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Abstract: Wind energy is expected to play a significant role in meeting emission targets over the
next 20 years. Offshore wind turbines in deep water (>150 m) must be developed due to resource
quality, environmental, and activity constraints. Floating offshore wind turbines (FOWT) will be the
best technology for reaching these targets. The dynamic submarine electrical cable (DSEC) is a key
component of FOWT. Its electric insulation system is intended to withstand a maximum conductor
temperature of 90 ◦C. However, biofouling growth, particularly mussels, can modify the heat transfer
around the cable and thus its maximum conductor temperature, as well as temperature fluctuation,
affecting the fatigue lifetime. In our work we estimate the effective thermal conductivity of mussels
of various ages, as well as the heat transfer coefficient of the water around them. The results revealed
that the effective thermal conductivity of juvenile mussels is lower than that of mix (both juvenile
and adult) and only adult mussels. This variation in effective thermal conductivity with mussel
age is related to the water porosity of the mussel’s layer. Then, the thermal effect of the resulting
global thermal resistance can lead the DSEC conductor wire to either overheat (colonized by juvenile
and mixed mussels) or cool down (colonized by adult mussels). Numerical simulations are used to
quantify this effect.

Keywords: electric dynamic cable; biofouling; thermal characterization of biofouling; effective
thermal conductivity; marine renewable energy; floating offshore wind turbine; mussels

1. Introduction

Sustainable or renewable energy is considered as a primary solution to global warming;
it contributes significantly to environmental improvement by reducing CO2 emissions.
One of the most developed renewable energy technologies is the offshore wind turbine
(OWT). There are two types of OWT: floating offshore wind turbines (FOWT) and bottom-
fixed offshore wind turbines. FOWT is more efficient than bottom-fixed offshore wind
turbines and on-land wind turbines because wind speed is higher far from the coast
than near the coast, where a small increase in wind yields a large increase in energy
production [1]. For example, a turbine with a wind speed of 24 km/h can generate
twice as much energy as a turbine with a wind speed of 19 km/h [2]. By increasing the
distance to the coast the water depth increases and FOWT are expected to fulfill these
requirements for medium (>60 m) [3] or deep water depth (>150 m). Other benefits of
installing FOWT over fixed-offshore wind farms include less visual disturbance, noise
avoidance (considering the propagation in water of the low frequencies on large distances,
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this aspect must be carefully analyzed for environmental concerns [4]), stronger and
more consistent wind, lower installation costs, no wind turbine size restrictions, and
the FOWT is more environmentally friendly [5]. However, FOWT has some drawbacks,
such as technical difficulties with mooring lines and power cable design and electrical
connections. Furthermore, the distance between the shore and the offshore makes repair
and maintenance operations more time consuming and, as a result, more expensive [6]. The
transportation of produced energy to shore is a significant challenge for any offshore wind
farm. Floating systems require a dynamic cable, which connects the floating hull to the main
export cable on the seafloor. According to the experience of floating offshore installations
in the oil industry, the greatest stresses are manifested at the head of the cable, that is, at
the point of connection with the part fixed to the float. To reduce these stresses, and thus
the fatigue of this section of the cable, a bending device with floats and a tensioner is used
to shape the section just before the connection into a “s” shape [7]. The technical design
of power cable and of electrical connectors are one of the main challenges of the FOWT.
The floating offshore wind turbine first sends power to a transformer via an undersea
dynamic power cable, and the transformer then sends power to a converter platform via a
static power cable. The alternating current is converted to high direct current and sent to
a land-based converter station, where it is converted into three phases of electric power.
As shown in Figure 1, there are two types of submarine power cable: static cable, which
sits on top of or is buried beneath the seafloor, and dynamic cable (or umbilical), which is
deployed through the water column between the surface and the seafloor. The movement
of the floating platform, as well as wave excitation and currents, all have an impact on
this dynamic cable. As a result, while dynamic power cables are an important component
of electrical connections, their design, which must account for electrical, mechanical, and
thermal concerns, remains a challenge for manufacturers. Any external factor reducing its
efficiency will result in lower energy reception.
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Figure 1. Power transmission system of floating offshore wind turbine.

Biofouling is a complex, dynamic, and a lengthy procedure involving a variety of
biological mechanisms that are not fully comprehended [6]. Mollusc bivalves, particularly
mussels, are a common and a troublesome fouling element to assemblies related to ship’s
sea chests and pipework [8,9]. These species have shown to be dominant in coastal Atlantic
areas [10–12]. Indeed, biofouling growth, particularly that of mussels (Figure 2), can
modify heat transfer around the cable, affecting cable temperature, whereas the cross-
linked polyethylene (XLPE) electric insulation system of a dynamic submarine electrical
cable (DSEC) is designed to support a maximum copper wire temperature of only 90 ◦C
continuously, according to IEC standard [13]. This maximum conductor temperature is
considered a limit to avoid wire insulation (XLPE) degradation.
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Therefore, it is important to investigate the thermal effect of mussels around the cable
in order to determine whether it will affect the heat transfer between cable and water in
a positive or negative way. To accomplish this, a thermal characterization of the mussels
should be performed, followed by an examination of the effect of mussels biofouling on
the temperature of the DSEC copper conductor wire. To our knowledge, there have been
no previous studies on the thermal characterization of mussels around cables. The heat
transfer coefficient of the water surrounding the mussels, as well as the “effective” thermal
conductivity of different mussel age classes (juvenile (six-month-old), mixed (juveniles and
adults), and adults (12-month-old) [14], are measured in this study. In addition, numerical
simulations of temperature field of DSEC colonized with mussels of various ages are
performed. In the following section the experimental measurement of the effective thermal
conductivity of various ages of mussels and the heat transfer coefficient of the water around
them for uniform and non-uniform colonization will be presented.

