
environments using COMSOL simulation software, providing a scientific basis for the structural design and material selection of three

core submarine cable.

1. INTRODUCTION

s the core carrier of cross ocean energy transmission, the
Asafe operation of submarine cable is directly related to the
reliability of ocean energy development. Research has shown
that when the working current of submarine cable exceeds the
rated current carrying capacity, the temperature of the conduc-
tor will sharply rise, leading to accelerated aging of the insula-
tion layer [1-3], and it can also cause thermal breakdown faults
in severe cases. However, the allowable current carrying ca-
pacity of submarine cable is not a fixed value but is dynam-
ically influenced by multiple factors such as laying method,
environmental temperature, and soil thermal resistance [4-7].
“Directly buried” refers to the method of laying cables directly
into the soil. This laying method usually involves excavating
trenches, placing cable into the soil, and then backfilling. With
“directly buried”, the soil thermal resistance coefficient (usu-
ally 0.5-1.2K - m/W) is significantly higher than that of the
air medium, resulting in a decrease of about 30% in download
flow under the same working conditions [4, 8—10]. Therefore,
accurately evaluating the distribution pattern of current carry-
ing capacity under different laying scenarios is crucial for opti-
mizing the design and operation strategies of submarine cable
engineering.

This study breaks through the traditional static analysis
framework and constructs a multi-physics coupled simulation
model, revealing the dynamic impact mechanism of laying
methods on the temperature field of submarine cable system-
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atically. This study uses COMSOL simulation software to
analyze the temperature field distribution during the operation
of submarine cable in three laying methods: direct burial,
protective pipe laying, and cable trench laying, and takes
HYJQF41-F-26/35kV 3 x 70mm? submarine cable as an
example for finite element analysis. The structure of submarine
cables is illustrated in Fig. 1. COMSOL simulation software
was used to construct a temperature field calculation model
for three core AC submarine cable under different laying
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FIGURE 1. HYJQF41-F-26/35kV 3 x 70 mm? submarine cable struc-
ture diagram.
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methods. In the direct burial method, coupling analysis of
electromagnetic and thermal fields was conducted. Thermal
field was conducted under the conditions of protective pipe
laying and cable trench laying, and the effect of air flow on
the temperature field distribution of submarine cable was
explored.

This study systematically reveals the nonlinear impact of lay-
ing methods on the current carrying capacity of submarine cable
through high-precision multi-physics coupling modeling. The
proposed refined simulation method and engineering optimiza-
tion strategy provide important technical support for the con-
struction of deep-sea energy corridors. Future work will ex-
pand to the study of multi-system coupling in the linkage of
submarine cable and underwater observation networks.

2. SUBMARINE CABLE MODELING

2.1. Mathematical Model of Electromagnetic Field

When current passes through the cable (except for the influence
of displacement current), a stable electromagnetic environment
is generated around the cable [8—11] and its electromagnetic
field as Egs. (1)-(3).

B = uH (D
D = ¢E )
J = oE 3)

where B represents the vector of magnetic induction intensity,
H the magnetic field strength vector, D the vector of electric
flux density, F the electric field strength vector, J the vector
of conduction current density, ¢ the dielectric constant, y the
magnetic permeability, and o the conductivity.

According to the fundamental principles of electromag-
netism, electromagnetic phenomena near cable areas can be
explained using Maxwell’s Eq. (4).

V-D=p
V-B=D
V.E__aj “4)
ot
oD
V-H—J-‘rﬁ

This article studies the distribution characteristics of the tem-
perature field inside the cable. Therefore, in the constructed
equation, the first equation embodies Gaussian law; the sec-
ond equation indicates the continuity of the magnetic field; the
third equation is based on Faraday’s law of magnetic field; the
fourth equation is calculated according to Ampere’s law of cir-
cuits [11-15]. On the basis of Maxwell’s equations, derive Eq.
(5) for magnetic potential vectors in different media layers.

