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by
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The expansion of offshore renewable energy infrastructure and the need for trans-
continental shelf power transmission require the use of submarine High Voltage
(HV) cables. These cables have maximum operating surface temperatures of up to
90°C and are typically buried 1-2 m beneath the seabed, within the wide range of
substrates found on the continental shelf. However, the heat flow pattern and
potential effects on the sedimentary environments around such anomalously high

heat sources in the near surface sediments are poorly understood.

Temperature measurements from a 2D laboratory experiment representing a buried
submarine HV cable are presented, and the thermal regimes generated within a
range of typical unconsolidated shelf sediments—coarse silt, fine sand and very
coarse sand are identified. Several experiments were carried out in a large (2 x 2.5
m) tank filled with water-saturated artificial (ballotini - spherical glass beads) and
natural sediments (fine marine sand) with a buried heat source and 120
thermocouples to measure the time-dependent 2D temperature distributions. The
observed steady state heat flow regimes and normalised radial temperature
distributions were compared with outputs from corresponding Finite Element

Method (FEM) simulations. The results show that the mechanisms of heat transfer



and thus temperature fields generated from submarine HV cables buried within a

range of sediments are highly variable.

Coarse silts with ~1013 m? permeability, are shown to be purely conductive with 10
- 60 °C radial temperature distribution within 40 cm from a 60 °C above ambient
source. Fine sands with ~10"** m? permeability, demonstrate a transition from
conductive to convective heat transfer at c. 20°C above ambient with 10 — 55 °C
asymmetric temperature rise up to 1 m above a 55°C above ambient heat source.
Very coarse sands with ~10° m? permeability, exhibit dominantly convective heat
transfer even at very low (c. 7°C) operating heat source temperatures and with 10 -
18 °C significant asymmetric temperature rise of the surrounding sediments over 1
m above an 18 °C heat source. The computed controlling thermal properties
demonstrate a distinct variation of thermal diffusivity and conductivity within different
sediment types; sandy (fine sands) sediments are about twice more effective at
diffusing heat than muddy (coarse silts) sediments.

The occurrence of convection heat transfer within high permeability sediments is an
important insight that are currently neglected in the existing IEC 60287 standard for
current ratings estimation. Significant convection supports more efficient heat
transfer leading to reduced cable temperature, increased current ratings and
ampacity, decreased degradation rates of cable insulation and thus increased life
span and decrease manufacturing costs of submarine cables. Also the varying
sediment thermal conductivity around submarine HV cables further implies that
cables buried around sandy sediments will uptake heat more rapidly than in muddy
sediments, which are also not considered in the existing IEC 60287 standards. In
addition, these findings are important for the surrounding near surface environments
experiencing such high temperatures and may have significant implications for
chemical and physical processes operating at the grain and sub-grain scale as well

as biological activity at both micro-faunal and macro-faunal levels.
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Introduction

1.1 Introduction

Submarine High Voltage (HV) cables form the backbone of offshore renewable
power transmission, and are increasingly important in regional energy distribution
over distances of up to 580 km across continental shelves, for example the NorNed
HV direct current submarine power cable link (Worzyk, 2009). The commercial
interest in sub-seafloor HV cables has grown significantly in recent years,
particularly as a result of more (and larger) wind farms (Figure 1.1) located ever
further offshore (EWEA, 2013) and the simultaneous development of trans-national
marine cables links such as the Cross Sound HV direct current submarine cable link
(Railing et al., 2004) and proposed European Super Grid (UK House of Commons:
Energy and Climate Change Committee, 2011). These multi-million pound
submarine HV cable links (Figure 1.2) are typically buried by trenching to depths of
1-2 m (Mole et al., 1997, Worzyk, 2009) beneath the seabed and within the wide
range of substrates found on the continental shelf, with little knowledge of the

thermal regime they will enter or generate during operation.
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Sheringham Shoal Offshore Wind Farm, UK;
http://www.seira.co.uk/ =

Figure 1.1: Sheringham Shoal Offshore Wind Farm, England. It is one of the UK

renewable energy resource initiatives for offshore wind farm electricity generation.

NORTH SEA

2030: EWEA offshore grid vision
Currently operating I Proposed by EWEA in 2020

I Under construction route Proposed by EWEA in 2030

Under study by TSO O Proposed offshore nods

Under study by TSO/EWEA Concession and development zones
Edited from EWEA 2009, www.ewea.org

Figure 1.2: “European Mega Grid” a 2030 offshore grid vision of the European Wind

Energy Association (EWEA, 2013).
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1.2 HV Cable Design and Heat Losses
High voltage is defined as any voltage over 1000 volts. However HV cables used
for electricity transmission below 3kV are classified as ‘low’ HV cables, 3 to 33kV
classified as ‘medium’ HV cables, 33 to 132kV classified as ‘high’ HV cables and
above 132kV as ‘extra’ HV cables (Kuffel and Zaengl, 2004). The design of an HV
cable is mainly constrained by the technical requirements and planned power of the
electricity transmission of the particular cable route. The typical components (Figure
1.3) are: a conductor at the centre, semi-conducting screen, insulation material,
insulation screen, outer conductor or metallic sheath, over-sheath, stranded steel

armouring and outer serving.

Conductor

Conductor Screen
Insulation

Insulation Screen

Outer Conductor or Sheath
Over-Sheath

Armour

Outer Serving

200 mm
e o e o

Figure 1.3: Schematic of a typical HV cable design structural components

In order to reduce resistive losses, a copper or aluminium material with high
conductivity is normally used as the conductor for the electricity transmission
(Simmons, 2001). There are two semi conducting screens: conductor and insulation
screen. The semi-conducting conductor screen levels the conductor and insulation

material interface because the insulation material can be damaged (Robinson,
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1990, Motori et al., 1991, Hosier et al., 2008), by localised electrical stresses
resulting from interface unevenness (Thue, 1999). The insulation material helps to
maintain current flow along the cable axis and cross-linked polyethylene (XLPE) is
the common modern insulation type used (Worzyk, 2009). The insulation screen
function is similar to the semi-conducting screen and helps to maintain smooth
electrical field profile across the insulation. A metallic sheath is also used to contain
the electric field within the cable (Thue, 1999), serves to prevent water ingress in to
the encased components and a limited mechanical protection (Nexans, 2004). The
metallic sheath is protected from corrosion by the over-sheath. Further cable
mechanical damage and water ingress are prevented by the stranded steel

armouring and outer serving components (Thue, 1999).

Ohmic heating of the conductor is the largest source of electrical heat losses during
the cable operation and electrical power transmission (Pilgrim, 2011) due to joule
heating within the conductor. The heat loss is represented in equation (1.1) and the
resistance value is dependent on the conductor temperature (equation 1.2 and 1.3)

(Sivanagaraju and Satyanarayana, 2009).

Wiess = I?R (1.1
R(T) =R (Ty) .(1+ B(T —Ty)) (1.2)
R(T) =R (Ty).(1+ B(T —Ty)) + (1 + ys + yp) (1.3)

Where: W,,s is power (W), I is current (A), R is electrical resistance (Q), B is
temperature coefficient of resistance, T is temperature (°C) and T, is ambient

temperature of the overlying environment. ys is a factor to quantify the increase of
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resistance due to the skin effect and yp is a factor to quantify the increase of
resistance due to the proximity effect. Equation 1.2 is only true for direct current
(DC) conditions while the addition (1+ ys+ yp) in equation 1.3, gives the
alternating current (AC) resistance. DC cables have a lower operating temperature

than AC cables.

1.3 Research Motivations, Contributions and Aims

The present maximum operating conductor temperature of submarine AC HV cables
with XLPE insulation is 90°C which can translate to cable surface temperatures of
up to 70°C (Swaffield et al., 2008, Hughes et al., 2015). Also non-XLPE insulations
cables may have different thermal limits. This means the surrounding seawater-
saturated sediments will experience thermal conditions typically only reached at
approximately 2.8 km of burial under normal geothermal gradients (Boehler, 1996,
Nagihara and Smith, 2005, Geohil, 2013, Christie and Nagihara, 2016). Despite the
potential for such anomalously high temperatures, there has been very limited study
on the actual temperatures generated around submarine cables, with only one
reported field study (Meissner et al., 2007), and limited numerical modelling work

(Worzyk, 2009, Hughes et al., 2015).

There are also only a few papers on the thermal properties of shelf sediments
(Lovell, 1985a, Lovell, 1985b, Zimmerman, 1989, Jackson and Richardson, 2001,
Kim et al.,, 2007, Wheatcroft et al., 2007, Goto et al., 2012), and these solely
consider conductive heat flow. However, recent numerical modelling by Hughes et
al. (2015) suggests that for fully saturated marine sediments, heat transfer can occur

by both conduction and convection, depending on cable surface temperature and
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sediment properties. Hughes et al. (2015) found that permeability is the overarching
controlling factor, with the transition from conduction to convection expected as
permeability increases to the range 10-*'m? - 10-1%m?2. In continental shelf settings,
this means that fine-grained substrates would be predicted to have conductive heat
transport, with a transition as grain size increases to convective heat transport in
sands. If this is correct, there are implications for both the environment surrounding

the cables, and the current that can be carried by the cables.

As several marine organisms are sensitive to minor ambient temperature changes,
any such temperature increases in the surrounding sediment may cause significant
impacts and displacements of living organisms dwelling within the near-surface
environments (OSPAR, 2009b). The German Federal Maritime and Hydrographic
Agency (BSH) have produced environmental regulations which set an acceptable
limit of <2K (2°C) above ambient temperature rise at 20 cm below the seabed and
directly above the cable (OSPAR, 2009b, BSH, 2014), to minimise impacts on
shallow-burrowing organisms. However, at the higher operational temperatures,

there is also the potential for geochemical changes within the sediments.

In addition to the lack of knowledge of the potential impacts of the heat generated
by the cable on the environment, there is also little knowledge of the relationship
between the thermal properties of marine sediments and the current that may be
reliably carried by submarine HV cables. This is controlled by a balance between
resistive heating within the cable and how efficiently heat is lost to the environment,
such that the cable remains below its design temperature. In the terrestrial

environment the substrate in which they are buried, often involving variability in
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backfilling during trenching, has a significant effect on cable current ratings (de Leon
and Anders, 2008, Swaffield et al., 2008). The IEC 60287 standard (BS-IEC-60287-
1-1:2014, 2014) to estimate the current rating of buried cables assumes terrestrial
conditions: an isothermal ground temperature, homogeneous burial sediment,
conductive heat transfer and a simple model for the thermal resistance of the
surrounding sediments. These basic assumptions may not be appropriate in any
case for continental shelves given the wide range of substrates and their physical
properties (muds, sands, gravels and even bedrock) (van Landeghem et al., 2014),
due to natural depositional processes. However, if convective heat transport occurs,
then the greater efficiency may allow significantly higher currents to be carried by

the cables.

Thus, the specific objectives of the PhD are to:

1) Develop a new, stable and operational experimental HV tank approach to
measure and provide a comprehensive understanding of the burial thermal
regimes experienced by submarine HV cables.

2) Use atrtificial ballotini sediments with varying grain sizes, typical to the
continental shelf sediments e.g. coarse silt, fine sand and coarse sands, to
understand the varying thermal regimes around submarine HV cables as well
as the impact of the surrounding sediments properties.

3) Carry out further experiments using natural sediments to understand how
applicable the results of (1) and (2) to the natural environments.

4) Evaluate the sediment thermal properties using the acquired temperature

time series data.