2. Thermal Characterization of Mussels

The effective thermal conductivity of the mussels is calculated using a 1D analytical
stationary model (Fourier’s law) that assumes the mussels are distributed uniformly around
the tube. The measurement method is validated by comparing the thermal conductivity of
a double-sided foam adhesive to that of a hot guarded plate device. In addition, Newton’s
law is used to calculate the heat transfer coefficient of the water surrounding the mussels. It
is also compared to two literature correlations [15]. Furthermore, non-uniform distributions
of mussels around the tube were taken into account; in practice, mussel growth occurs
undersea primarily on the tops of horizontal electric cables because light comes from
above. In this case, due to more complicated geometry, the effective thermal conductivity of
mussels of different ages and the heat transfer coefficient of the water around the mussels
are estimated using a numerical method (finite elements via COMSOL) to solve the 2D heat
transfer equation and a parameter estimation technique (the simplex method).

2.1. Experimental Setup and Mussel’s Samples

The stationary measurements are carried out using an experimental tube as shown
in Figure 3. It consists of an aluminum tube (φint = 60 mm, φext = 70 mm, L = 600 mm)
implemented with 5 K-type thermocouples (three in the middle cross section with 120◦

angle and one thermocouple on each of the two other cross-sections close to the extremities
of the tube (at 5 cm). On the inner side of the aluminum tube, six silicon rubber resistance
tapes (L = 600 cm, w = 25.4 mm) with copper etched foil (SRFGA-124/2-P from Omega) are
used to provide uniform heating. A rubber air chamber with an internal pressure of about
1.5 bar keeps the six heaters in contact with the aluminum tube and provides adiabatic
boundary conditions inside the aluminum tube.
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Furthermore, a sample holder is manufactured to allow measurement inside a tank
filled with immobile sea water. As shown in Figure 4, the aluminum tube’s supporting
system consists of a POM (polyoxymethylene) seal secured to each end of the tube with a
plastic screw, carried up by a U-clamp connected to a T-shaped support.
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Just prior to the measurement, different age classes of mussels, juvenile, mix and
adult, as shown in Figure 5a–c, respectively, are spread around the experimental tube
consecutively and maintained using a steel net (1 cm mesh), as shown in Figure 6.
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One should note that these mussels were extracted from the Atlantic Ocean at the
mussel breeding site (Aiguillon sur Mer, France, 8 July 2020). Patches of size 30 cm × 20 cm
are collected from the lines (Figure 2) in view of rebuilding a colonization with the same
organization of the species as the on site conditions. All thermal property measurements of
mussels were performed within 24 h after their withdrawal from the sea in order to keep
the mussels alive. The shells were closed during the entire test. During the measurement
campaign, the limited time available to prepare the samples and perform all of the steady-
state measurements was a significant constraint.

2.2. Thermal Characterization for a Uniform Colonization of Mussels around the Tube

In this section, different ages of mussels were thermally characterized by fixing them
with a uniform colonization shape around the experimental tube, which means that the
entire experimental tube is covered with mussels of the same thickness.

2.2.1. Measurement Method

During the experiment, the instrumented aluminum tube is immersed in a tank of sea
water, and the power provided by the heating elements inside the tube is used to achieve a
steady state temperature with a temperature difference of about 4 K to 10 K between both
sides of the mussel layer. Fourier’s law is directly used to calculate the effective thermal
conductivity of mussels in the case of uniform colonization (100 percent coverage of mussels
around the tube), and this is done using the temperature difference between the two sides
of the mussel layer and the power of the mussel layer Q (W) crossing it (Equation (1)).
In addition, the heat transfer coefficient between the mussel layer and external water is
found from the expression of a Robin boundary condition (Equation (2)). Therefore, the
computation of the effective thermal conductivity of mussels kbiof (W·m−1·K−1) and of
the heat transfer coefficient of water hw (W·m−2·K−1) around the mussels for an uniform
colonization, as shown in Figure 7, is represented by the following Equations (1) and (2),
respectively:

kbio f =
ln
(

re
ri

)
.Q

2π·L·(Tav1 − Tav2)
(1)

hw =
Q

2π·re·L·(Tav2 − Tw)
(2)

where Tav1 is the average temperature on the internal side of the mussel layer (average of
T1 (K), T2 (K) and T3 (K)) measured by the three thermocouples in the middle cross-section
and located in the aluminum tube. Tav2 (K) is the average temperature on the external side
of the mussel layer (average of T4 (K), T5 (K) and T6 (K)) and Tw (K) is the temperature
of the water far away from the aluminum tube. In Equations (1) and (2), ri and re are
respectively the internal and external radius of the mussel layer and L is its length. This



Energies 2022, 15, 3087 6 of 18

radial conductivity relation applied in the case of negligible axial heat loss will be tested
later.

Energies 2022, 15, x FOR PEER REVIEW 6 of 18 
 

 

water far away from the aluminum tube. In Equations (1) and (2), ri and re are respectively 
the internal and external radius of the mussel layer and L is its length. This radial conduc-
tivity relation applied in the case of negligible axial heat loss will be tested later. 

 
Figure 7. Middle cross-section of the aluminum tube with uniform mussels colonization. 

