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Abstract—The ampacity of submarine cable circuits is
strongly influenced by heat transfer in the marine environment
surrounding the cable. It has been demonstrated in previous
work that for high permeability sediments convective heat
transfer can play a significant role using both bespoke two
dimensional models and experimental investigations [1,2]. This
paper introduces a one dimensional model which is capable of
calculating cable temperatures within both convective and
conductive sediments. Agreement between the one dimensional
model and a two dimensional simulation was found to be within
1.5°C. The model is used to demonstrate that the ampacity of
power cables may be significantly increased due to convective
heat transfer. Further, the one dimensional model offers
significant savings in computational time and cost compared to
the two dimensional equivalent model. This allows the analysis
of large DTS data sets in order to calculate: dynamic ratings;
burial depths; and the long-term (annual to decadal)
performance of the cable.

Index Terms—submarine power cables, convective heat
transfer, finite element simulation, thermal models

I. INTRODUCTION

URIED submarine high voltage (HV) cables are

increasingly utilized in modern electrical networks;

important examples are grid interconnectors and
offshore wind farm circuits [3, 4]. For buried cables on land
the environment surrounding the cable can be modeled with
relative ease and can be used in thermal resistance formulae
to produce current ratings [5, 6]. This is in stark contrast to
the submarine environment where migratory bedforms can
alter burial depth, and sediment properties can be highly
inhomogeneous [7]. For many submarine cables this issue is
complicated by the long length of routes, where the cable will
be buried in a variety of sediment types with varying thermal
properties [7,8].

Fiber optic cables are typically installed within submarine
HV cables in order to provide condition monitoring. Of
particular importance are distributed temperature sensing
(DTS) measurements. An obvious use of temperature
measurements is to prevent overheating of the cable. Recently
there has also been interest in using DTS measurements to
detect deburial events by identifying cold spots on the cable
route [9]. Deburial of the cable is undesirable as it can lead to
additional mechanical strain on the cable and increase risk of
damage by anchor drop. This places the cable at increased
risk of failure. It would therefore be useful to develop thermal
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models that can be used to provide an estimate of burial depth
given the following inputs:

e  Ambient temperature

e  Sediment thermal properties

e Load data, in order to calculate cable losses

e DTS data

To ascertain the ambient temperature at cable depth the
ambient ocean bottom temperature. These vary both spatially
and temporally and can be ascertained from publically
accessible: in situ wave buoys or tide gauge records; and/or
sea surface temperature from satellite derived imagery. These
approaches work well for well mixed ocean regimes where
water temperature at the seabed is the same as the sea surface.
Where seasonal thermal stratification occurs, or there is no in
situ data a series of publically available ocean models are
available (e.g. the MetOffice AMM15 model of the NW
European Shelf [10]).

The sediment thermal properties (thermal conductivity and
volumetric heat capacity) are all standardly measured, or
derived, from pre-installation cable surveys [7]. These need
to be captured for the top 1-3 m of the seabed from the site
investigation data and utilized by the model. It is worth noting
that calculating the burial depth from DTS data is more
involved than the calculation of conductor temperature from
DTS data. The reason for this is that the offset between the
DTS fiber and the conductor is largely determined by heat
transfer within the cable itself. In order to estimate burial
depth it is also necessary to consider heat transfer within the
marine environment which is more complex.

For a scenario with static load and without convective heat
transfer, simple inversion of the formulae in IEC 60287-1,
[11], would provide an estimate of burial depth. In real-world
scenarios, load and temperature are never constant; so the
influence of time varying load profiles were used to estimate
burial depth using a predominantly analytical approach in [9].
However, this approach does not consider convective heat
transfer through the sediment, i.e. heat being transferred away
from the cable by the movement of water within the sediment.
Previous work in the literature using both simulation and
experimental measurements has confirmed that convection
can take place in submarine environments and that for coarse
sands (mean grain size > 500 microns) it can even be the
dominant form of heat transfer [1,2,8]. The simulations have
solved both Darcy's law and the heat transfer equation in a
two dimensional ‘slice” geometry. This is a rigorous approach
to consider heat transfer in a submarine environment and
there can be confidence in the findings. However, a
shortcoming of this approach is that bespoke finite element
simulations typically require commercial software and an
expert user. A further point is that the runtime, often in the
order of minutes for a single scenario, could be prohibitive
for a commercial application where large DTS datasets along
an entire cable route must be analysed to determine conductor
temperature and burial depth.