Chapter 1: Introduction
1.4 Thesis Structure
This chapter (Chapter 1) has introduced the importance, typical design and heat
losses associated with submarine HV cables; as they are used for electricity
transmission by all forms of renewable energy infrastructures. It further provides the

research motivations and aims.

Chapter 2 presents background and review of the methodologies and governing
equations used to study heat transfer (conduction and convection) within sediments
as well as a synthesis of published sediment thermal properties within near surface

sediments (less than 1m depth).

Chapter 3 presents the first set of temperature measurements from a 2D laboratory
experiment designed as an analogue to a buried submarine HV cable. A range of
realistic cable surface temperatures were used to identify how the surrounding burial
thermal regimes and heat transport mechanisms change using artificial sediments
(glass beads) with varying permeability and grain size ranges of typical shelf
sediments (pre-sieved coarse silt, fine sand and very coarse sand). The results were
explored to understand the conditions for occurrence of convection and their

implications to the surrounding environments and cable performance.

Having developed the laboratory temperature time series measurement method
using artificial sediments presented in Chapter 3. Chapter 4 presents the next
series of experiments using natural fine sand sediments with varying cable surface

temperatures. This is aimed at testing the robustness of the developed conditions
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of occurrence of both conduction and convection heat transfer using a natural

sediment with a mixture of grain shape and composition.

Chapter 5 presents evaluation of the sediment thermal properties (thermal
diffusivity, conductivity and volumetric heat capacity) from the observed temperature
time series measurements presented in Chapter 3 and 4; using the heat transfer

governing equations described in Chapter 2.

The final chapter (Chapter 6) summaries the various thermal regimes experienced
by submarine HV cable buried with coarse silt, fine sand and very coarse sand
sediments. Also presents summaries of the impact of varying sediment physical and
thermal properties on the surrounding burial thermal environments of submarine HV

cables.
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Chapter 2: Sediment Heat Transfer Methods

Sediment Heat Transfer

2.1 Heat Transfer Mechanisms

Heat transfer is the exchange of thermal energy between physical systems,
depending on the temperature and pressure difference. The fundamental modes of
heat flow are conduction or diffusion, convection and radiation. However, conduction
and convection are the two main heat transfer modes through sediments as they

require a conduit medium or material for their occurrence.

2.1.1 Conductive and Convective Heat Transfer

Conduction may be viewed as a diffusive process involving the transfer of energy
due to random molecular motion from the more energetic to the less energetic
particles of a substance. Thus, heat transfers in the direction of decreasing
temperature. Convective heat transfer is comprised of two mechanisms. In addition
to energy transfer due to random molecular motion (diffusion), there is also energy
being transferred by the bulk, or macroscopic, motion of the fluid. This fluid motion
is associated with the fact that, at any instant, large numbers of molecules are

moving collectively or as aggregates. Such motion, in the presence of a temperature
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gradient, will give rise to heat transfer. Because the molecules in the aggregate
retain their random motion, the total heat transfer is then due to a superposition of
energy transport by the random motion of the molecules and by the bulk motion of
the fluid. Thus, the term convection is used when referring to this cumulative
transport and the term advection when referring to transport due to bulk fluid motion

(Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).

This chapter and other subsequent chapters explores the issue of understanding
the heat transfer mechanisms from buried submarine HV cables to the surrounding
sediments. The literature review (this chapter) and subsequent chapter of the data
analysis are based mainly on conductive heat flow while the transition or occurrence
of non-conductive characteristics are referred as the onset/occurrence of convective

heat flow.

2.2 Conductive Heat Transfer

2.2.1 Conduction Rate Equation

The key objectives in conductive heat transfer analysis are to determine the
temperature distribution and heat transfer rate (Incropera and Dewitt, 1985),
considering various common geometries. Thus, consider the heat flow through a
cylindrical rod of known material, insulated on its lateral surface and its two end
points are maintained at different temperatures where T1 > T2 (Figure 2.1). The
temperature difference causes conduction heat transfer in the positive x direction.
According to Fourier's law, the heat flow rate (Q) through the cylindrical rod is a
function of the temperature difference (T1 — T2, AT) between point x; and x,, the

geometry (i.e. the cross-sectional area (A) and rod length (Ax)) and the material

12
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property of the rod (Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985). Thus,

Fourier's Law can be expressed as Equation (2.1).

Figure 2.1: Heat transfer along a horizontal rod

= AT 2.1
Q= (2.1)

Evaluating Equation (2.1) in the limit for any temperature difference (AT) across a
length change (Ax) as both Ax, AT — 0, the heat rate (Q) is given as Equation (2.2).
Or in terms of heat flux (q) as Equation (2.3) (Incropera and Dewitt, 1985). The heat
flux (g) with units W/m?2, is a more useful quantity defined as the heat transfer per
unit area. The minus sign is necessary because heat is always transferred in the
direction of decreasing temperature. The proportionality constant A is a transport

property known as the thermal conductivity and it's units are W/mK.

dT
dT
q = % = —AE (23)

13
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Thus, Equation (2.3) is the one-dimensional (1D) form of Fourier's law of heat
conduction. Also recognising that heat flux (gq) is a vector quantity, a more general
statement of the conduction rate equation (Fourier's Law), can be expressed as

Equation (2.4), where T(x,y, z) is the scaler temperature field.

— VT = A('T4-6T+kaT) 2.4
q_ - I'x jay aZ ()

2.2.2 1D Steady State Heat Conduction: Plane Slab

One dimensional (1D) steady state heat transfer conditions refer to situations for
which only one coordinate is needed to describe the spatial variation of the
dependent variable as well as the temperature at each point is independent of time
due to steady flow of enegy (Carslaw and Jaeger, 1959, Incropera and Dewitt,

1985).

Insulated
(no heat transfer)

Qfx) =+ —+>Qlx +dx)
: 1

e ﬁﬁﬁﬁﬁﬁ#ﬂ
e, e
ﬁﬁﬁﬁﬁ%ﬁﬁﬁﬁ S
1 1
Podx
> X

Figure 2.2: One - dimensional heat conduction through a plane slab
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Thus, the temperature distribution through a plane slab (Figure 2.2) can be obtained
by solving the heat equation with the appropriate boundary conditions (Carslaw and
Jaeger, 1959, Incropera and Dewitt, 1985). From Equation (2.2), the heat transfer

rate in at left (at x) is

Qx) = -4 (AZ—Z;)x (2.5)

On the right, the heat transfer rate is

_ dQ
Q(x+dx) =0Q(x)+ Ix

dx + ... (2.6)

X

From Equations (2.5) and (2.6) as well as using the conditions on the overall heat

flow

0(x) — (Q(x) + Z—g(x)dx+ ) —0 2.7)

Thus, Equation (2.8) can be obtained, by taking the limit as dx approaches zero;

dQ(x)
dx

0, (2.8)

Or Equation (2.9) after substituting Equation (2.5) in (2.8)

d(/lAdT)—O 2.9
dx dx) (2.9)

If 1 is constant, where the properties of the slab are independent of temperature,

Equation (2.9) reduces to

d(AdT)—O 2.10
dx \" dx/ (2.10)
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Or (using the chain rule)

d2T+(1 dA)dT_O 211
dx? Adx/)dx (21D

Equation (2.10) or (2.11) describes the temperature field for quasi-one-dimensional
steady state (i.e. no time dependence) heat transfer. Thus, the heat transfer through
a plane slab (e.g. Figure 2.2) with constant area (A), Equation (2.10 or 2.11)
becomes

d*T
W = O (212)

Equation (2.12) can be integrated immediately to

ar =C 2.12

dx - 1 ( * )
And further integration of Equation (2.12) gives

T(x) = Cx + C, (2.13)

Thus, Equation (2.13) describes the temperature field through a plane wall, where
C; and C, are the constants of integration(Carslaw and Jaeger, 1959, Incropera and

Dewitt, 1985).
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2.2.3 1D Steady State Heat Conduction: Non - Planar Geometry
For non-planar (radial) geometries such as cylindrical (Figure 2.3) and spherical
(Figure 2.4) systems where temperature gradient is often experienced in the radial
(r) direction only and may therefore be treated as one dimensional. Thus, the
temperature distribution through cylindrical and spherical systems under steady-
state conditions with no heat generation, can be obtained by solving the appropriate

heat equation (Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).

2.2.3.1 Cylindrical Shell

Considering a hollow cylindrical shell configurations (A = 2nrL) where the inner
(hot fluid) and outer surfaces (cold fluid) are exposed to fluid at different
temperatures (Figure 2.3) (Incropera and Dewitt, 1985) and according to Fourier’s
Law, the rate at which heat is conducted through the solid cylindrical surface (heat
transfer rate per unit length) can be expressed as Equation (2.13). Similarly, for
steady state conditions, with no heat generation, the appropriate heat equation

involves expressing Equation (2.9) as Equation (2.14).

17
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Figure 2.3: Conduction in a cylindrical shell

dT
Q= _’1(2’"”5 (2.13)
1d dT
;a(ﬂr a) =0 (2.14)

Where 1 is constant, the area (A = 2rnrL) is normal to the heat transfer direction
and from Equation (2.13 and 2.14), in the radial direction, the conduction heat
transfer rate (Q) is constant. Thus, Equation (2.15) is the second order differential
eqguation for the temperature distribution. With first integration generates Equations
(2.16) or (2.17) and a second intergration gives the general solution of the
temperature distribution (Equation 2.18) through the cylinder, where C; and C, are

constants of integration (Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).

18
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d ( dT) =0 2.15
dr r dr) (2.15)
ar =C 2.16

dr
dT = €, — (2.17)
T(r) = CiIn(r) + C, (2.18)

2.2.3.2 Spherical Shell

Considering a hollow spherical configurations (4 = 4mr?) where the inner (hot fluid)
and outer surfaces (cold fluid) are exposed to fluid at different temperatures (Figure
2.4) (Incropera and Dewitt, 1985); and according to Fourier's Law, the rate at which
heat is conducted through the solid spherical surface can be expressed as Equation

(2.19).

 ——
Cold fluid ===
Hot fluid ==~

Solid --
spherical shell

Figure 2.4: Conduction in a spherical shell
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Q = —A(4mr?) Z—: (2.19)

Where 1 is constant, the area (A = 4nr?) is normal to the heat transfer direction
and from Equation (2.19), in the radial direction, the conduction heat transfer rate
(Q) is constant as its independent of the radial direction (r). Thus, for steady state
conditions with no heat generation, Equation (2.20) is the appropriate second order
differential equation for the temperature distribution. Its initial integration generates
Equations (2.21) and a further integration gives the general solution of the
temperature distribution (Equation 2.22) through the sphere, where C; and C, are

constants of integration (Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).

d<2dT>—0 2.20

ar\" ar) = (220)

dT_C1 291

dr 12 (2.21)
¢y

T =2+ (2.22)

2.2.4 2D Steady State Conduction

It is necessary to account for multi-dimensional effects of heat transfer problems as
1D solutions are grossly oversimplified. Thus, the energy conservation method is
applied to determine the manner in which temperature is distributed multi-
dimensionally through a medium. This involve defining a differential control volume,
relevant energy transfer processes and applying the appropriate rate equations

(Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).
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Q(2)
Figure 2.5: Heat conduction analysis 3D Cartesian coordinates using differential

control volume, (dx dy dz).