Noting that, in accordance to the law of the propagation of uncertainties [16], the 
absolute uncertainty on the effective thermal conductivity of mussels is obtained by: 

𝛿𝑘 =  ⎷⃓⃓⃓⃓
⃓⃓⃓⃓ለ൬𝑑𝑘𝑑𝐿 𝛿𝐿൰ଶ + ൬ 𝑑𝑘𝑑𝑇௔௩ଵ 𝛿𝑇௔௩ଵ൰ଶ + ൬ 𝑑𝑘𝑑𝑇௔௩ଶ 𝛿𝑇௔௩ଶ൰ଶ + ൬𝑑𝑘𝑑𝑈 𝛿𝑈൰ଶ

+ ൬𝑑𝑘𝑑𝐼 𝛿𝐼൰ଶ + ൬𝑑𝑘𝑑𝑟௜ 𝛿𝑟௜൰ଶ + ൬𝑑𝑘𝑑𝑟௘ 𝛿𝑟௘൰ଶ  (3)

where U and I are respectively the measured voltage and current through the heating 
element (Q = U.I) it follows then: 

𝛿𝑘 =  
⎷⃓⃓⃓⃓
⃓⃓⃓⃓⃓⃓⃓
⃓⃓⃓⃓ለ൭ ି ୪୬൬ೝ೐ೝ೔ ൰∗௎∗ூଶగ௅మሺ்ೌ ೡమି்ೌ ೡభሻ 𝛿𝐿൱ଶ + ൭ ୪୬൬ೝ೐ೝ೔ ൰∗௎∗ூଶగ௅ሺ்ೌ ೡమି்ೌ ೡభሻమ 𝛿𝑇௔௩ଵ൱ଶ + ൭ ି୪୬൬ೝ೐ೝ೔ ൰∗௎∗ூଶగ௅ሺ்ೌ ೡమି்ೌ ೡభሻమ 𝛿𝑇௔௩ଶ൱ଶ

+ ቆ ୪୬ቀೝ೐ೝ೔ቁ∗ூଶగ௅ሺ்ೌ ೡమି்ೌ ೡభሻ 𝛿𝑈ቇଶ + ቆ ୪୬ቀೝ೐ೝ೔ቁ∗௎ଶగ௅ሺ்ೌ ೡమି்ೌ ೡభሻ 𝛿𝐼ቇଶ + ቀ ି௎∗ூଶగ௅௥೔ሺ்ೌ ೡమି்ೌ ೡభሻ 𝛿𝑟௜ቁଶ
+ ቀ ௎∗ூଶగ௅௥௘ሺ்ೌ ೡమି்ೌ ೡభሻ 𝛿𝑟௘ቁଶ

  (4) 

Also, the uncertainties on the heat transfer coefficient hw is calculated similarly to the 
one of thermal conductivity. 

The thermal characterization method and experimental setup were tested with a ma-
terial double sided tape adhesive (Figure 8a), and thermal conductivity was initially meas-
ured with a hot guarded plate (HGP) device (Figure 8b) with a 5% relative uncertainty. 
The result shows that the thermal conductivity computed using Equation (1) and meas-
ured with our experimental setup with aluminum tube was 0.052 W·m−1·K−1 (for double 
sided tape adhesive not covered with steel net) and 0.053 W·m−1·K−1 (for double sided tape 
adhesive covered with steel net), with only a 5.45 percent and 3.64 percent relative dis-
crepancy, respectively. This validation confirms that the steel net (used to maintain the 
mussels) has no significant effect on the effective thermal conductivity value. It also con-
firms that the tube extremities connected to the sample holder are thermally well insu-
lated. In other words, the axial heat flux along the aluminum tube is negligible in compar-
ison to the radial one, which explains why the direction along the tube length is ignored 
in our thermal models (analytical and numerical). 

Figure 7. Middle cross-section of the aluminum tube with uniform mussels colonization.

Noting that, in accordance to the law of the propagation of uncertainties [16], the
absolute uncertainty on the effective thermal conductivity of mussels is obtained by:

δk =

√√√√√√
(

dk
dL δL

)2
+
(

dk
dTav1

δTav1

)2
+
(

dk
dTav2

δTav2

)2
+
(

dk
dU δU

)2

+
(

dk
dI δI

)2
+
(

dk
dri

δri

)2
+
(

dk
dre

δre

)2 (3)

where U and I are respectively the measured voltage and current through the heating
element (Q = U.I) it follows then:

δk =

√√√√√√√√√√√√

(
− ln

(
re
ri

)
∗U∗I

2πL2(Tav2−Tav1)
δL

)2

+

(
ln
(

re
ri

)
∗U∗I

2πL(Tav2−Tav1)
2 δTav1

)2

+

(
− ln

(
re
ri

)
∗U∗I

2πL(Tav2−Tav1)
2 δTav2

)2

+

(
ln( re

ri )∗I
2πL(Tav2−Tav1)

δU
)2

+

(
ln( re

ri )∗U
2πL(Tav2−Tav1)

δI
)2

+
(

−U∗I
2πLri(Tav2−Tav1)

δri

)2

+
(

U∗I
2πLre(Tav2−Tav1)

δre

)2

(4)

Also, the uncertainties on the heat transfer coefficient hw is calculated similarly to the
one of thermal conductivity.

The thermal characterization method and experimental setup were tested with a
material double sided tape adhesive (Figure 8a), and thermal conductivity was initially
measured with a hot guarded plate (HGP) device (Figure 8b) with a 5% relative uncertainty.
The result shows that the thermal conductivity computed using Equation (1) and measured
with our experimental setup with aluminum tube was 0.052 W·m−1·K−1 (for double
sided tape adhesive not covered with steel net) and 0.053 W·m−1·K−1 (for double sided
tape adhesive covered with steel net), with only a 5.45 percent and 3.64 percent relative
discrepancy, respectively. This validation confirms that the steel net (used to maintain
the mussels) has no significant effect on the effective thermal conductivity value. It also
confirms that the tube extremities connected to the sample holder are thermally well
insulated. In other words, the axial heat flux along the aluminum tube is negligible in
comparison to the radial one, which explains why the direction along the tube length is
ignored in our thermal models (analytical and numerical).
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2.2.2. Effective Thermal Conductivity Measurement Results

Table 1 presents the evolution of the mean temperature along the aluminum tube
in the presence of mussels for different ages and thicknesses uniformly distributed. It
should be noted that the thicknesses of mussel layers are measured just after mussel sample
implementation around the tube, yielding 40 mm for juvenile, 60 mm for mix and 70 mm for
adult mussels. These thickness values are in agreement with the thicknesses of juvenile and
adult mussels from a previous work from SIEVERS [8] (≈50 mm and≈68 mm respectively).