On the plane X OY, substituting Eq. (5) into Eq. (4) yields
the vector magnetic potential Eq. (6).
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where A, represents the vector magnetic potential correspond-
ing to each layer; .J, indicate the current density at each layer
of cable material. The material vector magnetic potential equa-
tion for each layer can be derived from Eq. (6). However, for
the insulation layer, outer protective layer, and other parts of the
cable, because the current density inside is 0, the vector mag-
netic potential equation can be simplified as Eq. (7).
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2.2. Mathematical Model of Heat Transfer Field

This article describes the temperature distribution relationship
between cable and its surrounding media by constructing a dif-
ferential equation for the thermal conductivity of cable. For this
problem, it is also necessary to establish appropriate boundary
conditions and time factors to form a complete mathematical
model [14-17].

Simplify the cable into a thermal conductor with a heat
source. Select a micro unit cell for energy balance analysis as
shown in Fig. 2. According to the principle of energy conser-
vation, the heat balance relationship Eq. (8) for micro unit cell
is obtained.

d(bzn + dQ = d(bout +dU (8)

where ¢ represents the heat generated and dissipated per unit
volume per unit time.

To accurately obtain the temperature field inside the cable,
it is necessary to establish corresponding heat transfer equa-
tions. In addition, special boundary conditions that can describe
the heat transfer and heat transfer characteristics at the cable
interface need to be provided. When solving the temperature
field of a three core AC submarine cable, it can be summarized
into three different boundary conditions. Three boundary con-
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FIGURE 2. Thermal balance analysis diagram of conductor.
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ditions are represented by Egs. (9)—(11):

T|—y = @(z,y) ©
oT
_kainh = g($7y7t) (11)

where ¢ (z,y) represents the temperature distribution corre-
sponding to the solution region of the known temperature field;
7 represents the boundary of the micro unit cell; f (z,y, t) is the
temperature distribution corresponding to the boundary solu-
tion area with known temperature; g(x, y, t) is the vector func-
tion of heat flux density at the boundary [18, 19].

2.3. Mathematical Model of Fluid Field

For the laying method of cable trenches and protective pipes,
considering the convective and thermal conductivity character-
istics of the air medium, a fluid dynamics model needs to be
constructed. This model needs to follow the laws of conserva-
tion of mass, momentum, and energy to accurately describe the
heat transfer process within the air layer, as shown in Eq. (12):

ou Ov

or Oy

62:0

(12)

Based on previous assumptions, it is assumed that the vis-
cosity coefficient of the fluid can be neglected when the tem-
perature field of cable trenches and protective pipes are studied.
According to the principle of conservation of fluid momentum,
the momentum equation of the air layer is derived, and Eq. (13)
is given.
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Based on certain premises, when considering the laying of
cable trenches and protective pipes, it is assumed that the air
viscosity coefficient can be ignored. According to the princi-
ple of fluid energy conservation, derive the energy differential
equation of the gas layer, as shown in Eq. (14):
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3. CALCULATION OF CURRENT CARRYING CAPAC-
ITY OF SUBMARINE CABLE

Using finite element analysis to analyze the temperature field
of submarine cables requires establishing different models for
different laying environments. To simplify the calculation, this
article selects a certain cross-section of the submarine cable for
temperature field research. When the cable is buried directly,
a natural convection heat transfer occurs between its outer sur-
face and the surrounding soil. When the cable is laid in the ca-
ble trench, the heat transfer between the cable trench cover and
external atmospheric medium is also natural convection heat
transfer.

The calculation of the temperature field of submarine cable
first requires determining the boundary conditions of no tem-
perature change at the bottom, no temperature in side, and the
presence of gas at the top. The calculation of submarine ca-
ble laying areas using finite element method is relatively cum-
bersome. Therefore, the area to be solved will be partitioned,
and then each modular grid will be analyzed. After partitioning
the studied area, the analysis of each node was merged into a
complete linear equation for solution, and the temperature dis-
tribution of each node was obtained. The basic process of using
finite element method to solve the temperature field of cable is
shown in Fig. 3.

| Construct the geometric model of the cable |

1|8

| Define the physical properties of materials |

1|8

| Grid division of the model |

=

| Grid adaptive refinement |

=

| Add electromagnetic field model |

=

| Apply current to the model and calculate cable loss |

=

| Construct the geometric model of the cable |

=

| Add solid heat transfer model coupled with electromagnetic field |

1|8

| Calculate the distribution of cable temperature field |

FIGURE 3. Modeling process diagram.