Firstly, Figure 2.5 (Incropera and Dewitt, 1985), defines a microscopically small
(differential) control volume, (dx dy dz) for a homogeneous medium in which
temperature gradients exist and the temperature distribution is in  T(x,y,z).
Secondly, neglecting higher order terms, the Taylor series expansion is used to
express the conduction heat rates [Q(x),Q(y) and Q(z)] perpendicular to each
opposite control surfaces (Equations 2.23a, 2.23b and 2.23c) at the coordinate
locations (x, y and z). This is due to the occurrence of conduction heat transfer
through each control surface as a result of the temperature gradients. Also within
the medium there may also be an energy source, E; (Equations 2.24) and storage,
Eg: (Equations 2.25) expressions associated with the thermal energy generation rate
and internal thermal energy stored by the material in the control volume. Thirdly,
using the rate equations, Equations 2.26 expresses the energy conservation general

form.
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Q(x+dx)=0Q(x)+ Z—i dx (2.23a)
dq
Qly+dy) =Q(») + ay dy (2.23b)
y
Q(z+dz)=0Q(2) + C:Z—S dz (2.23¢)
E; = Quo dx dy dz (2.24)
dT
Ey = pcpE dx dy dz (2.25)
Ein+ Eg— Eoue = Eg (2.26)

Where Q,,, is the generated energy generation rate per unit volume in W/m3, pc, %

is the time rate of the internal energy change per unit volume. As the conduction
rates constitute the energy inflow E;,, and outflow E,,,;, Equation 2.27 is obtained by
substituting Equations 2.23, 2.24 and 2.25 into Equation 2.26. Equation 2.27 can be

re-writing as Equation 2.28 (Incropera and Dewitt, 1985).

QM) + Q) +Q(2) + Quor dx dy dz — Q(x +dx) — Q(y +dy) — Q(z +dz)

aT
= ’OCPE dx dy dz (2.27)
dQ dQ dQ dT
I xdx — EL] dy — Ezdz + Quordx dy dz = pcpE dx dy dz (2.28)

Also from Fourier's law, the conduction heat transfer rate can be obtained by
multiplying each heat flux component by the appropriate control surface (differential)
area (Equations 2.29a, 2.29b and 2.29c). Finally, the general form of heat diffusion

equation (Equations 2.30) (Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985)
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can be obtained by substituting Equations 2.29 into Equations 2.28 and dividing out

the control volume dimensions (dx dy dz).

Q(x) = — A (dy dz) g; (2.29a)
Q(y) = — A (dx dz) gg (2.29b)
Q(z) = — A (dx dy) %g (2.29¢)
wlw) 505) Zlg) e =my e

It is implicit in Equation 2.30 that the thermal conductivity is independent of the
coordinate direction. Thus, Equations 2.30 provides the basic tool for conduction
(diffusion) heat transfer analysis and process. Also if the thermal conductivity is
constant, the heat diffusion equation can be simplified as Equation 2.31 and
Equation 2.32 under steady-state conditions with no change in energy storage
amount. Furthermore, where there is no energy generation, the heat diffusion
equation further reduces to Equation 2.33 in three dimension (x, y, z) and Equation

2.34 in two dimension (x,y) (Carslaw and Jaeger, 1959, Incropera and Dewitt,

1985).

d*Tt  d*T  d*T N Quor _ 1dT

2.31
dx? * dy? * dz? A a dt (23D)
d*T  d*T  d*T
Ix? + e + 072 + Quor =0 (2.32)
d2T+d2T+d2T =0 2.33
dx?2 = dy? = dz? (233)
il + d°T =0 2.34
dx? = dy? (234)
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Where a = p% is the thermal diffusivity and it’s a key thermophysical property which
p

is the ratio of the thermal conductivity A1 of the medium to the thermal capacitance

pCy.

There are two major objectives in any conduction analysis. The first is to determine
the temperature distribution in the medium. Thus, 2D heat transfer problems (e.g.
Submarine HV cable problem) require determining the temperature distribution
T (x,y) in both the x and y directions by solving the appropriate form of the heat
equation (Equation 2.34). After solving Equation 2.34 for T (x, y), the second major
objective is to simply determine the heat flux components q, and g, by applying the

rate equation (2.3) or (2.4) (Incropera and Dewitt, 1985).

Several methods can be used to solve equation 2.33 or 2.34 such as the analytical
(Carslaw and Jaeger, 1959, Arpaci, 1966, Ozisik, 1980, Incropera and Dewitt,
1985), analytical and numerical (finite-difference) approaches (Myers, 1971, Adams
and Rogers, 1973, Incropera and Dewitt, 1985). Analytical methods provide
solutions to simple conditions while the graphical approach may be used to obtain
rough estimate of the temperature field. However, numerical or finite-difference
methods of solving equation 2.33 or 2.34 provides very accurate results at discrete
points, can accommodate complex conditions, well suited for use with high speed
digital computers and often offer the only means by which multi-dimensional
conduction problems can be solved (Myers, 1971, Adams and Rogers, 1973,

Incropera and Dewitt, 1985).
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2.2.4.1 Discretization of the Steady State Heat Equation
As numerical solution enables determination of the temperature field at only discrete
points, the first step in any numerical analysis must therefore be to select these
discrete points. This is done by subdividing the medium of interest into a number of
small regions and assigning to each region a reference point (its center), thus
forming a nodal network (grid) which are aggregates of these nodes (Figure 2.6)

(Incropera and Dewitt, 1985).

If the x and y locations are designated by the m and n indices, respectively (Figure
2.6). Thus, determination of the temperature distribution numerically dictates that an
appropriate conservation equation be written for each of the points in the nodal
network. The resulting set of equation may then be solved simultaneously for the
temperature at each node. For any node of a 2D system with no generation and
uniform thermal conductivity, the exact form of the energy conservation requirement
is given by the heat equation 2.34. However, if the system is characterised in terms
of a nodal network, it is necessary to work with an approximate, or finite difference

form of equation 2.34 and this can be expressed as:

aZT . Tm+1,n + Tm—l,n - 2Tm,n 235

ax? - (Ax)? (2:35)
mn

aZT . Tm,n+1 + Tm,n—l - 2Tm,n 236

a2l (Ay)? (2.36)
mn

Where the value of the derivative at the m,n nodal point is approximated from the

02T 9%T

second derivative temperature gradient 3% a7

in both the x and y directions

respectively and expressed as a function of the neighbouring nodal temperatures.
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Using a network for which Ax = Ay and substituting equations 2.35 and 2.36 in to
equation 2.34, the differential equation is reduced to an approximate algebraic
equation 2.37. Thus the numerical solution of equation 2.34 at any nodal point
simply requires that the sum of the temperatures associated with the neighbouring
nodes be four times the temperature of the node of interest (Figure 2.6) (Incropera

and Dewitt, 1985).

Tm,n+1 + Tm,n—l + Tm+1,n + Tm—l,n - 4‘Tm,n =0 (2'37)

Ax

m-—1n m+1,n
4

—~——

~---—”

Figure 2.6: Nodal network and finite difference approximation approach for 2D heat

conduction to an interior node m, n from its neighbouring nodes.

2.2.5 Transient Conduction

Many heat transfer problems are time dependent and such unsteady or transient
problems arise due to changes in the system conditions such as a heat source or
sink. The temperature at each point in the system will also begin to change and
continues until a steady state temperature distribution is reached. Thus, for 2D
systems with constant material thermal conductivity, the time dependence of the

temperature distribution T (x, y) within the system during a transient process can be
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determined by solving the appropriate form of the heat equation (Equation 2.38)

(Carslaw and Jaeger, 1959, Incropera and Dewitt, 1985).

0°T + 0°T + Qvol :la_T
dx?*  dy? A a dt

(2.38)

2.2.5.1 Discretization of the Transient Heat Equation

As introduced in section 2.2.4.1 for steady state conditions, similarly numerical
solutions are easily extended to transient problems (Myers, 1971, Adams and
Rogers, 1973, Incropera and Dewitt, 1985) and are preferred for similar reasons to
the analytical solutions (Carslaw and Jaeger, 1959, Arpaci, 1966, Ozisik, 1980).
Thus for 2D systems under transient conditions with constant thermal conductivity
and no internal generation, the general form of the heat diffusion equation 2.30 can

be simplified as equation 2.39.

10T 02T 02T
cat ~ a2 T o (2.39)

Similarly, the approximations to the spatial derivatives as prescribed by equations
2.35 and 2.36 can be used to obtain the finite difference form of equation 2.39. Also
the m and n subscripts may be used to designate the x and y locations of discrete
nodal points (Figure 2.6). However, equation 2.39 must be discretised both in space
and time. Thus the finite difference approximation to the time derivative in equation

2.39 can be expressed as equation 2.40:

p+1 p—1
oT _ Ton — Tom

7l = D (2.40)
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Where p denotes the time dependence T, and the time derivative is expressed in
terms of the difference in temperature associated with new (p + 1) and previous
(p — 1) times. Hence calculation must be performed at successive times separated
by twice the time interval 2(At). Substituting equations 2.35, 2.36 and 2.40 into
equation 2.39, the explicit form of the finite difference equation 2.41, for any interior

node, m, n (Figure 2.6) can be obtained (Incropera and Dewitt, 1985).

1 Trlrotjll - Trlrol,_nl Trzrjz+1,n + Trzr)L—l,n - ZTrg,n + Trzr)l,n+1 + Trzr)L,n—l - ZTrg,n 241
a  2(At) - (Ax)? (Ay)? (2.41)

2.2.6 Summary

One of the key objectives, in any conduction analysis, are first to determine the
temperature distribution through the medium. Thus, the equations for the
temperature distributions and associated rate equations at which heat is conducted
through each of the three common geometries - plane wall (Equation 2.13),
cylindrical (Equation 2.18) and spherical (Equation 2.22) systems were derived for
one dimensional steady state conditions with no heat generation. Also, the
temperature gradient is often experienced only in the radial directions for cylindrical
or spherical heat sources. Hence, these equations, their corresponding
assumptions and applications will aid in solving the submarine HV cable problem of
understanding the heat transfer mechanisms through the surrounding sediments;
presented in chapter 3 and 4. Furthermore, it is necessary to account for multi-
dimensional effects of heat transfer problems. Thus, the derived Equations 2.39 and
2.34 can be used to describe the 2D temperature distribution away from buried
submarine HV cables during transient and steady state heat conduction

respectively. Finally, due to the inherent and very accurate nature of the
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discretization process for handling geometrical complexities and multi-dimensional
conduction problems, it is necessary to use a finite-difference solution of solving

equation 2.39 and 2.34.

2.3 Convective Heat Transfer

Although the mechanism of conduction or diffusion contribute to convection heat
flow, the overriding contribution is from the bulk fluid motion. In order to develop a
better understanding of the nature of convection, consider fluid flow over a flat plate
(Figure 2.7a), where the free stream fluid velocity u., with temperature T,, not equal
to the surface temperature of the of the flat plate (Ty); (Ts # T»). Thus, a key
problem in examining convection is determining the boundary conditions at the plate
surface exposed to the flowing fluid as well as the features of the fluid motion.
Schematically the conditions near the surface are illustrated in Figure 2.7 (Incropera

and Dewitt, 1985).
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Figure 2.7: Convection heat transfer effects on a heated flat plate surface (a),

velocity (b) and temperature (c) boundary layer development.