Table 1. Distribution of measured temperature around the aluminum tube for different ages of
mussels uniformly distributed.

Mussels
Type

T1 T2 T3 T4 T5 T6 Tw ri re Q
◦C ◦C ◦C ◦C ◦C ◦C ◦C mm mm W

Juvenile 35.7 32.82 31.39 23.56 23.1 23.13 23 35 75 228.03

Mix
(juvenile

and adult)
27.28 26.72 26.6 23.47 22.32 22.31 22.3 35 95 127.75

Adult 28.77 27.9 28.28 23.62 23.52 23.52 23.36 35 105 211.63

Therefore, the measured values of the effective thermal conductivity of juvenile, mix
(juvenile and adult) and adult mussels are 4.4, 8, 12.8 W·m−1·K−1, respectively, for a
uniform distribution of mussels around the aluminum tube, as shown in Table 2. As
the relative uncertainty on kbiof measurement is less than 9%, the differences between the
various types of colonization is significant.

Table 2. Measured effective thermal conductivities of mussels of various ages uniformly distributed
around the aluminum tube.

Mussels Type
kbiof

Absolute
Uncertainty Relative Uncertainty

W·m−1·K−1 W·m−1·K−1 %

Juvenile 4.4 ±0.4 9

Mix (juvenile and adult) 8.0 ±0.52 6.5

Adult 12.8 ±0.97 7.6
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One explanation for these discrepancies could be the increasing volume of mussels
with age (Figure 5). Indeed, the water porosities of the three biofouling materials increase
with mussel age due to differences in mussel size. Therefore, one can expect more natural
convection inside older biofouling (in mussel’s pore space), resulting in a higher effective
thermal conductivity. In order to confirm this assumption, the effect of water circulation
in the open pores of a porous media on effective thermal conductivity was investigated.
For this purpose, a cluster of glass beads (φext,g = 16 mm) was implemented around the
experimental tube and maintained using a steel net, as shown in Figure 9a. Glass medium
beads have a water porosity of about 43% and a measured effective thermal conductivity of
2.4 W·m−1·K−1, which is higher than the thermal conductivity of water (0.6 W·m−1·K−1)
and the glass itself (1.1 W·m−1·K−1). This shows that there is little water circulation in the
porous space, resulting in a higher effective thermal conductivity. In addition, after the
glass medium has been covered with a polyethylene stretch film, as shown in Figure 9b, a
test is performed. The effective thermal conductivity of the medium glass beads then drops
to 2.19 W·m−1·K−1, with a discrepancy of less than 9%. Subsequently, the external water
has little effect on the effective thermal conductivity of the porous medium.
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Moreover, the homogeneous effective thermal conductivity of glass beads due to
Maxwell expression [17] gives a value of 0.85 W·m−1·K−1 which is lower than the measured
effective thermal conductivity of the glass porous medium, which is 2.4 W·m−1·K−1. It
should be noted that Maxwell’s homogeneous thermal conductivity is valid for large
water porosity bigger than 75%, which is bigger than our glass medium’s water porosity
of 43 percent; however, it gives an idea about the value of the equivalent conductivity
of porous media. Therefore, the hypothesis of a small circulation of water due to free
convection in the porous space resulting in a higher effective thermal conductivity appears
to be the most likely.

2.2.3. Heat Transfer Coefficient of the Water around the Mussels Measurement Results

For a uniform distribution of mussels around the tube, the measured heat transfer
coefficients for juvenile, mix (juvenile and adult), and adult mussels, respectively, are 3395,
873, and 2682 W·m−2·K−1, as shown in Table 3. However, because the position of the
external thermocouple is not very precise (less than 5 mm), and the temperature difference
between the mussel’s external layer and the water is very small (less than 0.4 ◦C), the
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relative uncertainty reaches 19–37 percent. The measured global resistance, however, is
unaffected by this relatively high uncertainty.

Table 3. Heat transfer coefficient of the water around the mussels as measured experimentally.

Mussels Type hw
Absolute

Uncertainty
Relative

Uncertainty ∆Tm,w
Absolute

Uncertainty
Relative

Uncertainty

W·m−2·K−1 W·m−2·K−1 % ◦C ◦C %

Juvenile 3395 ±1123 33 0.23 ±0.07 30

Mix (juvenile & adult) 873 ±164 19 0.4 ±0.07 17.5

Adult 2682 ±1003 37 0.2 ±0.07 35

∆Tm,w: is the temperature difference between the external layer of mussels and the water.

Furthermore, the analytical stationary method for estimating the heat transfer coef-
ficient of the water around the mussels is validated by comparing the result of the heat
transfer coefficient of the water around a tube without the mussels and two literature corre-
lations (Churchill & Chu and Morgan [15]). Table 4 shows that the discrepancy between
the experimental value hw and the one provided by Morgan correlation is equal to 6%,
which is less than the discrepancy value of 29% provided by Churchill & Chu’s correla-
tion. This is due to the fact that Churchill & Chu‘s correlation was set for a wide range of
Rayleigh number (RaD ≤ 1012), whereas Morgan’s correlation is related to a narrow range
of Rayleigh number (Table 9.1 in [15]). Moreover, the heat transfer coefficients obtained
from the correlations were applied for an isothermal horizontal cylinder, whereas in our
case the experimental tube is not completely isothermal. As a result, the difference between
experimental and theoretical correlation values is acceptable.