This work introduces a one dimensional model to calculate
transient temperature distributions for cables buried in marine
sediments where heat transfer is taking place through both
conduction and convection. The results obtained using this
one dimensional thermal model are in close agreement with
the more rigorous two dimensional model, and computation
times are much smaller. Anyway, errors due to uncertainties
in the sediment properties are likely to exceed the
discrepancies between the thermal models; the sediment
properties are subject to inhomogeneities, and are frequently
insufficiently measured.

Il. HEAT TRANSFER FROM BURIED SUBMARINE CABLES

In this section the mechanisms of heat transfer from buried
submarine cables are introduced. The approach follows the
work conducted in [1].

Within the cable the primary mechanism of heat transfer is
by conduction. Within each domain of the cable the
temperature, 6, obeys

26 (1)
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where C is the volumetric heat capacity of the material, k is
the thermal conductivity of the material and Q is the heat
sources within the material. At all boundaries between

materials the temperature and the heat flux, —kVo, are
continuous. These same conditions are also true at the cable
surface at the boundary between the cable covering and the
sediment. For HV AC submarine cables currents, and as a
result joule heating, are present within the conductor, sheath
and armor. Due to the alternating electric field dielectric
losses are also present in the main insulation.

The sediment can typically be treated as a mixture of a
solid phase and a liquid phase (pore water). In the absence of
mass sources the conservation of pore water mass within the
sediment requires that

V- (o) =0 (2

where p; is the density of the pore water and i is the pore
water velocity. The velocity of the pore water can be
determined through Darcy’s law

7= g(gplﬁ[e — 8] - Vp) 3)

where k is the permeability of the sediment, u is the dynamic
viscosity of the sediment, p is the pressure, g is the
gravitational acceleration vector, g is the volume expansion
coefficient of water, @ is the temperature and 8 is a reference
temperature. The choice of reference temperature will not
impact the convective velocity, and consequently convective
heat transfer, as the pressure gradient will adjust to balance
any constant terms. Equation (3) makes a Boussinesq
approximation that density variations are only considered
when calculating buoyancy forces [1]. It is worth realizing
that when temperature varies only with depth the pressure
gradient will adjust to prevent any flow for a level seabed.
The reason convection is observed in the simulations
considered in this work is that the cable will create
temperature gradients that are not normal to the level seabed.
In reality additional hydrodynamic processes may create local
pore water convection along a cable route. A seabed that is
not level could allow convective processes to take place under
ambient conditions.
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The temperature distribution in the sediment can be
determined by solving the heat transfer equation

9 - = 4
CveffE‘FCVlU'Ve—keffvzg =0 ( )
where C, . is the effective volumetric heat capacity of the

sediment, C,, is the volumetric heat capacity of the pore water
and k. is the effective thermal conductivity of the sediment.

It is quite reasonable to treat the seabed surface as an
isotherm, unaffected by the cable. The reason for this is the
very high rate of heat transfer due to seawater convection
combined with the high volumetric heat capacity of water. It
should also be noted that ambient seabed temperatures can
have a strong dynamic component and in certain regions may
vary by as much as 10°C over a year [12].

I1l. THERMAL MODELS

Two different thermal models are used in this work. The
first is a two dimensional simulation which is treated as the
baseline to which the fast one dimensional model can be
compared. The cable considered in this work is a HV three-
core AC windfarm export cable, identical to a model
previously introduced in the literature [8]. The dimensions of
the cable model geometry are provided in Table 1, the cable
material thermal properties are taken from [1], they are
provided in Table 2.

TABLEI
WIND FARM EXPORT CABLE GEOMETRY
Component Material Outer Diameter
[mm]
Conductor Copper 34.3
Conductor XLPE 373
Screen
Insulation XLPE 71.3
Insulation XLPE 743
Screen
Swelling Tape Polymeric 77.3
Sheath Lead 81.9
Oversheath PE 86.3
Filler PP 186.0
Binder tape Polymeric 189.8
Armour Steel 201.0
Serving PP 210.0
TABLEII
MATERIAL THERMAL PROPERTIES [1]
Material Thermal Volumetric
Conductivity Heat Capacity
[W/mK] [MJI/m3K]
Copper 400 3.49
XLPE 1/3.5 1.98
Polymeric 0.2 1.26
Lead 35.3 1.47
PE 1/3.5 1.26
PP 0.2 1.26
Steel 18 3.82

Heat sources used in the thermal models are taken from the
IEC standard [13]. It is acknowledged that present research is
providing recommendations for altering these losses [14, 15].