During fluid flow over a surface, the velocity of the fluid particles is zero at the plate
surface and causes retardation of the particle motion within the adjoining fluid layer.
This retardation of adjoining fluid particle motion continues until a distance y = §
from the surface when the effect becomes negligible as it approaches the

freestream value u,. The quantity ¢ is termed the boundary layer thickness and
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boundary layer velocity profile refers to the manner in which u varies with y through
the velocity boundary layer (Figure 2.7b). Thus, the boundary layer grows (&
increases with x) as the effects of viscocity penetrates further into the free stream
with increasing y distance from the surface (Incropera and Dewitt, 1985). Similarly,
Figure 2.7c, shows that at the plate surface, the temperature profile is uniform with
T(y) =T, and fluid particles achieve thermal equilibrium at the plate surface.
However, temperature gradient develop within the fluid layer as the surface particles
exchange heat energy with those in the adjoining fluid layer. Thus, the thermal
boundary layer thickness §; is the fluid region in which the temperature gradients
exist and the thermal boundary layer grows with increasing y distance from the plate
surface as the effect of the heat transfer penetrates further into the free stream

(Incropera and Dewitt, 1985).

Thus, the heat flux (q) can be expressed as Equation (2.42) and where §; is

generally unknown, the heat transfer flux is normally calculated using Equation 2.43.

2 : . : .

6—f represents the convective heat transfer coefficient (h) with units as W/m?K and
t

Equation 2.43 is refered to as Newton’s Law of Cooling. The relationship between
conditions in the thermal boundary layer and the convection heat transfer coefficient
can be evaluated at any distance from the surface. Also, as there is no fluid motion
at the surface, heat transfer occurs only by conduction. Thus, applying Fourier’s law
to the fluid at y = 0 gives the local heat flux as Equation 2.44 and by combining
Equation 2.43, Equation 2.45 is obtained (Incropera and Dewitt, 1985). The heat

transfer rate is determined by the conditions that strongly influence the temperature

gradient Z—; within the thermal boundary layer. Furthermore, at constant (T —
y=0
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. . . . daT
T,) and with increasing x, §; increases, o decreases as well as g andh
y=0

decreases.

_ Q _ Af(Ts_ Too)
q= 4= 5—t (2.42)
Q
q= 4 =h{Ts— Te) (2.43)
A ar (2.44)
q=—A4f —‘ .
dyl,_o
dT
h—_Af@y=0 (2.45)
(Ts - TOO) .

Thus, Equation 2.43 encompasses all the effects that influence the convection heat
transfer mechanism and controlled by the boundary layers that propagate on the
surface. Also, the conditions in the boundary layer are influenced by a multiplicity of
independent variables such as the surface geometry, nature of the fluid motion (flow
condition), and many fluid thermodynamic and transport properties such as density,

viscosity, thermal conductivity and specific heat (Incropera and Dewitt, 1985).

2.3.1 Laminar and Turbulent Flow

An essential first step in the treatment of any convection issue, is to determine
whether the boundary layer is laminar or turbulent (Turcotte and Schubert, 2002).
The boundary layer is initially laminar, but at some distance from the leading edge,
transition to turbulent flow begins to occur (Figure 2.8). The fluid motion within the
laminar boundary region is highly ordered and identification of streamlines along
which particles move are possible. The streamline fluid motions are characterized

in the x and y directions by velocity components, u and v respectively. Fluid

32



Chapter 2: Sediment Heat Transfer Methods
fluctuations begin to develop in the transition region, and the boundary layer
eventually becomes completely turbulent. In contrast, the fluid motion is highly
irregular and characterized by velocity fluctuations. Thus, momentum and energy
transfer are enhanced mainly due to interchange of fluid particles as well as
increased surface friction and convection heat transfer rate. Also the turbulent
region is accompanied by significant increases in the boundary layer thicknesses,
the wall shear stress, and the convection coefficient. Figure 2.8 schematically
describes immediate vicinity above buried heat source within water saturated
sediments and the associated three different boundary regions that may be
delineated; the laminar region, buffer region and turbulent region. Within the laminar
region, transport is dominated by diffusion and the velocity profile is nearly linear.
There is an adjoining buffer region in which diffusion and turbulent mixing are
comparable, and a further turbulent zone in which transport is dominated by

turbulent mixing (Incropera and Dewitt, 1985, Turcotte and Schubert, 2002).
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Figure 2.8: Boundary layer development within heated pore fluid above the vicinity

of a buried heat source.

In calculating boundary layer behaviour, it is reasonable to assume that the
transition from laminar to turbulent zone begins at some location x.. This location is
determined by a dimensionless grouping of variables called the Reynolds number,
Re,, (Equation 2.46). Where the characteristic length x is the distance from the
leading edge. The critical Reynolds number is the value of Re, for which transition
begins and for external flow, it is known to vary from 10° to 3 x 108, (Turcotte and
Schubert, 2002) depending on surface roughness, the turbulence level of the free
stream and the nature of the pressure variation along the surface. A representative

value of equation 2.47 is generally assumed for boundary layer calculations.
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X
Re, = P*

(2.46)

X
Rey . = PloYe _ 5y 105 (2.47)

The resistance of a porous medium to flow depends on the size, number, and
tortuosity of the fluid pathways through the solid matrix and a measure of this
resistance is the permeability (k) of the medium. According to Darcy’s law (1), the
flow through a porous medium is linearly proportional to the applied pressure
gradient and inversely proportional to the viscosity of the fluid. For a one-

dimensional geometry in which the volumetric flow rate per unit area (u) is driven by
the applied pressure gradient (Z—z), Darcy’s law takes the form (Equation 2.48):

_ _kdp 2.48
u= 1 dx (2.48)

Where k is the permeability of the medium and u is the dynamic viscosity of the
fluid. Also the volumetric flow rate per unit area (u) has the dimensions of velocity,
referred as the Darcy velocity and computed as the average velocity per unit area.
The more permeable the medium is, the smaller is the pressure gradient required
to drive flow. Also Darcy’s law for vertical upward flow in sediments is given by
equation (2.49) where the pressure increases more rapidly with depth than it does

when the fluid is motionless.

L pg) (2.49)

Where v is the vertical Darcy velocity, p = fluid density and g = acceleration due

to gravity.
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2.3.2 Conservation of Mass and Energy Equations
The solution of one dimensional flows requires only Darcy’s law and simple mass
balance equation. However, two dimensional heat transport requires differential
equations for conservation of mass and energy in two dimensions and Darcy’s law
(Turcotte and Schubert, 2002). At steady state heat flow (time-independent) with no
density variations and no net (into or out) flow; the two dimensional conservation of
mass for a viscous incompressible fluid is given as the continuity or conservation of
fluid equation (equation 2.50). This equation can also be applied to flows in
sediments if the solid matrix cannot deform and the velocity components are the
Darcy velocities which is equivalent to the ordinary viscous fluid average velocity

component in regards to mass and heat transport.

6u+ 617_0
ox dy

(2.50)
The energy equation for a two dimensional flow of incompressible fluid in sediment

is given by equation 2.51

oT oT aT 0°T 0°T
meme-F prpf (ua+v@) = Am ﬁ-l_a_yz (251)

Equation 2.51 assumes same temperature (T) of the fluid and solid matrix, constant
thermal conductivity (4,,) for the diffusion of heat by conduction through the entire
medium (right hand side). Also the thermal inertia term (left hand side) is a
volumetric average as the thermal energy is stored both in the fluid filled pores and

the solid matrix. The fluid density (pf) and specific heat (cpf) are used in the

advective terms (left hand side) because only the fluid transports heat. The
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horizontal (2.48) and vertical (2.49) equations for Darcy’s velocities are further

required for a complete solution (Turcotte and Schubert, 2002).

2.3.3 One Dimensional Heat Convection

As a buried heat source heats the surrounding sediments, the pore fluid becomes
less dense and rises (Figure 2.9). A one dimensional solution can be obtained for
the temperature depth dependence of the upwelling flow. Thus, for steady one
dimensional up-flow, equation 2.50 and 2.51 is simplified as equation 2.52 and 2.53
respectively, where v is a constant and equation 2.53 can be integrated to obtain

equation 2.54 (Turcotte and Schubert, 2002).

v _ 0 2.52

dy (2.52)

ar 1 d*T 253

prpf‘U dy - mdyz ( . )
B T

prepvT = Am_dy + ¢ (2.54)

c; Is the constant of integration and can be determined from the uniform ambient

sediment temperature T, conditions of the upwelling fluid at great depth. Hence as
y approaches oo, Z—; and T becomes 0 and T, respectively. Thus equation 2.54

becomes 2.55 and 2.56. Also equation 2.56 can be rearranged and integrated to

give equation 2.57 and 2.58 or 2.59 respectively.
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¢1= prep v Ty (2.55)
d

PrCppV (T-T,) = /’Im—y(T— T,) (2.56)

d(T — T.) _ PrpsV
= d 2.57
T=T) A 57)

T—T. PrlpV
I = 2.58
n— P (2.58)
Or T—T,= cyexp (pf:pfv y) (2.59)

As y approaches oo, the right hand side of equation 2.59 approaches zero because
v is negative for vertical up-flow. At the surface with y = 0 and T = T,, the
integration constant c, can be evaluated as equation 2.60 and thus, the temperature

depth function is expressed as equation 2.61 (Turcotte and Schubert, 2002).

CZ = TO - TT (260)

PrCp vV
T=T, — (T,—T,) exp( - ! y) (2.61)
m

38



Chapter 2: Sediment Heat Transfer Methods

? L < Poo
Plume _l I }—T>T,
I
U,=0
P
Heat source ——-#

Figure 2.9: 2D plume of rising heated buoyant pore fluid in the vicinity of the heat
source (line source). The increased width of the plume away from the heat source
eventually dissipates due to viscous effects and the buoyancy force reduction

caused by cooling of the fluid in the plume.

Buoyancy forces are due to small density decrease that occurs upon heating
(Gebhart, 1979) (equation 2.62). Thus, If the flow is driven by the buoyancy of the

hot water, Darcy velocity can be used to estimate the permeability of the system.

pr = Py, — Pz, (Tr — To) (2.62)

Where, pyis the water density at temperature T, and a; is the water thermal
expansion volume coefficient. Thus substituting equation 2.62 into Darcy’s law
(Equation 2.49), give Equation 2.63. Also assuming for the upwelling flow the
hydrostatic value is negligible in relation to an excess pressure gradient, equation

2.63 can then be used as equation 2.64. Thus, demonstrating that buoyancy of
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heated fluid can easily drive flow (Gebhart, 1979, Jaluria, 1980, Turcotte and

Schubert, 2002).

_ _k (dp ) k (T, — Ty) 2,63

v=—u\gy Pnd) %P9 = To (2.63)
k

v = _l_lafpfog(Tr — To) (2.64)

2.3.4 Two Dimensional Heat Convection

A two dimensional approach can be used to describe the complete thermal
circulation pattern for convection in a fluid saturated sediment heated from below
and contained between impermeable isothermal boundaries (Turcotte and
Schubert, 2002). The upper boundary, y=0, is maintained at temperature T,, and
the lower boundary, y = b, at temperature T, (T; > T,). Before convection can start,
a critical temperature gradient across the layer must be exceeded. The conduction
solution (equation 2.65), describe the temperature distribution before the onset of
convection. The temperature difference (T'=T — T.) and Darcy’s velocity
components u’,v’ at the onset of convection (when motion first takes place) is
infinitesimal. Assuming the Boussinesq approximation and incompressible fluid with
exception of Darcy’s law buoyancy term for the vertical Darcy velocity component,
the energy equation 2.51 is expressed as equation 2.66, in terms of T’ (Turcotte

and Schubert, 2002).
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I — Ty
T, = T, + ( - ) (2.65)
oT’ JoT"  oT' (T, — To)
Pmom e ¥ Proos\M G TV 9y ) T PP T
=1 62T’+62T’ 2.66
- m axz ayz ( . )

!