Table 4. Experimental and theoretical values of the heat transfer coefficient of the water around the
experimental tube without mussels.

hw
(Experimental)

hw
(Churchill &

Chu)

hw Discrepancy
(Experimental

and Churchill &
Chu)

hw
(Morgan)

hw Discrepancy
(Experimental
and Morgan)

W·m−2·K−1 W·m−2·K−1 % W·m−2·K−1 %

220 309 29 234 6

Considering the relatively high value of convective heat transfer of water around the
mussels, its contribution to overall thermal resistance between the cable and the external
water is small when compared to that of biofouling (effective conductive resistance of
mussels). In Table 5, we show that the convective resistance of water around juvenile, mix,
and adult mussels is 2.2%, 8.3%, and 4.3% of the overall thermal resistance, respectively.
As far as natural convection is involved in the porous medium, one can compare its effect
to the one of the natural convection in water around the tube without mussels. This can
provide an indication of the expected effect of biofouling on the temperature distribution
in an electrical cable, as investigated in the final section of this paper. Table 5 shows that
the effective conductive resistance of juvenile mussels (0.045 K·W−1) is higher than the
convective resistance around the tube in the absence of mussels (0.03 K·W−1), but it is
slightly higher for mix mussels (0.033 K·W−1) and smaller for adult mussels (0.022 K·W−1).
However, in practice, the configuration changes as the composition and thickness of the
deposit changes over time during successive seasons of mussel growth. In this case, we
can anticipate that the higher thermal resistance associated with the increased deposit will
eventually prevail, resulting in a situation in which the tube is more thermally insulated,
causing overheating of the electric cable, which will be detrimental to its service life.
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Table 5. Comparison between conductive and convective thermal resistances as a function of the
ages of the mussels.

Mussels Type Rconductive(biof) Rconvective Roverall Rwithout(biof)

Effective
Conductive
Resistance

Contribution

External
Convective
Resistance

Contribution

K·W−1 K·W−1 K·W−1 K·W−1 % %

Juvenile 0.045 0.001 0.046

0.03

97.8 2.2

Mix (juvenile
and adult) 0.033 0.003 0.036 91.7 8.3

Adult 0.022 0.0009 0.023 95.7 4.3

Rconductive (biof) is the effective conductive thermal resistance of mussels. Rconvective is the convective thermal
resistance of the water around the mussels. Roverall is the overall thermal resistance of the presence of mussels
around the tube (including Rconductive(biof) and Rconvective). Rwithout(biof) is the overall thermal resistance without
the presence of the mussels.

2.3. Thermal Characterization of a Non-Uniform Colonization of Biofouling around the Tube

Mussels do not grow uniformly around submarine cables in real offshore installations.
One reason for this is the sun’s non-uniform irradiation. Such a situation with non-uniform
biofouling growth around a horizontal tube should also be investigated. As a result, the
effective thermal conductivity of the non-uniform mussel distribution around the tube,
as well as the heat transfer coefficient of the water around them, were measured. Table 6
shows the measured temperature distribution around a polyethylene covered aluminum
tube for different configurations of juvenile mussel colonization distribution (25%, 50% and
100%), as shown in Figure 10.

Table 6. Distribution of measured temperatures around a polyethylene covered aluminum tube
colonized by juvenile mussels with different configurations of colonization.

Juvenile
Mussels

Colonization
T1 T2 T3 T4 T5 T6 Tw ri re Q

% ◦C ◦C ◦C ◦C ◦C ◦C ◦C mm mm W

25 28.12 26.44 24.8 22.55 - - 22.3 38.9 78.9 66.33

50 30.82 28.5 26 22.92 - - 22.45 38.9 78.9 85.43

100 29.48 28.46 28.95 23.03 22.6 22.4 22.12 38.9 78.9 40.74
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Figure 10. Various colonization distribution configurations around the heated covered polyethylene
aluminum tube. (a) 100% colonization, (b) 50 % colonization and (c) 25% colonization. Where, Tw is
the temperature of the surrounding water, hw1 and hw2 is the heat transfer coefficient of the water
around the mussels and the tube, respectively. T1, T2, T3 are the temperatures of surface of the
experimental tube. T4, T5, T6 are the temperature of the external layer of mussels.
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In the absence of an analytical model to calculate the effective thermal conductivity
from measurements in the case of the non-uniform distribution of mussels, a numerical tool
will be used for inverse analysis. For this purpose, the effective thermal conductivity of
the mussels and the heat transfer coefficient of the water around the mussels are estimated
using a 2D steady state thermal model computed using finite elements (COMSOL software),
with the following heat conduction equation:

div
(
−k
→
∇T
)
= 0 (5)

where k is the thermal conductivity (W·m−1·K−1), T is the absolute temperature (K). The
Equation (5) is solved numerically with the associated boundary conditions: imposed heat
flux ϕ (W·m−2) with ϕ = Q/2πr0L at the inner surface of the aluminum tube and convective
heat transfer coefficient (hw1 and hw2) at the external surface, as shown in Figure 10.

In the biofouling region, a mesh with 2000 to 5000 nodes was used, while in the
aluminum tube region, a mesh with 1000 nodes was used. As shown in Figure 11, the fine
mesh type is used.
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A robust minimization technique (simplex method) is used to estimate the effective
thermal conductivity of mussels from inverse analysis in order to minimize the sum
of squares of the difference between measured and calculated temperatures, the latter
depending on the three parameter values kbiof, hw1 and hw2:

J = Σi = 1
N (Ti,calc. (kbiof, hw1, hw2) − Ti,meas.)2 (6)

where two different heat transfer coefficients are defined: hw1 between biofouling and water
and hw2 between polyethylene and water. Three different configurations of the distribution
of the biofouling (25%, 50% and 100%) around the tube were considered as shown in
Figure 10.