However, this work is fundamentally concerned with the
thermal modelling of the burial environment. Adjustments to
cable losses are unlikely to impact the findings of this work
as we are concerned with heat transfer outside of the cable.
The dynamic viscosity of the pore water u is set to
0.001382 Pa s, the density of the pore water p, is set to
1023 kg/m?® and the thermal expansion coefficient 8 is set to
0.00021 K [16, 17]. The following features of the burial
environment are varied in the different scenarios considered
in this paper:

e  Sediment properties (k¢ and k)
o Burial depth, taken as distance between the center of
the cable and the seabed

The values used in each simulation will be explicitly stated.
The effective volumetric heat capacity of the sediment, C, .,
is set to 3 MJ/m3K, which is a typical value for quartz sand
sediments [18].

A. Two Dimensional Thermal Model

A two dimensional finite element simulation is constructed
using the commercial software Comsol [19]. Cable
components are explicitly represented as a series of circles
within the geometry. The full domain is a rectangular box
which extends 25 m below the cable and 25 m to the right of
the cable. Due to the symmetry of the model a zero heat flux
boundary is employed on the y axis. The model geometry is
provided in Figure 1.
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Fig. 1. Schematic of the two dimensional finite element simulation model.

The governing equations for heat transfer, (1) and (4), are
solved in the cable and sediment domains respectively to
calculate the temperature. The pressure, from which the
convective velocity is determined, is only calculated in the
sediment. Within components containing heat sources, such
as the conductors, the losses are treated as uniform.

The temperature at the seabed boundary is set to the
ambient seabed temperature, and the pressure is fixed. At the
three other external boundaries zero normal convective
velocity, 7 - 7 = 0, and zero normal heat flux, 7 - kV6 = 0,
boundary conditions are enforced. The normal convective
velocity is also set to zero at the surface of the cable.

The simulation was performed on an unstructured
triangular mesh with quadratic order shape elements. Mesh
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refinement was performed by restricting the maximum
element size, which is defined as the largest distance between
two vertices of each triangular element. For all meshes used
within this work the temperature was found to vary by less
than 0.1 °C when the number of mesh elements was increased
by a factor of two. The model dependency on far-field
boundaries is negligible and has been investigated previously

[1].
B. One Dimensional Thermal Model

A simple thermal network model of nodes with a thermal
capacitance connected by thermal resistances is used to
capture heat transfer within the cable. This is an established
approach in the literature, e.g.[6, 20], and as such it is not
discussed in detail here, a schematic is provided in Figure 2.
Fundamentally the contribution of this work is to consider
heat transfer within the burial environment and the
methodology for this is independent of the cable thermal
model. The number of nodes in the thermal network was set
to be 1 for each cable component for static calculations and 5
for each cable component for dynamic calculations.

Cable

T, /2 T, Surface

el

Fig. 2. Schematic of the cable thermal network model. Heat sources from
the conductor Q., dielectric Q4, sheath Q4 and armour Q, are taken from the
IEC standards [11]. Thermal resistances of the dielectric T;, bedding T, and
outer covering T are taken from the IEC standards [13]. A novel approach
is derived in this paper for calculating convective heat transfer in marine
sediments between the cable surface and the seabed.

T,/2

The IEC standards, [13], provide thermal resistance
formulae for bedding region of three-phase export cable
designs. However, existing work in the literature, [21], has
demonstrated that they may introduce errors of approximately
5 °C when compared to finite element simulations. As such
the thermal resistance of the bedding, T, for the export cable
thermal network was determined from the two dimensional
simulation by calculating the average temperature difference
between the sheath covering the inner diameter of the armour.