4. CALCULATION OF TEMPERATURE FIELD OF SUB-
MARINE CABLE UNDER DIFFERENT LAYING ENVI-
RONMENTS

4.1. Calculation of Temperature Field for Underwater Direct
Burial Laying

The submarine cable model studied in this article is HYJQF41-
F-26/35kV 3 x 70 mm?. The parameters of the submarine cable
are shown in Table 1. The current carrying capacity of a single
circuit buried installation was calculated using finite element
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TABLE 1. Cable structure parameters and material parameters.

Radius Thermal conductivity Conductivity . . .
cture name elative dielectric constan
Structu (mm) (W/n*K) (S/m) Relative dielect tant
mm m m
Copper conductor 5.00 400 5.998 x 107 1
XLPE 16.30 0.2857 1x 1071 2.5
Semi conductive buffer waterproof tape 17.75 0.1429 1x 1071 24
Lead alloy sleeve 17.95 34.8 4.81 x 10° 1
Semi conductive PE sheath 21.75 0.2857 1x 107" 2.25
PP filling strip 49.75 0.2857 1x107% 2.25
Steel wire armor layer 54.75 44.5 4.032 x 10° 1
Outer sheath layer 58.75 0.1667 1x 1071 8
Ground surface
Im
10m 10m
10m
Deep soil

FIGURE 4. Geometric model diagram of single circuit AC three core submarine cable directly buried laying.

method and compared with the results of equivalent thermal
resistance method to verify the accuracy of the finite element
model. Using COMSOL simulation software, a submarine ca-
ble coupling model is constructed as shown in Fig. 4.

In the process of laying buried cable, the solution area of the
cable is set to three boundary conditions [20]. The boundary
conditions of the submarine cable are divided, and the soil sur-
face boundary is classified as the third type of boundary con-
dition due to its exchange with the external environment and
convective heat. In theory, the boundary of the soil should be
set at infinity. However, through calculations, it was found that
the heat generated by the cable has minimal impact on the soil
beyond a distance of 10 meters, and its change in soil tempera-
ture gradient can be ignored. Therefore, the actual soil temper-
ature gradient is considered zero, thus defining the second type
of boundary condition. The bottom soil layer is less affected by
cable heat and has little temperature change, so its temperature
can be regarded as a constant. In this study, the temperature

114

of the bottom soil was set to 20° as the first type of boundary
condition.

After building the model, iterative methods can be used to
analyze the current carrying capacity and temperature distribu-
tion of the cable. The detailed steps are as follows:

(1) By writing Matlab models that comply with IEC60287 and
IEC60285 standards, calculate the current carrying capac-
ity of the submarine cable and input the current carrying
capacity values into COMSOL. Set the maximum temper-
ature of the conductor in COMSOL to 90° and conduct
parameterized scanning.

(2) Determine the initial current value I for iterative calcu-
lation based on the parameterized scan results. Estab-
lish a discriminant function “maxop” and relative toler-
ance value within the software. The initial value I of this
model of submarine cable is set to 270A, and the relative

tolerance is set to 0.01.
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FIGURE 5. Temperature field distribution of single loop AC three core
submarine cable.
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FIGURE 7. Temperature distribution of submarine cable under pipe lay-
ing conditions.

(3) Set up a probe inside the core conductor and start iterative
calculation. Compare the temperature of the core conduc-
tor recorded by the probe with “Maxtemp”, and end the
operation when the absolute value of the difference is not
greater than the relative tolerance.

Figure 5 shows the temperature distribution of the surround-
ing medium of the core conductor at 90°. The main heat source
for submarine cable heating is the working conductor core, so
its temperature is the highest, and the temperature gradually de-
creases from the core to the outer surface of the cable. Simi-
larly, the temperature of the external medium soil also gradu-
ally decreases with the increase of distance from the conductor
core.