In the 2D thermal model, the external temperature of the system is the one of the water
and the heat rate of power source is provided by the voltage and current measurements on
the heating elements. Table 7 shows the heat transfer coefficient of the water around the
mussels with non-uniform colonization around the aluminum tube covered in polyethylene,
as well as the estimated effective thermal conductivity of juvenile mussels. The effective
thermal conductivity of juvenile mussels for 100% colonization differs from the value
obtained previously with an experimental aluminum tube (4.4 W·m−1·K−1) and the one
obtained here with an aluminum tube covered with a polyethylene layer (1.6 W·m−1·K−1).
This difference is mainly due to the fact that the temperature gradient between the external
and internal radiuses of the mussel layer is not the same in both cases (10 K for aluminum
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tube and 6 K for aluminum tube covered with polyethylene). That means that convection in
the porous medium will not be the same involving different effective thermal conductivities.

Table 7. Effective thermal conductivity of juvenile mussels and heat transfer coefficient of water
around the mussels for different percentage of colonization.

Juvenile
Mussels

Colonization
kbiof

Sensitivity
for kbiof

hw1
Sensitivity

for hw1
hw2

Sensitivity
for hw2

% W·m−1·K−1 ◦C W·m−2·K−1 ◦C W·m−2·K−1 ◦C

25 1.4 1 1510 0.1 1960 0.9

50 1.9 1 310 0.1 3910 0.88

100 1.6 5 910 0.1 - -

The results in Table 7 show that the effective thermal conductivity of uniform (100%)
and non-uniform (25% and 50%) colonization is roughly of the same order of magnitude.
The difference can be attributed to measurement accuracy and the temperature gradient
between the external and internal layers of mussels, which is not exactly the same for the
three different configurations.

As in the previous section, the convective coefficient values are relatively high and
show some disparity. We have already seen that this parameter has a minor impact on
global resistance. In the addition of the values of convective coefficients, Table 7 also
shows the sensitivity of the measured temperature to these parameters defined by β dT/dβ,
where β is the parameter (kbiof, hw1 or hw2). It can be noted that the sensitivity value
to the heat transfer coefficients are small compared to the one for the effective thermal
conductivity. Because of the convective coefficient’s low sensitivity and low contribution to
global thermal resistance, its discrepancy has a minor impact on determining the effective
thermal conductivity of mussels. The water in our current study is stagnant. However,
if there is a current flow velocity of water in the system in a real-world application, then
the effect of the global heat transfer coefficient of the water around the cable and in the
mussel’s layer (porous medium) must be considered.

3. Thermal Effect of Mussels on the DSEC Copper Wire

In Section 2, we demonstrated that the age of the mussels changes the water porosity
of the biocolonization, thus affecting the global thermal resistance. It was shown that
thermal resistance of a layer of mussels can be lower or higher than convective resistance
without mussels. It might be interesting to analyze the effect of colonization on temperature
distribution in a real submarine power cable. Indeed, as described in Section 2.2.3, the
effective conductive resistance of juvenile mussels is higher than the convective resistance
around the tube in the absence of mussels; however, the effective conductive resistance of
mixed mussels is slightly bigger and the effective conductive resistance of adult mussels is
slightly lower. Thus, mussel deposits on the surface of the marine power cable can form
an insulating layer, resulting in increased thermal resistance. In this section, an analytical
model based on an international standard is used to calculate the permissible current
rating for a given operating temperature. This yields a power that can be imposed in a 2D
numerical simulation model (finite elements via COMSOL) to investigate the thermal effect
of different ages of mussels on the temperature of the DSEC copper wire.

3.1. Analytical Model Based on IEC Standard

Under steady-state conditions, IEC standards 60287-1-1 [13] and 60287-2-1 [18] are
used to calculate the permissible current rating in accordance with operating temperature.
It denotes a constant current load (100 percent load factor) that is only sufficient to generate
the maximum conductor temperature asymptotically and assumes that the conditions in
the surrounding ambient are constant. This method is widely used all over the world. It
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covers medium to high voltage cables, a wide range of installation methods, and a formula
for current rating and losses. The main goal is to determine the relationship between the
cable and the factors influencing heat dissipation, such as the thermal resistance of cable
components, load, and the surrounding environment. For illustrating the method, we
use a cable for which data were available: a 20 kV cable used in OMDYN2 project. It’s a
cross-linked polyethylene insulated dynamic submarine electrical cable (DSEC) designed
to sustain a maximum conductor temperature of 90 ◦C continuously. It is made up of
3 × 50 mm2 copper conductors that are covered with a double wire armor to increase
torsional stiffness due to dynamical application and to protect it from mechanical stress,
floating debris, and friction caused by the cable touching the seabed. Figure 12 shows the
high-voltage dynamic cable’s complex hierarchical cross-sectional structure.
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Figure 12. Cross section of a three phases DSEC.