When heat transfer takes place by conduction only it is
reasonable to represent the burial environment as a one
dimensional axisymmetric model which can be used with an
inner boundary at the radius of the cable and an outer
boundary at ambient conditions located at twice the burial
depth, B, of the cable. This is essentially assuming that the
approximation to the thermal resistance of the soil, T,
provided in the IEC standards is an exact representation of the
burial environment. It is desirable to construct the model from
this one dimensional axisymmetric foundation as it will
provide accurate calculations of temperature for a conduction
only scenario. However, it is necessary to use a two
dimensional model if the conservation of volume, (2), is to
still be valid. To this end it is assumed that the temperature
and pressure can be described by the following functions
within the sediment

p(T‘, ¢' t) =D (T' t) cos ¢ (5)

O(r,d,t) = 0y(r,t) + 0,(r,t) cos ¢ (6)

where ¢ is the polar angle. The coordinate system is
orientated such that » = 0 corresponds to the centre of the



cable and ¢ = 0 points in the y direction. The assumption in
(5) is that the pressure gradient, and consequently the
convective velocity, has a radial component which is
dependent on the cosine of the polar angle and an angular
component which is dependent on the sine of the polar angle.
This will match the physical behaviour of pore water moving
upwards driven by buoyancy. The temperature, 8, is set equal
to a first order expansion in cosng; sinng terms can be
neglected due to symmetry. The model can be regarded as a
fully two dimensional model in a polar coordinate system that
only considers the leading order slowly varying angular
component.

It is also assumed that the r component of the convective
velocity, u,., is dependent on the cosine of the polar angle and
has the following form

U, =vcose @)
where the variable v(r, t) has been introduced as follows
K a
= u (gplﬁ[go — 6 amp] — %) (8)

The temperature rise term has been modified by setting it to
the temperature rise above the ambient temperature at burial
depth of the cable, 05 ,mp- This ensures that the convective
velocity is negligible when there are no additional heat
sources and the temperature gradient is due to ambient
temperature variations in the downwards direction through
the sediment. In a fully two dimensional model this result is
ensured. To find 65 51, @ Simple one dimensional conduction
only heat transfer problem is solved

96amp _ a? famb __ (9)
CVeff ot keff ay? =0.

It is necessary to solve for the diffusion of ambient
temperature downwards through the sediment due to the
variation in temperature throughout the year. It should be
noted that in some regions annual variations may be as high
as 10°C [12]. For a coordinate system with origin at the centre
of the cable 65 ;mp (t) = 0,mp(y = 0,t). 8,mp, is et equal to
the ambient seabed temperature profile at y = B.

The conservation of volume, (2), means that the angular
component of the convective velocity u is

o(rv)

sin ¢ (10)

U¢=—

Equation (2) can also be used to write the governing equation
for pressure as

06,

rpgh - =0.

The boundary conditions for pressure are w,, = O atr = gand

p = 0 atr = 2B. The boundary condition at r = D/2 means
that pore water will flow around the cable at the cable surface.
The seabed boundary condition constrains the pressure field.
Changing the constant value of the pressure at the seabed will
not impact the convective velocity.

Substituting (7) and (8) into the heat transfer equation for
the sediment (4) yields

9%p, (11)

r or? + or

a6, 20 12
Cveff R +C‘,effcos¢)—1 + (12)
a6, 06,
Cvlvcosdb[a +—c cp] +
a(rv)0; B
- sin =
keff d d 0,
" [ar( - — [0, + 6, cosqb]) ——cosqb]

Isolating terms by powers of cos ¢, and setting the quadratic
powers of sin and cos to their average value of 0.5 results in
two equations

20 | 1 ke[ () 0. 13
Coesr o Tor C"la (rv6,) = T [6r (T ar 60)] (13)

004 660 _ @ a 9 et 14
CVeff ot + Cvl ar  r [67‘( 01) r (14)

Choosing boundary conditions for 6, and 6;, which are
required to solve (13) and (14), is not trivial. At the cable
surface it is assumed that the temperature is uniform around
the entire cable. This means 6, =0 atr =D/2; 6, at r =
D/2 is set to ensure continuity of heat flux and temperature.
This has the added benefit of allowing the use of a purely
radial thermal model to capture heat transfer the cable
surface. An example of a heat transfer model is a simple
thermal network model, [20], which as previously mentioned
is the approach taken in this work. At r = 2B it is decided to
set 6, to the ambient seabed temperature and 6; = 0.
Fundamentally these choices are justified due to the close
agreement between this model and a fully two dimensional
simulation.