The nonlinear terms u’aaix and v’% (left hand side) of equation 2.66 can be

disregarded as T', u', and v’ are infinitesimal quantities. Thus, for minor
perturbations of temperature T', velocity u', v’ and pressure p’, the appropriate
forms of equations 2.48, 2.49, 2.50 and 2.66 can be expressed as 2.67, 2.68, 2.69
and 2.70 respectively. As the sediment layer boundaries are isothermal and
impermeable, equations 2.67 to 2.70 must be solved subject to the boundary

conditionsv' = T' =0 aty = 0.

"= kdp 2.67
u = L dx (2.67)
,_ _k(dp ,
v = —; E—afpng (268)
ou + ov’ =0 2.69
ox  dy (269)
o’ (=T _ (9T 0T 70
Pmom e © 1oV T T a2 T y2 (2.70)

For the onset of convection, the critical condition can be derived by setting % = 0.

Hence equation 2.70 becomes equation 2.71. The pressure perturbation in
equations 2.67 and 2.68 can be removed by differentiating and subtracting Equation

(2.67) with respect to y and Equation (2.68) with respect to x, to obtain equation
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2.72. Also u' can be removed from equations 2.69 and 2.71 by similarly cross
differentiation and subtraction procedure to obtain equation 2.73. Then a single
equation (2.74) for T' can be obtained by solving Equation 2.71 for v’ and

substituting into equation 2.73 (Turcotte and Schubert, 2002).

(T, — Ty) 0%T’  0°T’

prep V' = = dn| Gz + 55 (2.71)
ou'  dv'  ka aT’
ou _ov _Ragprg ot (2.72)
dy dx u  Ox
0%v' 0% —ka 02T’

A — (2.73)
dx? = 0y? U 0x?
o*T' 9T’ 3T —kapp?pgcy (Ty— To) 9%T

+2 + = (2.74)
dx* dx?dy?  0dy* U b 0x?

The boundary conditions must also be expressed in regards to T' because T' = 0

a2r’! . a%r’
= 0, on the boundaries. v' = 0 and
dx? 3x2

ony=0,b, = 0,ony=0, b, Equations

a1’

2.66 generates ;yz = 0, on the boundaries. Thus for the fourth order differential

2T’

equation, the complete set of boundary conditions for T' is T' = 57

=0,ony=0,

b. To satisfy both differential equation and the boundary conditions, the elementary
solution for T’ is given by equation 2.75, where T, is the temperature perturbation
amplitude and y is its wavelength, which can be obtained (equation 2.76) by
substituting Equation 2.75 into equation 2.74. Thus, right hand side of equation 2.76
generates a dimensionless combination of parameters (equation 2.77) known as the
Rayleigh number (Ra) for heat convection in a water saturated sediment layer
heated from below (Turcotte and Schubert, 2002). The critical Rayleigh number

(lowest value, equation 2.79) for the onset of convection in terms of wavelength
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value can be derived by differentiating equation 2.77 (left hand side) with respect to

?, equating the result to zero (2.78) and then substituting it into the left hand side

of equation 2.77.

T' = T, si T sin 2t 2.75
—Osmbsmy (2.75)

2
2mh\* 2
{( Y ) +m } argp? ;Cp kb(Ty — To)

= 2.76
(@)2 H A (7
14
2

argp fcpfkb(Tl — To)
Ra = 2.77
Py (2.77)
y=2b (2.78)
min(Ra,,) = 4m? = 39.4784 (2.79)

2.3.5 Summary

Thus, from Equation 2.77 the expectation of the occurrence of convection when Ra
exceed Ra.- can be summarised in many ways. If other quantities remains fixed,
increasing the surface temperature of HV cable (buried heat source), increases the
temperature difference (T, — T,) across the surrounding sediment pore fluid layer
beyond a certain minimum value or decreases the viscosity of the fluid below a
critical value before the onset of convection. Also the analysis for the onset of
convection can be examined for a fluid layer heated uniformly from within and cooled
from above (and assumed to be insulating with no heat flow across the boundary).
The fluid nearer the upper boundary is cooler and more dense than the heated fluid
beneath. Thus, buoyancy forces can drive convective fluid motion provided they are
strong enough to overcome the viscous resistance. Furthermore, from Equation

2.77, the permeability (k) of the surrounding sediment is also a key controlling factor
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for the onset of convection heat transfer through the sediments around a buried heat
source (HV cable), as it controls the ease of fluid flow. Thus, heat convection could
occur within a high permeability sediment around a relatively lower heat source
temperature (temperature difference (T; — T,)) as compared to within a surrounding
sediment with a low permeability that will require a relatively higher heat source

temperature.

2.4 Synthesis of Previous Thermal Properties Measurements

Heat propagation in sediments is regulated by linked key thermal properties
(Harrison and Phizacklea, 1987b, Harrison and Phizacklea, 1987a) namely,
volumetric heat capacity, thermal diffusivity and thermal conductivity. Thus this sub-
section aims to review and synthesise previously published near surface marine
sediments thermal properties measurements methods and results to gain a better
understanding of these properties, their variability with varying sediments and pore

fluid properties.

2.4.1 Thermal Conductivity, 4

The thermal conductivity determines where and how much heat flows in response
to temperature differences in the sediment. The unit of thermal conductivity is Wm-
'K-1. Steady-state and transient methods are both used to measure thermal
conductivity of sediments. The steady-state method (divided-bar, Figure 2.10) is the
long-time standard for measuring thermal conductivity; by placing a disk-shaped
sample of material between two cylindrical metal bars held at constant temperature.
After a steady state is reached, the sample’s thermal conductivity is estimated by

comparing the temperature drop across its faces with the drop across those of
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reference materials of known conductivity flanking the sample (Ratcliffe, 1960,

Chekhonin et al., 2012).

The divided bar method defines the standard for accuracy in measuring thermal
conductivity, but is time-consuming and hence not suitable for in-situ
measurements. In addition, the process is time consuming, involving cutting,
trimming and polishing the disk to ensure good thermal contact with the heating
bars. This last step is difficult to complete with fractured and unconsolidated
sediments (Beck, 1957, Pribnow and Sass, 1995, Chekhonin et al., 2012). Also to
estimate the in-situ temperature and pressure conditions, the thermal conductivity

measurements in the laboratory must be corrected accordingly (Ratcliffe, 1960).
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Figure 2.10: Schematic diagram of the divided bar method for measuring sediment
thermal conductivity. The method sandwiches a disk-shaped sediment sample
between brass plates over the two ends of a divided bar, which are held at different
temperatures. The sample is flanked by disks of a reference material of known
thermal conductivity (fused silica is a commonly used reference with a thermal
conductivity of 1.38 Wm-'K-"). After a steady state is reached, as indicated by steady
temperatures in the transducer wells, the sample’s thermal conductivity is
determined by comparing the temperature drop across its length with the drop

across the reference material, adapted from (Chekhonin et al., 2012).
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Another method of measuring thermal conductivity is the constant heating or
transient method. Von Herzen and Maxwell (Von Herzen and Maxwell, 1959) carried
out thermal conductivity measurement of a deep-sea sediment contained in a tube
6.4cm long of a hypodermic needle enclosing a single loop of heating wire and a
temperature sensing thermistor placed at the middle of the needle. At a constant
applied heat, the slope of the temperature rise (T) of the probe inserted into the
sediment is inversely related to the sediment thermal conductivity. Von Herzen and
Maxwell (Von Herzen and Maxwell, 1959) estimated the thermal conductivity from
the slope of the plot of T versus In (t), for time 10 seconds to 10 minutes, using

equation 2.80.

4at

r= i (i) (2.80)

Where T is needle probe temperature rise, q is the heat input per unit length per
unit time t, 2 and a are the thermal conductivity and diffusivity respectively, a is the

probe radius and B is an empirical value of 1.7811 specific for deep sea clay.

Von Herzen and Maxwell (Von Herzen and Maxwell, 1959) demonstrated that for
deep-sea clay sediments, the results of sediment thermal conductivity computation
using both the needle and steady-state methods are within the error limit of each
respective method of about 3 to 4%. The constant heating probe technique is more
quickly carried out and conveniently used on board ship as well as can be adapted
for simultaneous in-situ measurement of thermal conductivity and temperature
gradient on the ocean floor. Particularly for material at very shallow depths below
the seafloor, this approach largely remove the problems and uncertainties involved

in raising a sediment sample to the surface as well as the need to correct lab based

47



Chapter 2: Sediment Heat Transfer Methods
measurements to in-situ temperature and pressure conditions (Von Herzen and

Maxwell, 1959, Ratcliffe, 1960).

The heat-pulse method is another extensively used transient method for measuring
A of sediment (Hartmann and Villinger, 2002, Hyndman et al., 1979, Lister, 1979). It
involves the use of a geothermal probe of approximately up to 4.5m (Goto et al.,
2012) long (Figure 2.11), with several temperature sensors that penetrate into the
sediment (Jaeger, 1958, Von Herzen and Maxwell, 1959, Waite et al., 2006,
Woodside and Messmer, 1961a, Woodside and Messmer, 1961b, Ratcliffe, 1960),
depending on the target of investigation. This method is based on temporal decay
of the temperature of a cylinder inserted in sediment after impulse heating of the
probe cylinder (Carslaw and Jaeger, 1959). The heat-pulse method uses a
temperature sensor and a heating wire contained within a cylinder, which is similar
to the previous method (Von Herzen and Maxwell, 1959); however, it requires less
electric power for heating than the continuous heating method. Hence, it is more
appropriate for in-situ thermal conductivity measurements of sediment on the
seabed. It has also been used by numerous researchers to jointly measure in-situ
sediment thermal conductivity along with the geothermal gradient (Goto et al., 2012,
Goto and Matsubayashi, 2009, Goto and Matsubayashi, 2008, Becker et al., 1996,
Harris et al., 2010). However, the thermal probe methods may not return pure
conductivity and this is key limitation. If the heat transfer through the sediment is
convective, the thermal probe measurements will be the “equivalent thermal
conductivity” not the actual thermal conductivity, as there will be heat transfer by

convection as well.
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Figure 2.11: Schematic diagram of the heat-pulse method probe, from (Goto et al.,

2012).

2.4.2 Thermal Diffusivity, a

Thermal diffusivity determines the speed at which a temperature front propagates
though sediments, with units of m?s-'. Harrison (Harrison, 1985) used the first
harmonic amplitude (24h) to calculate o by applying simple harmonic analysis
(Carson, 1963, Greenland, 1969) on Chichester Harbour time series data to derive
a 24-h sinusoidal temperature wave form (equation 2.81). This uses Fourier
decomposition and the form of the equation for which the longest period is the one
which dominates at depth. Hence calculation of « may be based on linear change

in phase or exponential change in amplitude with depth; because field soils diurnal
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temperature waves exhibit changing phase and amplitude with depth, reflecting the
nature of heat flow. This approach (equation 2.81) has been used regularly by
researchers (Harrison and Phizacklea, 1985, Vugts and Zimmerman, 1985, Piccolo

et al., 1993) to determine o (Tables 2.1, 2.2 and 2.3).

_ n(Zy — Z,)°
~ P[In(4,/AD]?

(2.81)

Where P is the period of wave oscillation (86400 s), Z, and Z, are the depths (m)
between which diffusivity is to be calculated, A; and A, are amplitudes of the

sediment temperature sinusoidal waves at depths Z; and Z,

Due to its simplicity, equation (2.81) has been used regularly for tidal flat sediments
to calculate o under the assumption that in situ temperature varies as a sinusoidal
function of time. However, in situ temperature does not vary sinusoidally as they
assumed but changes in a more complex way determined by the combination of
tidal flat exposure time duration, time of day, solar radiation (Harrison and Morrison,
1993, Cho et al., 2005). It also depends on the depth of investigation as Equation

2.58, shows that the shorter periods drop more rapidly with depth.