Figure 13 shows a physical representation of the cable and its surroundings as a net-
work of combined thermal resistances. All thermal resistances are calculated in accordance
with IEC standard 60827-2 [18], where R1 represents the thermal resistance per unit length
between one conductor and the sheath (K·m·W−1), R2 represents the thermal resistance per
unit length of the fillers and bedding under the armor (K·m·W−1), R3 represents the thermal
resistance per unit length of the cable’s external serving (K·m·W−1), and R4 represents the
thermal resistance per unit length between the cable surface and the surrounding medium
(K·m·W−1), Tc (K) is the operating temperature of DSEC conductor, Ta (K) represents the
ambient temperature, Ts (K) represents the sheath temperature, and T0 (K) represents the
outer serving temperature.
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Using Ohm’s law and the steady-state condition, which means that when the cur-
rent flow through the cable is constant and the temperature of the cable is constant, the
expression for the temperature rising above the surrounding temperature is represented in
Equation (7).

∆θ =
(

I2RAC + 0.5Wd

)
R1 +

(
I2RAC(1 + λ1) + Wd

)
n R2 +

(
I2RAC(1 + λ1 + λ2) + Wd

)
n(R3 + R4) (7)

Therefore, the maximum current that an AC cable can deliver is obtained as shown in
Equation (8) [13]:

I =
[

∆θ −Wd [0.5 R1 + n (R2 + R3 + R4)]

RACR1 + nRAC (1 + λ1) R2 + nRAC (1 + λ1 + λ2) (R3 + R4)

]0.5
(8)

where I represents the current flowing in a single conductor (A), ∆θ(K) = Tc − Ta, n
represents the number of copper conductors in the cable. λ1 and λ2 are calculated using
IEC standard 60287-1 [13], where λ1 is the ratio of losses in the metal sheath to total losses
in all conductors in that cable, λ2 is the ratio of losses in the armoring to total losses in all
conductors in that cable. Also, RAC and Wd are calculated using IEC standard 60287-2 [18],
where RAC denotes the alternating current resistance per unit length of the conductor at
maximum operating temperature (Ω.m−1) and Wd denotes the dielectric loss per unit
length for the insulation surrounding the conductor (W·m−1). The thermal resistances and
the heat losses in the submarine power cable used for our calculations are shown in Table 8.

Table 8. Thermal resistances and heat losses in the submarine power cable.

Symbol Material Value

R1
Thermal resistance between one conductor and

the sheath per unit length (K·m·W−1) 0.587

R2
Thermal resistance of the bedding between the

sheath and the armor per unit length (K·m·W−1) 0.095

R3
Thermal resistance of the cable’s external serving

per unit length (K·m·W−1) 0.035

R4

Thermal resistance between the cable surface
and the surrounding medium per unit length

(K·m·W−1)
0.011

λ1
Ratio of losses in the metal sheath to total losses

in all conductors in that cable 0.05

λ2
Ratio of losses in the armoring to total losses in

all conductors in that cable. 0.112

RAC

Alternating current resistance per unit conductor
length at maximum operating temperature

(Ω·Km−1)
0.5

Wd
The dielectric loss per unit length of the
insulation that surrounds the conductor

(W·m−1)
0.074

These resistances are calculated for 90 ◦C operating temperature and 20 ◦C ambient temperature.

3.2. Numerical Simulation of Temperature Field in a 2D DSEC

In this section, the thermal effect of mussels of various ages on the DSEC copper
wire is investigated by predicting the temperature distribution within the cable using a
two-dimensional steady-state thermal model computed using finite elements (COMSOL
software) with heat conduction equation using a mesh with 2000 to 5000 nodes in the
biofouling region and in the DSEC respectively.

As mentioned earlier, the DSEC is designed to support a maximum copper wire
temperature of 90 ◦C. Therefore, for a maximum operating temperature of 90 ◦C and
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an ambient temperature of 20 ◦C, the permissible current rating (364 A) is calculated
using Equation (8). The obtained current rating (364 A) is then imposed in the numerical
method of DSEC 2D thermal modeling (COMSOL software). Moreover, with an external
temperature of 20 ◦C, a convective heat transfer coefficient (247 W·m2·K−1) is applied to
the outer layer of the DSEC; this convective heat transfer coefficient is calculated using the
classic natural convection formula (Morgan’s correlation). The steady-state temperature
distribution in the cable is depicted in Figure 14. According to the results, the maximum
conductor temperature calculated using a two-dimensional numerical thermal model is
90.15 ◦C, which is nearly equal to the maximum operating temperature of 90 ◦C. This
means that the numerical approach is validated because the simulation code (COMSOL)
produces the same temperature as the IEC-60827 standard. The numerical thermal model
can then be used to investigate the thermal effect of biofouling colonization on the DSEC
conductor temperature.

Energies 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

bient temperature of 20 °C, the permissible current rating (364 A) is calculated using Equa-
tion (8). The obtained current rating (364 A) is then imposed in the numerical method of 
DSEC 2D thermal modeling (COMSOL software). Moreover, with an external tempera-
ture of 20 °C, a convective heat transfer coefficient (247 W·m2·K−1) is applied to the outer 
layer of the DSEC; this convective heat transfer coefficient is calculated using the classic 
natural convection formula (Morgan’s correlation). The steady-state temperature distri-
bution in the cable is depicted in Figure 14. According to the results, the maximum con-
ductor temperature calculated using a two-dimensional numerical thermal model is 90.15 
°C, which is nearly equal to the maximum operating temperature of 90 °C. This means 
that the numerical approach is validated because the simulation code (COMSOL) pro-
duces the same temperature as the IEC-60827 standard. The numerical thermal model can 
then be used to investigate the thermal effect of biofouling colonization on the DSEC con-
ductor temperature. 

 
Figure 14. Simulation of the DSEC steady-state temperature distribution (°C) under rated load 
conditions. 