The laying method of submarine cables on land is pipe lay-
ing. At this point, the cable needs to pass through a plastic pipe
set underground. Given the presence of air inside the pipe, we
can calculate that the flow of air inside the pipe will affect the
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FIGURE 6. Pipe laying model of submarine cable.
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FIGURE 8. Installation pipe air flow distribution diagram of submarine
cable.

heat dissipation effect of the cable. This study still selects ca-
ble as the core research object and constructs a geometric model
based on the single circuit laying mode, as shown in Fig. 6.

Due to the presence of air in the pipe, heating will cause flow
phenomena. Fig. 7 shows the stable flow of air in the pipe at
a certain current carrying capacity, from which the maximum
air velocity can be obtained as 0.22m/s. The temperature of
the cable conductor increases, and the air flow inside the pipe
becomes more intense, which helps to dissipate heat from the
cable by taking away heat.

Figure 8 shows the distribution of air flow inside the instal-
lation pipe of submarine cable. Compared to the direct burial
method in soil, the maximum temperature of the cable core has
decreased. Focusing on the modeling and simulation research
of submarine cable, Fig. 9 shows the geometric model under
single loop laying in this model, and the cable is placed on the
supports of the ditch, with a distance of 250 mm between the
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FIGURE 9. Model diagram of laying three core submarine cable trench
for communication.

A 029

0
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FIGURE 10. Temperature distribution of submarine cable during cable
trench laying.

supports. The inside of the ditch is filled with air, while the
outside is surrounded by soil. Maintain a distance of 10 m be-
tween the left, right, and bottom boundaries of the solution area
and the outer wall of the cable trench. Above the ditch is the
cover plate of the cable trench, which is in direct contact with
the external air medium. The structure and environmental pa-
rameters of the cable are the same as those listed in Table 1.

For the same laying environment, we compared the current
carrying capacity calculated by the equivalent thermal resis-
tance method with the current carrying capacity data provided
by the Far East submarine cable.

There are two main factors that cause errors when two sets
of data are compared:

(1) Traditional calculation methods have not taken into ac-
count the significant impact of air flow in cable trenches on
cable heat dissipation. During simulation calculations, air
flow velocity is usually omitted, which makes the empir-
ical formula based equivalent thermal resistance method
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FIGURE 11. Distribution of air flow during the laying of submarine
cable in cable trenches.

unable to accurately reflect the aerodynamic characteris-
tics inside the cable trench.

(2) Due to the relatively spacious space of the cable trench, the
heat generated by the cables causes drastic changes in the
air flow inside the trench, thereby taking away most of the
heat. Meanwhile, the cover plate of the cable trench has
good heat dissipation performance, which can effectively
transfer heat to the external air.

Figure 10 shows the temperature distribution of submarine
cable in the cable trench. Due to the presence of air in the cable
trench, heating can cause air flow. Fig. 11 shows the distribu-
tion of air flow in the cable trench. By observing the image, it
can be determined that the maximum velocity of the air reaches
0.29 m/s.

5. CONCLUSION

This study focuses on submarine cable and verifies the com-
putational accuracy of the coupled model through experiments.
Furthermore, we also constructed a computational model for
the single circuit pipe laying and cable trench laying of subma-
rine cable involving electromagnetic fields, heat transfer fields,
and fluid fields. Each structural material of submarine cable has
its own temperature resistance limit. Therefore, in the process
of power transmission and distribution, it is crucial to choose
an appropriate current to ensure that the heat generated does not
cause damage to the cable structure and materials. Accurately
calculating the current carrying capacity of submarine cable is
essential. This study uses the IEC60287 equivalent thermal re-
sistance method to analyze and compare the current carrying
capacity and temperature field of submarine cable, and calcu-
lates the current carrying capacity of cable under different lay-
ing modes and burial depths. A set of electromagnetic field heat
transfer field volume calculation models for submarine cable
was established using COMSOL numerical simulation method
and finite element method.

Based on the simulation results, the applicable scenarios of
the three laying methods can be summarized as follows:
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(1

2

3)

Direct burial method is economically efficient and recom-
mended for long-distance submarine trunk lines.

The protective management method is applicable to situa-
tions with medium distance and the need to prevent exter-
nal damage.

The cable trench method is particularly suitable for engi-
neering scenarios with short distances, high load require-
ments, or periodic maintenance due to its excellent heat
dissipation performance.
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