Alternatively, sediment thermal diffusivity can be calculated from observed sediment
temperatures using the one-dimensional heat conduction equation (2.82) of Horton
et al. (Horton et al., 1983) This approach has also been used regularly by
researchers (Harrison, 1985, Harrison and Phizacklea, 1985, Vugts and
Zimmerman, 1985, Piccolo et al., 1993, Kim et al., 2007, Thomson, 2010) with

similar results (Tables 2.1, 2.2 and 2.3).
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oT 0°T
E = aﬁ (282)

Where, T is sediment temperature in a layer with thickness Z. The thermal

diffusivities a are estimated as the slope of the fitted lines from the graph of the

temperature change with the time (Z—I) and the second derivative of the sediment

a%T
0727’

temperature profile (
2.4.3 Volumetric Heat Capacity, Cv

Volumetric heat capacity is the amount of heat needed to raise the temperature of
a unit volume (1m3) of sediments and pore fluids, by one-degree Kelvin with units of
J m3K-'. The C, of tidal flat sediment can be expressed as the weighted sum of the
heat capacities of the soil constituents as given for terrestrial sediment by Campbell

and Norman (Campbell, 1985, Campbell and Norman, 1998) (equation 2.83):
Cy, = psCsn+ pCe(1—n) (2.83)

Where pg and p¢ are density of solid and fluid respectively; C; and C; are specific
heat capacity of solid and fluid respectively while n is the porosity of sediments.
Many researchers (Ochsner et al., 2001, Bristow, 1998, Abu-Hamdeh, 2003) have
verified equation (2.83) with comparable results and were carried out mostly in

intertidal environment (Tables 2.1, 2.1 and 2.3).

Use of equation (2.83) is vital as it can be used to calculate C, from the physical
properties of sediment (bulk density of sediment and volume fraction of solid and

water), without information on the sediment temperature. This is useful as seawater
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and sediment temperature changes rapidly due to varying atmospheric conditions.
It avoids the risk of temperature measurement errors propagating into the estimation

of C,. The C, can also be determined by the ratio of 1 and a (equation 2.84).

C, = (2.84)

2.4.4 Theoretical Models

Lovell (Lovell, 1985b, Lovell, 1985a) developed a model for computing thermal
conductivity (equation 2.85) based on laboratory experimental results on the
sediments thermal conductivity using a geometric combination of the thermal
conductivity of water and solid (e.g. quartz mineral). Lovell (Lovell, 1985b, Lovell,
1985a) model result demonstrates that there are strong differences in thermal
characteristics between water and solid minerals and other researchers (Jackson

and Richardson, 2002, Rajan and Frisk, 1992) has successfully applied the model.

K=" 2,0 (2.85)
f

Thomson (Thomson, 2010) combined the models of Lovell (Lovell, 1985b, Lovell,
1985a) for conductivity (equation 2.85) and Campbell and Norman (Campbell and
Norman, 1998) for volumetric heat capacity (equation 2.83), to develop a novel

theoretical model (equation 2.86) relating sediment porosity to thermal diffusivity.

2 A"+ 28 1 286
a = — = .
Cy prCen + psCs(1 —n)

Where A, and A; are the conductivities of the solid and fluid constituents,

respectively.
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2.45 Summary

In conclusion, the synthesis of published results following the review carried out on
the thermal properties of near surface marine sediments, particularly within shallow
(0 to 1m) sub-seabed, shows that thermal diffusivity mean ranges (Tables 2.1, 2.2
and 2.3) are 0.22 to 0.34 x 10® m2s™" for clays, 0.39 to 0.55 x 10-® m?s-" for mud and
0.55 to 1.31 x 10° m?s™" for sand. Similarly, the thermal conductivity mean ranges
(Tables 2.1, 2.2 and 2.3) are 0.80 to 1.11 Wm'K-" for clays, 0.80 to 1.51 Wm-'K"'
for mud and 1.64 to 3.55 Wm™'K" for sand. Thus, these thermal properties in
general, increases with changing lithology such as from clays to sands. Tables 2.1,
2.2 and 2.3 provides more details on the synthesis of thermal property
measurements. Also the review and synthesis of the various published research
results demonstrates that there is a relatively very little research on near surface
marine sediment thermal properties measurements compared to other sediment
physical properties. It is important to emphasise that most of the rather little previous
thermal properties measurements in marine environment were mostly carried out in

intertidal environments.
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Table 2.1: Synthesis of previous published thermal properties measurements of

near surface (top 1m) marine sandy sediment

Thermal Thermal
Observ.|Environment| Vol. Heat Thermal |Diffusivity a, Thermal Conductivity K,
Study Depth | & Sediment | Capacity C,, |Diffusivity o,|Error Range|Conductivity K,| Error Range
SIN| Author | Location | (cm) |Composition|(108 J m=3 K-N)[(10fm2SM)|[(10fm2S")| (Wm'T K™ (Wm' K1)
Dutch
Van Der | Wadden Inter-tidal
1 | Hoeven | Sea, Mok | 0-30 Sand 2.71t 1.31b 3.55k
(1974) Bay,
Holand
Jackson Off Fort
s Walton Shallow-
2 |5 Beach, 0-70 water 273+ 1.2k 1.1-1.3k 3.28¢ 2.98-3.58¢
Richards .
on (2002) Florida, Sand
USA
Willapa &
Thomson| Skagit flat, Inter-tidal
3 (2010) |Washingto 0-40 Sand 0.95" 0.86-1.04"
n, USA
Dutch
Vugts & | Wadden Inter-tidal
4 |Zimmerm| Sea, Mok | 0-30 Very fine 293t 1.060 1.0-1.12b 3.1k 2.91-3.31k
an (1985) Bay, sand
Holand
Dutch
Van Wadden Inter-tidal
5 Boxel | Sea, Mok | 0-30 Very fine 1.020
(1986) Bay, sand
Holand
6 ('1‘3;2!) Agg':('ja' ~ Aggféa' 2,93 099 | 09-1.08 299 25330
7 a‘ﬁ‘fgﬁ) Table8.2 | 0-30 | WetSand: |  2.96- 0.74¢ 2.0t
Lake Shallow-
Cyr Opeongo, water Sand:
8 | (2012) | Ontario, | %® | 96% Sand, 0.552 0.5-0.62
Canada 4% Mud
Harrison
g | Patra Inter-tidal
9 Morrison Beach, 0-10 Fine Sand 2.95L 0.61b 1.8k
Turkey
(1993)
Jackson Off Fort
& | Walton Shallow-
10 | . Beach, 0-70 2,73t 0.62 0.54-0.662 1.64k 1.28-2.0k
Richards Florida, water Sand
on (2002), USA
Key:
a Calculated with Horton et al. 1993, 1D heat conduction using observed

temperature in lab.

b Calculated with Horton et al. 1993, 1D heat conduction using in-situ temperature

9 Calculated using Lovell 1985 model.

h Calculated using Thomson 2010 model.

I Calculated using Von Herzen and Maxwell 1959 empirical relation.

KCalculated using the two others thermal property parameters.

LQuoted in previous study
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Table 2.2: Synthesis of previous published thermal properties measurements of

near surface (top 1m) marine muddy sediment.

Thermal Thermal
Observ.| Environment | Vol. Heat Thermal |Diffusivity a,] Thermal |Conductivity K,
Study | Depth | & Sediment | Capacity C,, | Diffusivity a, |Error Range|Conductivity K,| Error Range
S/IN | Author | Location | (cm) | Composition [(108 J m3 K- (108 m2S-1) |(10f m2S1)| (WmT K1) (WmT K1)
Inter-tidal
Mud:
Harrison &  Forth 4% org.
11 |Phizacklea| Estuary, | 0-30 material, 0.812
(1987b) | Scotland 16% sand,
80% silt &
clay
I.Baeksu Inter-tidal
tidal flat, )
Kimetal. | South- Mud:
12 0-40 7% sand, 2.96f 0.51p 0.43-0.59° 1.51k 1.23-1.79
(2007) | western .
67% silt,
Coast, 26 % clay
Korea
Marennes
13 |Guariniet) -Oleron | o 4\ et tidalMud| 1650 0.48¢ 0.80-
al. (1997) Bay, ’ ' ’
France
14 | Andrews 0-30 |Inter-tidal Mud 0.48-
(1980) - )
Harrison Forth .
15 Estuary, | 0-10 |Inter-tidal Mud 1.87¢ 0.47= 0.88k
(1984a)
Scotland
Inter-tidal
Harrison &  Forth 4%%?;'[“
16 |Phizacklea| Estuary, | 0-10 o o 1.87k 0.472 0.88¢
(1985) | Scotland 16% sand,
80% silt &
clay
Inter-tidal Mud
Harrison &  Forth 4% org. m.,
17 |Phizacklea| Estuary, | 0-30 16% sand, 0.47= 0.4-0.54a
(1987a) | Scotland 80% silt &
clay
Willapa &
18 T?ZO(;?Z‘)’” a;‘:gr'fl;;g 0-40 |Inter-tidal Mud 055" | 0.45-0.65"
n, USA
Harrison Chicheste
19 r Harbour,| 0-26.5 |Inter-tidal Mud 2L 0.41b 0.82k
(1985)
England
20 ﬂ?g;‘;” _ | 0-10 |inter-tidal Mud 0.41t
Mln?s Inter-tidal
21 Piccolo et gasm% 0-10 Mud: 0.41b
al. (1993) Fl‘j‘xd‘; - 51.9% silt, '
c ’ 35.7% sand,
anada
Pauataha
op | Heath pnuilniet | g 56 bier tigal Mud| 2,15 0.39° 0.84¢
(1977) New ’ ’ ’
Zealand
Key:

a Calculated with Horton et al. 1993, 1D heat conduction using observed

temperature in lab.

b Calculated with Horton et al. 1993, 1D heat conduction using in-situ temperature
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¢ Calculated using divided bar steady-state method in lab.

€ Calculated using minimised sum of the between air-sediment interface heat flux
and the quantity of heat change in the sediment during exposure.

f Calculated using Campbell and Norman 1998 relationship.

h Calculated using Thomson 2010 model.

kKCalculated using the two others thermal property parameters.