The resulting model is quasi one dimensional, in that there
are two governing equations to solve for the temperature, (13)
and (14) which depend only on the r coordinate. There are in
total four governing equations, (9), (11), (13) and (14), which
are derived in this paper and represent the novel contribution
of this work. These equations are all solved using second
order central finite difference schemes in space with
backward Euler time stepping. The grid size and time step
size were reduced until simulation results were found to
change by less than 0.1 °C when the grid size and time step
size were both reduced by a factor of 2.

IV. MODEL COMPARISON

In this section a comparison of the two dimensional model
against the low cost one dimensional model is undertaken.
Both static and dynamic scenarios are considered; the level of
agreement between the models is consistently within 1.5 °C.
Throughout this section the conductor temperature of the two
dimensional model is calculated as the average temperature
across all conductors.

A. Continuous Loads

A comparison of static continuous load scenarios are
considered first. The seabed ambient temperature is taken as
a constant value of 12°C for all cases considered in this
section.

In Figure 3 the conductor temperature calculated using
both models, and the corresponding error, is compared for
different sediment thermal conductivities over a range of
permeabilities with the cable at a burial depth of 1 m. The
input load has been set such that the conductor temperature is
90°C in a low permeability sediment where heat transfer is



dominated by conduction. The permeability range considered
is 10 m? to 10° m2 Permeabilities below 10 m? may
occur regularly in nature [7], however, it was found that
convective heat transfer is negligible even at 1013 m?, so there
is no purpose in including lower values in this analysis.
Sediment thermal conductivities are varied between 1 W/mK
and 3 W/mK which may be regarded as typical values for
clays, peats and carbonate sands (1 W/mK) and quartz sands
(2-3 W/mK) respectively [7]. It should be realised that in
practice a range of thermal conductivities may be expected
for all sediment types.

Close agreement was observed between the one and two
dimensional models, with a maximum error below 1.5°C
over the parameter sweep considered here. The absolute
difference is displayed in Figure 3c. The largest errors
occurred in the transition from the thermal conduction
dominated regime to the convection dominated regime and in
particular where thermal conductivities are particularly low
(a scenario restricted to coarse carbonate sands. In this region
the one dimensional model typically calculated slightly lower
conductor temperatures than the two dimensional model.
Smaller rises above ambient conditions will lead to lower
model errors simply due to the smaller temperature
difference. However, cables are typically rated to reach
conductor temperatures close to 90°C using worst case
sediment thermal conductivities and IEC 60287 which
neglects convective heat transfer [11,13]. Therefore such
errors are more likely to be indicative of real world operation.
It is worth noting that if convective heat transfer is neglected,
significant over predictions of conductor temperature could
be expected.

It has been demonstrated previously that convective heat
transfer will lead to a plume rising above the cable to the
seabed [1,8]. In Figure 4 a comparison is made of the
temperature profiles for both models. It can be seen that there
is reasonable agreement in terms of the broad temperature
profiles with a clear convective plume in both scenarios. In
order to quantitatively compare temperature distributions
between the one dimensional and two dimensional models
within the sediment it is necessary to construct a conformal
mapping between the two domains. This is beyond the scope
of this paper and is an area of future research.

In terms of ampacity, the presence of convective heat
transfer allows for significant increases. Table 3 shows the
results of ampacity calculations for three generic marine
sediments [7]: high permeability, very coarse, quartz sands;
low permeability marine clay; and high permeability, coarse,
carbonate sands. The first two are very typical of mid- high
latitude continental shelves where much of the current
windfarm expansion is occurring. The latter is more common
on lower latitude shelves (such as Australia) and represents a
material that can have high permeability but low thermal
conductivity.  The load required for the conductor
temperature of the submarine cable considered in this work
to reach 90°C was calculated using: the two dimensional
model, the one dimensional model and an IEC 60287 based
approach, [11,13], which neglects convective heat transfer.
The burial depth of the cable was fixed at 1 m, the ambient
temperature was set to 12°C. In the low permeability marine
clays conduction is the sole mode of heat transfer and so the
Ampacity for both 2D, 1D and IEC models are the same.
However, the high permeability quartz sediments can support
over c.350A more than the standard IEC case. The
discrepancy is even greater in the carbonate sediments
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(c. 500A) as the low natural thermal conductivity of the
carbonate grains gives a very low ampacity for the
conventional IEC calculation.
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Fig. 3. Comparison of conductor temperature profiles for the: (a) two
dimensional model, (b) one dimensional model and (c) model difference. The
cable is buried at 1 m, the ambient temperature is 12°C. The load is set such
that the conductor temperature is 90°C in sediments with low thermal
conductivity and permeability.
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Fig. 4. Temperature profiles for the: (a) two dimensional model and (b) one
dimensional model. The cable is buried at 1 m, the ambient temperature is
set to 12°C and the sediment thermal conductivity is 2 W/mK. The
permeability is 10%° m?, the load is set such that in low permeability
sediments the conductor temperature is 90°C.