The thermal effect of mussels on the DSEC conductor temperature is investigated by 
adding an extra layer around the cable in the COMSOL simulation (Figure 15). In these 
computations, the effective thermal conductivity of the external layer and the heat transfer 
coefficient of the water around the mussels of different ages are the ones measured in 
Section 2.2.3 (Tables 2 and 3). It should be noted that the thicknesses of mussel layers with 
different ages are implemented in the numerical simulation by defining the geometry of 
the mussel layer with the same thicknesses of mussel layers during thermal characteriza-
tion in Section 2.2.2 (40 mm for juvenile, 60 mm for mix and 70 mm for adult mussels). 

(a) (b)  

(c)  
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conditions.

The thermal effect of mussels on the DSEC conductor temperature is investigated by
adding an extra layer around the cable in the COMSOL simulation (Figure 15). In these
computations, the effective thermal conductivity of the external layer and the heat transfer
coefficient of the water around the mussels of different ages are the ones measured in
Section 2.2.3 (Tables 2 and 3). It should be noted that the thicknesses of mussel layers with
different ages are implemented in the numerical simulation by defining the geometry of the
mussel layer with the same thicknesses of mussel layers during thermal characterization in
Section 2.2.2 (40 mm for juvenile, 60 mm for mix and 70 mm for adult mussels).

As shown in Figure 16, the DSEC conductor temperature Tc decreases with increasing
mussel age: 91.3 ◦C (juvenile), 90.6 ◦C (mix), 89.6 ◦C (adult). Thus, juvenile mussels have
the highest effect on the DSEC conductor temperature, because as previously described in
Section 2.2.3, juvenile mussels have the greatest thermal resistance and thermal resistance
decreases with the age of the mussels due to the increase in water porosity. Therefore, the
colonization of juvenile and mix mussels on DSEC leads to conductor temperatures higher
than the maximum operating temperature (90 ◦C); however, this is not the case for adult
mussels.

This result appears to indicate that the temperature of the conductor decreases with
mussel age and can be even lower than the temperature without mussels, which is used
as a reference here. This observation must be moderated due to several aspects of our
study: (i) the experiments and simulations are conducted with a single layer of mussels
of roughly the same order of thickness. In reality, as time passes from one season to the
next, a new layer of mussels grows on top of the existing one. The water porosity and
effective thermal conductivity will then evolve over time. This may cause the conductor to
overheat. (ii) As previously stated, the value of effective thermal conductivity is related to
natural convection in the porous medium composed of mussels. This natural convection
effect is determined by the temperature difference across the mussel layer. The goal is to



Energies 2022, 15, 3087 16 of 18

investigate the effect of mussel colonization on the copper conductor temperature of an
electrical cable with a maximum operating temperature of 90 ◦C. In this case, we used the
power calculated according to the IEC standard in our numerical simulations. Then, we
imposed the measured effective thermal conductivity of the various mussel layers. The
power values used in the experimental measurement differ from the power calculated using
the IEC standard, which is used in the numerical simulations. This results in a difference in
∆T between experimental measurements and numerical simulations, as shown in Table 9.
This disparity in ∆T values is expected because the power imposed in numerical simulation
differs from the power imposed in experimental measurement, and effective thermal
conductivity depends on ∆T. This difference affects the determination of the simulated
temperature of the copper conductor. Therefore, in order to improve the accuracy of this
temperature determination, the appropriate effective thermal conductivity of the mussels
must be imposed in the numerical simulation. At this stage of our work, we don’t have
access to the variation of this thermal property with ∆T. This issue will be addressed in our
next work.
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Figure 15. Steady-state temperature (◦C) distribution for different ages of mussels (a) Juvenile,
(b) Mix (c) Adult.
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Table 9. The temperature difference between the mussel layer’s inner and outer radiuses.

Mussels Type ∆T
(Measurement)

∆T
(COMSOL)

K K

Juvenile 10 3.3

Mix (juvenile & adult) 4.2 2.4

Adult 4.8 1.7
∆T is the temperature difference between the inner and outer radiuses of the mussel layer.

4. Conclusions

In this study, the thermal characterization of a mussel layer around a tube was carried
out. The measurement of the thermal properties of this natural medium (biofouling) is
rarely addressed in the marine energy literature. The experimental work was extremely
difficult because we had to perform all experiments in 24 h in order to keep the mussels
alive. In the uniform mussel colonization case, the thermal conductivity of different ages of
mussels (juvenile, mix-juvenile and adult, and adult) as well as the heat transfer coefficient
of the water around the mussels were measured. We have determined that juvenile mussels
have the lowest effective thermal conductivity when compared to a mix of juvenile and
adult mussels and adult mussels due to the water porosity effect. The effect of water
porosity has been highlighted and illustrated using a glass beads medium, where it is
demonstrated that the natural convection in the porous media significantly enhances the
thermal conductivity of the glass porous media. Furthermore, the thermal risk on the
DSEC is evaluated by estimating the temperature distribution within the electric cable
covered with mussels of various ages and the type of colonization using a numerical
code (COMSOL). Depending on the mussels’ age and the corresponding global thermal
resistance, the bio-colonization results in an overheating of the cable with juvenile and
mix (juvenile and adult) mussels and a cooling down with the adult mussels. Those
measurements were carried out for a given thickness of the layer of mussels and do not take
into account the evolution of bio-colonization over time (multi-layer effects). This aspect
will be addressed in our future work. A new measurement and thermal characterization
campaign for different ages of mussels colonized naturally on four tubes submerged in the
Atlantic Ocean and the Mediterranean Sea is planned in the BIODYTHERM project, with
thermal conductivities measured as a function of the temperature gradient (∆T) through the
mussel layer. Since measurements were performed in a range of ∆T over the mussel’s layer
between 4 K and 10 K in the present work, however, we expect some variation in the value
of measured effective thermal conductivity with the ∆T. This effect will be investigated in
our future measurements. This will allow us to carry out simulations with configurations
closer to real experimental conditions.
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