LQuoted in previous study
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Table 2.3: Synthesis of previous published thermal properties measurements of

near surface (top 1m) marine clay sediment

Thermal Thermal
Observ. |Environment| Vol. Heat Thermal | Diffusivity a, Thermal Conductivity K,
Study Depth | & Sediment | Capacity C, |Diffusivity a,| Error Range | Conductivity K, | Error Range
S/N | Author | Location | (cm) [Composition| (108 Jm23 KN |(108m2S1)|[ (10¢m281)| (Wm'TKT1) (Wm' K1)
Lee & .
Von Indlan_& . Deep-water ) )
23 Atlantic | Simu. 3.39% 0.26! 0.23-0.28i 0.88¢ 0.82-0.954
Herzen Ocean Clay
(1994)
Lee et Lake Deep-water
24 al. Baikal, | in-situ Clay 3.0- 0.33% 0.27-0.4% 1.0d 0.8-1.2d
(2003) | Siberia
Lovell Northegst Surficial Desp-sea _ _
25 Atlantic |Sample 3.39% 0.28i 0.19-0.37i 0.95¢ 0.7-1.29
(1985a) Clay
Ocean 0-3m
Von
Herzen |Southeast| Core Deep-water
26 & Pacific | (Lab) 3.32¢ 0.25 0.18-0.31i 0.83¢ 0.68-0.984
Clay
Maxwell| Ocean [samples
(1959)
Atlantic,
Ratcliffe Pac?fic& Core Deep-water ) )
27 Mediterra | (Lab) 3.41k 0.27i 0.19-0.34i 0.92¢ 0.71-1.13¢
(1960) Clay
nean |[samples
Ocean
Sclater Pacific Core Deep-water
28 | etal (Lab) p 3.27% 0.34i 0.33-0.35 1.11d 1.08-1.144
Ocean Clay
(1969) samples
Rajan &
29 | Frisk ﬁg}'{f:g 0-15m V\Z’:::"é"l"ay 3.64 0.22 0.8t
(1992)
Sclater Pacific Deep-water ] :
30 | etal Ocean in-situ Clay 3.30% 0.33i 0.31-0.35i 1.09d 1.05-1.134
(1969)
White et
31 al. Table 8.2 |[Samples| Dry Sand: 1.08- 0.28k 0.30°
(1984)
Harrison|
& Forth Inter-tidal
32 |Phizackl| Estuary, | 0-30 Dry Sand 0.246b
ea Scotland
(1987b)
Key:

b Calculated with Horton et al. 1993, 1D heat conduction using in-situ temperature

¢ Calculated using divided bar steady-state method in lab.

d Calculated using Needle-probe transient methods on ship board and lab.

9 Calculated using Lovell 1985 model.

I Calculated using Von Herzen and Maxwell 1959 empirical relation.

kKCalculated using the two others thermal property parameters.

LQuoted in previous study
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Chapter 3: Thermal regime around subsea HV cables

The Thermal Regime Around
Buried Submarine High
Voltage Cables

3.1 Introduction
1This chapter presents the first set of temperature measurements from a 2D

laboratory experiment designed as an analogue to a buried submarine HV cable. A

1 This chapter have been published as: Emeana, C.J., Hughes, T.J., Dix, J.K,,
Gernon, T.M., Henstock, T.J., Thompson, C.E.L. & Pilgrim, J.A., 2016. The thermal
regime around buried submarine high voltage cables, Geophysical Journal
International, 206, 1051 - 1064. doi:10.1093/gji/ggw195. Author list are reflective of
relative contributions. Particularly, the Finite Element Method (FEM) model figures
of the steady state heat flow regimes and corresponding figures presented in the
GJI article as well as in this chapter were carried out by T.J. Hughes. The FEM
figures were added to the GJI article following reviewers comments requesting the
addition of numerical models to support the physical modelling results carried out
by C.J. Emeana.
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range of realistic cable surface temperatures were used to identify how the thermal
regimes and heat transport mechanisms may vary with a range of typical shelf
sediments. The observed results were compared with the predictions of numerical

models and explored to understand some of the environmental implications.

3.2 Method Development

3.2.1 Experimental Set-up

Temperature time series data are measured using a 2D experimental tank (height:
2.5 m, width: 2.0 m and thickness: 0.11 m, Figure 3.1a) filled with prototype scale,
tap water saturated, sediments and with an inserted heat source (Figure 3.1b),
designed as a proxy to a buried sub-seafloor HV cable. The heat source is capable
of generating cable surface temperatures up to 100°C. This approach is adapted
from analogue experiments involving gas-particle fluidization in volcanic systems
(Gernon et al., 2008). The tank is constructed from 2 cm thick Perspex, reinforced
with steel bars (Figure 3.1a). The vicat softening temperature, coefficient of thermal
expansion and thermal conductivity of the Perspex are 110 °C, 7x10° K, and 0.2
Wm- K1, respectively. The tank is open at the top and has integrated outlets at the
base to allow in-fill and removal of sediments and water. Three layers of 10 cm thick
Celotex™ TA4000 insulation sheets are directly attached to the external sides of the
tank to limit heat loss through the Perspex sides. Each of the attached insulation
sheets has a thermal conductivity of 0.022 Wm- K-t and low emissivity aluminium

foil facings on both sides, providing high performance insulation (Celotex, 2013).

The heat source was constructed using an INC800 heating element (Length: 2.44m
and Loading Watt: 2000) that is tightly coiled inside a drilled cavity in the middle of

a cylindrical aluminium block (radius: 0.11 m and thickness: 0.10 m), providing a
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good thermal contact. A variable autotransformer (variac) and voltage stabilizer are
used to provide a controlled heat input and stabilise the fluctuating mains output.
Water ingress into the cavity of the heat source is prevented using two tightly sealed
aluminium side coverings. During the design phase modelling of the heat source
(Hughes et al., 2015) ensured an isothermal outer surface could be produced.
Subsequently, a number of initial measurements on the heat source were conducted
to assess its operation, and to test the predicted isothermal outer surface. Six K6-
type thermocouples (hereafter referred to as TCs) were attached equidistantly
around the surface of the heat source. The TCs have a solid diameter of 0.376mm
and an operating temperature range of -75°C to 250°C, a quoted accuracy of £ 1.5°C
and a precision of £ 0.25% (equivalent to + 0.1-0.3 °C over the measured
temperature range). Each welded ‘single shot’ tip of the TCs are at the termination
point of 5 m long PTFE, water tight, insulated cables. During a pilot study, the heat
source was inserted in a small tank filled with a mixture of sediments and water.
Measurements from the attached 6 TCs gave surface temperatures at three time
steps (0.7, 2.8 and 4.9 days respectively) of 29.7 0.1 °C, 38.6 +0.1 °C and 48.2
+0.2 °C respectively. The low standard deviation of these measurements (within the
quoted precision of the TCs) supports the isothermal heat distribution predicted from

the initial modelling.

Temperatures within the tank are measured using 120 of the K6-type TCs attached
to nodes on a pre-constructed mesh. The TC grid varied between a nodal spacing
of 10 cm and 20 cm with the higher density grid immediately adjacent to the heat
source and the central section of the tank (Figure 3.1c). After installation of the TCs
inside the experimental tank, and prior to adding the sediment, high resolution digital

imagery of the TCs along with multiple scales has been taken and the images
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rectified to locate each TC to an accuracy of 1 mm. Temperature time series
measurements are recorded at 60 second intervals on a Campbell Scientific
CR1000 measurement control system, with a fixed measurement range of -44 to
80°C for all experiments. The temperature time series data were filtered using a
moving average filter with a span of 5 minutes to smooth the remnant variation in
the temperature data due to the fluctuating mains output. The TCs are distributed
throughout the tank (Figure 3.1c) to measure the surface temperature of the heat
source (1 TC), the temperature distribution within the sediment (113 TCs), the water
column at the top of the tank (3 TCs) and the ambient air temperature throughout
each experiment (3 TCs externally located at the top and bottom of the tank and on

the outermost insulation sheet).

For the experiments presented in this chapter, the tank is filled with a mixture of
water (undistilled) and ballotini, a synthetic sediment composed of spherical Soda-
lime glass beads material made up of 72.0% silicon dioxide (SiO2), 13.5% sodium
oxide (Na20), 9.0% calcium oxide (lime, Ca0), 3.4% magnesium oxide (MgO), 2.0%
aluminium oxide (Al20s) and 0.1% iron oxide (Fe203) minerals (Potters-Ballotini,
2011). Also the physical characteristics of ballotini are: 2.5 specific gravity, 1172
JKgK?! specific heat capacity and 0.94 Wm=K-! thermal conductivity (Potters-
Ballotini, 2011) and measurements from various near surface marine environments
with high porosity sediments, demonstrated that thermal conductivity of
approximately 1 WmK is quite representative for such environments (Woodside
and Messmer, 1961c, Beck, 1976, Lovell, 1985b, Lovell, 1985a). Thus, ballotini was
chosen to ensure uniform composition and size of the grains, and provides greater

control of the porosity and permeability as well as enables application of the
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laboratory experiment results to the natural thermal regimes experienced by

submarine HV cables buried within near surface shelf sediments.

Three different pre-sieved, very well sorted, symmetric and mesokurtic samples of
ballotini were used. Table 3.1 shows the measured mean grain sizes (d,,) 0.045mm
(Coarse Silt), 0.20mm (Fine Sand) and 1.23mm (Very Coarse Sand) of the three
size classes and the results are based on sieve analysis, graphical methods of Folk
and Ward (Folk and Ward, 1957) in GRADISTAT version 8 (Blott and Pye, 2001)
and the Udden-Wentworth grain-size scale for siliciclastic sediments (Wentworth,
1922). The mean and range of porosities (n) of the three samples are measured
based on the gravimetric grain volume approach (Amyx et al., 1960) and
subsequently their permeabilities (k) are calculated using the Kozeny-Carman
(Carman, 1937) equation (1). The porosity (n) estimates are, Coarse Silt: 0.2 + 0.05;
Fine Sand: 0.32 £ 0.06 and Very Coarse Sand: 0.4 + 0.05. Thus, the corresponding
permeability (k) estimates and the other measured physical properties of the three
different pre-sieved size classes of ballotini are summarised in Table 3.1 and are
consistent with typical estimates of shelf sediments (Bear, 1972, Van Brakel, 1975,
Quiblier, 1984, Blair et al.,, 1996, Turcotte and Schubert, 2002, Jackson and

Richardson, 2007, Hughes et al., 2015).

k= L™ g 3.1
©180(1-n)z2 ™ (3:1)
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Figure 3.1: (a) Photograph of the 2D experimental tank, (b) aluminium heat source
(22 cm diameter) and (c) a schematic diagram showing the TC grid locations. The
temperature measurements from the TC attached on the heat source (TC 116) and
those located vertically above it (inside the marked white box) were used to assess

attainment of steady state temperature distribution of each experiment.

Table 3.1: Ballotini sediment properties for the three different size classes

Ballotini Grain size Grain size, d;, Porosity Permeability
materials range (m) range, n range, k (m?)
Low Lower 32x 106 0.15 2.66 x 1014
Permeability Mean 45x 10 02 141 x 1013
Class
Upper 58 x 10° 0.25 5.19x 1013
Medium Lower 150x 106 0.26 4.01x 1012
Permeability Mean 200 x 10 0.32 157 x 101
Class
Upper 250x 106 0.38 5.0x 101
High Lower 1000 x 106 0.35 5.64 x 1010
Permeability Mean 1230 x 106 0.4 1.49 x 10-09
Class
Upper 1400 x 10° 0.45 3.28x 109
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3.2.2 Achieving Steady State Thermal Distribution

For each experiment, we ensure that a steady state thermal distribution has been
reached by calculating temperature change with time. Examples of this approach
using the very coarse sand sample with a permeability of 1.49 x 10°m? are shown
in Figure 3.2a and 3.2b for experiments with surface temperatures of 7°C and 18°C
above ambient respectively. Figure 3.2 is based on the TC temperature
measurements attached directly to the top of the heat source (TC116) and within
the surrounding sediments; from the nearest (TC56 — 11.7cm from TC116) to the
most distally heated TC located vertically above the heat source (TC94 — 69.9 cm
from TC116). The experiments with surface temperature 7°C and 18°C above
ambient, achieved steady state after 7200 (5 days) and 2448 minutes (1.7 days)
respectively (Figure 3.2). Similar assessments were made for all experiments

undertaken to ensure equilibrium had been achieved.