The agreement between the one dimensional model and
two dimensional model could potentially be improved by
introducing a cosine dependent term into the temperature
field inside the cable itself. This extension was not considered
in this work because the agreement between the one
dimensional and two dimensional models is still reasonable
and it would exclude the use of a single thermal network
model of the cable which is an established technique in the
literature.

TABLE Il
CABLE AMPACITIES IN A RANGE OF SEDIMENTS CALCULATED USING
DIFFERENT THERMAL MODELS

. Ampacity [A]
Sediment D D IEC
Very Coarse Quartz Sands
Kefs =2.2 W/ImK 1453 1450 1104
Kk =4.7x10° m?
Marine Clay
kerr =1.2 W/ImK 923 923 923
Kk =2.75x10"8 m?
Carbonate Sand
kerr =1.1 W/mK 1394 1395 896
Kk =2.5%10° m?

Another observation from the two dimensional models is
that for sediments where conductive heat transfer dominates
the conductor temperature of the power cores furthest from
the seabed is higher than the conductor temperature of the
power core nearest the seabed. This is as expected due to the
relative proximity to the ambient seabed aiding conductive
heat transfer. However, when convective heat transfer
becomes significant this situation reverses, with the power
cores furthest from the seabed becoming colder than the
power core nearest the seabed due to the warming water
flowing circumferentially around the cable. In reality the
helical twist of the power cores along the cable route is likely
to ‘average out’ this effect. A further point is that the
formation of a convective plume will lead to higher
temperatures in the vicinity of the seabed, which may have
implications for environmental controls and the “2K” rule
[12]. The mapping of temperatures in the sediment from the
one dimensional model domain to the two dimensional
domain is an area of current research.

For high permeability sediments it has been demonstrated
that cable temperatures are insensitive to burial depth [8]. In
fact, cable temperatures are actually slightly higher at lower
burial depths for sediments with a high level of convective
transfer, as shown in Figure 5. The reason for this is that at
deeper burial depths the convective plume is larger, due to
greater distance between the cable at the seabed. The
presence of a larger plume promotes greater circumferential
flow and results in a greater degree of cooling. The one
dimensional model which only considers first order cosine
terms, and uses a different description of the burial
environment, was not able to capture this high order effect.

A final point to make regarding the static scenario
calculations is on the relative computational speed of the one
dimensional and two dimensional models. In order to solve
for a highly permeable sediment the solution time of the one
dimensional model was approximately 0.6 seconds, whereas
the two dimensional model was approximately 21 seconds.
Both models were run on a desktop with 32 GB of RAM with
Intel i7-4790 3.6 GHz processors, and the stated solution
times are the average of 20 runs. It is acknowledged that the
implementation of the one dimensional model was not highly
optimized and the two dimensional model used an
unstructured triangular mesh, so it is difficult to
systematically perform mesh coarsening to improve
computational speed. However, it may still be robustly
concluded that the one dimensional model offers significant
savings in computational time.
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Fig. 5. Conductor temperatures for different burial depths using both the one
dimensional and two dimensional model. The ambient temperature is set to
12°C and the sediment thermal conductivity is 1 W/mK. The load is set such
that the conductor temperature at low permeabilities (not included in the
figure) at 1 m burial depth is 90°C. For highly permeable sediments the
conductor temperature was found to decrease at higher burial depths in the
two dimensional model.

B. Dynamic Loads

Wind farm operators may choose to utilize dynamic ratings
to enhance circuit capacity [22]. Furthermore, the analysis of
operational data, for example to determine burial depth
changes, requires transient temperature simulations. It is
therefore necessary to test whether the one dimensional
model is capable of capturing these dynamics.

A comparison of conductor temperatures for different
burial depths during a 6 hour dynamic rating test, is provided
in Figure 6. The initial condition is a static solution at 50% of
the continuous load. The rating current was calculated
assuming no convective heat transfer, in accordance with the
IEC standards [13], such that the conductor temperature
reached 90°C after 6 hours at the rating current. The one
dimensional model was within 1 °C of the two dimensional
model in all of the scenarios considered. For the sake of
brevity only the results for a convective sediment, with a
permeability of 10-2° m? are provided.

Due to the relatively short 6 hour period of the rating load
the convective plume does not have time to become fully
established and as such the influence of convective cooling is
relatively minimal. It is important to see that similar
dynamics are observed for both the one dimensional and two
dimensional models. The one dimensional model was found
to calculate temperatures which were slightly lower than the
two dimensional model except for the times near the end of
the rating current for shallow burial depths.

It is also of interest to consider the capability of the model
to capture transient temperature profiles that may be
experienced during operation where the load will vary
rapidly. A 16 year-long synthetic wind time series was used
to produce a load time series with dynamics indicative of
wind farm operation and thus representative of operational
loads the export cable may experience. A period of 100 days
where the load data was relatively high, with an 80% load
factor, was selected to test the thermal models. The conductor
temperature time series from two sediments with the same
thermal conductivity, but different permeabilities, are
provided in Figure 7. The initial condition in both models was
the RMS load of the entire 16 year time series.

2
1.5

[Sa}
1

0.5

=]
it
()

30 40 50 60 70 80
Temperature (°C)

(a) 2D Model

=]
it
()

Temperature (°C)
(b) 1D Model

[$3]
(=]

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Absolute Difference (K)
(c) Model Differences

Fig. 6. Comparison of conductor temperatures during dynamic ratings for
burial depths during a 6 hour rating transient: (a) two dimensional model, (b)
one dimensional model and (c) model difference. The ambient temperature
is set to 12°C, the sediment thermal conductivity is 1 W/mK and the sediment
permeability is set to 10° m?, The initial load is 50% of the continuous load
which results in static conductor temperatures of 90°C in low permeability
sediments. The same dynamic load is used in all cases considered.
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Fig. 7. Conductor temperature profiles calculated using a highly dynamic
load over a 100 day period for different sediment permeabilities: (a)
conductor temperature time series and (b) model difference. The ambient
temperature is set to 12°C, the sediment thermal conductivity is 2 W/mK.

The results show that the one dimensional model is able to
successfully capture highly dynamic conductor temperature
profiles for sediments with a high permeability. It can be seen
that during the beginning of the simulation the conductor
temperatures are fairly similar for both permeabilities due to
the relatively low initial load. During the 100 day period the
relatively high load leads to a divergence with the additional
heat transfer due to convection at the high permeabilities
leading to lower cable temperatures.

The runtime of the one dimensional model is significantly
lower than the two dimensional model for dynamic scenarios.
Each time step in the one dimensional model takes
approximately 0.01 s, whereas in the two dimensional model
each time step takes approximately 10s. The desktop
configuration has been discussed previously

V. CONCLUSION

The fundamental contribution of this work is the
introduction of a relatively simple thermal model which is
capable of capturing convective and conductive heat transport
in submarine cables. For the scenarios tested the typical error
was below 1.5°C. For a static solution the runtime was
typically 0.6 s, which is a significant improvement over the
21 s required for the comparable two dimensional simulation.
For a dynamic scenario the saving in computational time is

approximately 3 orders of magnitude. It is likely that
optimization of the one dimensional model implementation
could further decrease its computational cost.

Convective heat transfer can have a significant impact on
cable ratings. It has been demonstrated that errors in excess
of 30°C could be expected if a thermal model which only
considers conduction and neglects convection, for example
IEC 60287 [11], is used. This results in cable ratings which
could be 50% higher in highly permeable sediments
compared to sediments with a similar thermal conductivity
but a low permeability. Put differently, methods that do not
include convective heat transfer may underestimate cable
ampacity by 30-55%, this is shown explicitly in Table 3.
Furthermore, for convective scenarios the sensitivity of cable
temperatures to burial depth is greatly reduced. Considering
convective heat transport is therefore vitally important to
properly interpret temperature data from submarine cables in
highly permeable sediments.

The low computational cost model introduced in this work
allows for large DTS datasets to be rapidly analysed for a
number of applications including: dynamic rating; burial
depth prediction; and long-term cable performance.
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