NP Ul . . x10™* |
(a) —TC 116 ®) —TC 116
—TC 56 8 —TC 56
—TC 69 —TC 69
TC 81 TC 81
~ 1 —TC 94 —~6 —TC 94
T o
g <
R Steady state =4 Steady state
= | (After 7200 mins.) | = (After 2448 mins.)
=i I o] I
0.5 \ i
1 2 :
: :
0 0 !
0 2000 4000 6000 8000 0 500 1000 1500 2000 2500
Time (minutes) Time (minutes)

Figure 3.2: The rate of change in temperature (dT/dt) plot shows attainment of
steady state at zero dT/dt for the heat flow through the high permeability (10° m?)
very coarse sand sediment with temperatures of 7 °C (a) and 18 °C (b) above

ambient.
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3.2.3 Temperature Data Measurement Reproducibility

The reproducibility of the temperature time series data has been tested through two
replicate experiments, A and B (Figure 3.3), using the fine sand sized sample at
steady state. TC9 (i.e. bottom right hand corner of the tank) shows a temperature
that is the most stable throughout the run (Figure 3.3a) with less change than either
the ambient air temperature (TC119) or the temperature of the water above the
sediment interface (TC114). With the same power input, the measured surface
temperatures of the heat source (TC116) were 37.9°C and 34.8°C with ambient
sediment temperature (TC9) of 19.3°C and 16.0°C respectively. The two
experiments show the same pattern of temperatures (Figure 3.3b), buta 2.9 £ 0.4°C
mean difference from all sediment TCs at steady-state. When all temperatures are
corrected to be relative to TC9, the mean offset between the two experiments is 0.4
+ 0.4°C (Figure 3.3c). Consequently, we report all measurements as the
temperature above ambient sediment temperature, as recorded at TC9 at the steady
state time step. Comparing the temperature measurements at each time step of the
two experiments from the 100 sediment TCs gives a high correlation coefficient (R?)
of 0.97 which is significant at the 95% confidence limit and with a T-statistic of 3.60
x 108 and P-value of zero (Figure 3.3d). The points on the scatter plot are coloured

based on the density variation of the clustered points.

We also generated 2D time dependent heat flow surfaces based on linear
interpolation of the neighbouring temperature distributions measured at each TC
location for each replica experiment after correction (Figure 3.3e-3.3f). This further

visually confirms reproducibility between experiments.
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Figure 3.3: Assessment of the data measurement reproducibility using two replicate

experiments A and B with steady state skin temperature (TC116) of 37.9 °C and

34.8 °C with ambient sediment temperature (TC9) of 19.3 °C and 16.0 °C

respectively. Panel (a) represents the ambient air, water and sediment temperature;

(b) and (c) are the steady state temperature distributions before and after correction

respectively; (d) cross-plot of the 864000 temperature measurements from the two

replicate experiments; and (e) and (f) are the steady state 2D heat flow surfaces

after correction for the two replicate experiments with heat source surface

temperature 19 °C above ambient.

3.3 Results

A total of fourteen heat flow experiments have been conducted to investigate the

thermal regimes generated from typical cable surface temperatures within low,

medium and high permeability sediments, to cover a range representative of the

continental shelf. Normalised heat flow surfaces and radial temperature distributions
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were used to determine whether the heat transfer mode from a cable buried in such

sediments is dominated by conduction or convection.

Finite Element Method (FEM) simulations have also been undertaken to model the
steady state heat transfer within the tank experiment from the heat source flowing
through the surrounding ballotini sediments. The construction of the model is based
on the procedure described in Hughes et al. (2015), but has been modified to use
the input parameters of the tank experiment. This included altering the model
geometry to mimic the tank dimensions, and a constant temperature boundary
condition being imposed at the surface of the simulated heat source. Thus, each
heat flow experiment is compared with corresponding numerical simulation results
using the same heat source surface temperatures and surrounding sediments
properties of the low permeability mean class, medium permeability upper class and

high permeability mean class (Table 3.1).

3.3.1 Thermal Regime at Low Permeability

The steady state temperature distributions within the low permeability sediment
have been acquired from four experimental runs with heat source surface
temperatures of 10, 18, 45 and 60°C above ambient. They all show radially
symmetrical temperature distributions centred on the heat source, for surface
temperatures of 10°C (Figure 3.4a) to 60°C (Figure 3.4c) above ambient measured
at TC9. At the highest heat source temperature of 60°C (Figure 3.4c¢), there is a >10

°C temperature rise in the surrounding sediments up to 40 cm from the heat source.

Figure (3.4a’ to 3.4c’) shows the FEM model runs completed for each low

permeability case with varying heat source temperature and further shows radially
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symmetrical temperature distributions centred on the heat source, for surface
temperatures of 10°C (Figure 3.4a’), 18°C (Figure 3.4b’) and 60°C (Figure 3.4c’)
above ambient. This heat flow pattern are highly comparable with the thermal
regimes demonstrated with the lab experimental data (Figure 3.4a to 3.4c) within
low permeability sediments. The heating effect to the surrounding sediment is also
comparable for the lower heat source temperatures (Figure 3.4a and 3.4b), but as
the temperature reaches 60°C (Figure 3.4c and 3.4c’), the disparity is due to
remnant heat loss to the sides of the experimental tank after insulation. Thus for the
numerical simulation result (Figure 3.4c’), at 60°C there is a >10 °C temperature rise

in the surrounding sediments up to 60 cm from the heat source.
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Figure 3.4: Steady state temperature distributions for low permeability (1.41 x 1013
m?) sediments with 10°C, 18 °C and 60 °C above ambient cable surface
temperatures from the lab experiments (a, b and c) and corresponding numerical

simulation results (a’, b’ and c’).
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3.3.2 Thermal Regime With Medium Permeability

The steady state temperature distributions within the medium permeability sediment
from six experiments is driven by heat source surface temperatures of 10, 19, 36,
43, 51 and 55°C above ambient respectively. The temperature is centred on the
heat source for skin temperatures of less than 10°C above ambient (Figure 3.5a),
but is increasingly asymmetric as the skin temperature increases (Figures 3.5b-
3.5d). At skin surface temperatures of >19°C there is a temperature increase >10°C
at 40 cm radius from the heat source (Figure 3.5b); vertically above the heat source
this 10°C increase reaches 100 cm at a heat source surface temperature of 55°C
(Figure 3.5d). Also, at the highest heat source temperature (55°C — Figure 3.5d) the
shallowest 20 cm of the sediment experiences an increase in temperature of up to

20°C over a zone about 60 cm wide.

Figure (3.5a’-3.5d’) shows the FEM simulations for the medium permeability case
with varying heat source temperature. Again at 10°C (Figure 3.52’), the modelled
thermal regime shows radially symmetrical temperature distributions centred on the
heat source, however as the temperature exceeds 19°C (Figure 3.5b’) an
asymmetric heat flow pattern starts to develop and progresses with increasing heat
source temperature (Figure 3.5b’-3.5d’); similar to the lab experimental results
(Figure 3.5a-3.5d). The heating effect to the surrounding sediment is also
comparable for lower and higher heat source temperatures (Figure 3.5a-3.5b)
because with increasing source temperature, asymmetric vertically upwards heat
flow pattern develops with negligible impact of the remnant heat loss to the sides of

the experimental tank after insulation.
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Figure 3.5: Steady state temperature distributions for medium permeability (5 x 10
11 m?) sediments with 10°C, 19 °C, 43 °C and 55 °C above ambient cable surface
temperatures from the lab experiments (a, b, ¢ and d) and corresponding numerical

simulation results (a’, b’, ¢’ and d’).
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3.3.3 Thermal Regime At High Permeability
The steady state temperature distributions within the high permeability very coarse
sand sediment are recorded for four experiments with heat source surface
temperatures of 7, 9, 14 and 18°C above ambient. They all show temperature
distributions that are highly asymmetric, even at the lowest input surface
temperature of 7°C above ambient (Figure 3.6a). At these initial temperature inputs,
the generated thermal plume has a width up to 140 cm for a 7°C rise above ambient,
narrowing to 100 cm, 80 cm and 60 cm as the heat source surface temperature is

increased to 9, 14 and 18°C above ambient respectively.

The FEM heat flow simulation results for the high permeability case (Figure 3.6a’ to
3.6¢’) are also comparable with the lab experimental results, as all the thermal
regimes demonstrate highly asymmetric patterns even at the lowest heat source
temperature run of 7°C above ambient (Figure 3.6a’). The heating effect of the
vertical heat plume to the surrounding sediments are relatively broader for the
observed results (Figure 3.6a to 3.6c), due to remnant heat loss to the sides of the

experimental tank after insulation.
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Figure 3.6: Steady state temperature distributions for high permeability (1.49 x 10-°
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3.4 Discussion
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3.4.1 Comparing the Different Thermal Regimes

To allow comparison of the temperature distributions between the steady state runs
that are not affected by the different temperatures at the heat source or the
variations in ambient conditions in the laboratory (i.e. characterize only the shape of
the distribution rather than absolute values), normalized difference surfaces are
generated using Figure 3.4c with a radial heat flow pattern at 60°C above ambient

temperature difference as reference in all cases. For example, for the 10°C (Figure
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Tyo— T Teo — T,
Nor. Diff,y = ———a0 _ %0 “ds0 (3.2)
Toso — Tars Tmgg — T,

a1o0 a60

Where T, T, , T, are the observed TC, ambient, and maximum surface temperatures
at steady state, and the additional suffix gives the temperature difference from

ambient.

Thus, a normalized difference of zero implies that the shape of the temperature
distribution is the same as the reference (Figure 3.4c), but not that the absolute
temperatures, or the temperature increases above ambient, are the same.
Normalised temperatures are close to zero (Figure 3.7a) within the low permeability
sediments even up to 60 °C above ambient and also for the medium permeability
sediments with skin temperatures up to 10 °C above ambient. However, within the
medium permeability experiments, as the skin temperature increases above 19°C,
an area of small positive normalised temperature difference is observed above the
heat source (Figure 3.7b). This becomes progressively larger in magnitude and
extent as the temperature difference increases further (Figure 3.7c¢-3.7d), extending
up to 80 cm above the source with a 55 °C skin temperature (Figure 3.7d). Within
the high permeability sediments, even a 9°C skin temperature leads to a high
positive normalised temperature extending beyond 100 cm above the source while
relatively small negative normalise difference develops up to 20 cm below and either

sides of the source (Figure 3.7e-3.7f).
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Figure 3.7: Normalised difference surfaces of the steady state temperature within:
(@) low permeability (1.41 x 1013 m?) sediment with 45 °C above ambient skin
temperature; (b), (c) and (d) medium permeability (5.0 x 10-** m?) sediment with skin
temperature 36 °C, 43 °C, 55 °C above ambient respectively; and (e), (f) high
permeability (1.49 x 10° m?) sediment with skin temperature 9 °C, 18 °C above

ambient cable surface temperature respectively.

3.4.2 Mode of Heat Transfer

The temperature distribution around a line source in homogeneous sediments is
expected to be approximately radial if heat transfer is occurring by conduction
(Carslaw and Jaeger, 1959, Turcotte and Schubert, 2002). All points on radial
distance plot of temperature should fall along a radial curve for steady state
conductive heat flow with negligible heat generation. However, at the onset of a
convective heat flow, the points on the radial plots begin to scatter. Thus, the
transition from conductive to convective heat transfer as a function of cable surface

temperature and permeability are assessed statistically from the degree of scatter
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in the data and depicted by the histogram line plot of the standard deviation (Figure
3.11) of points as a function of surface temperature against 10cm bins of radial

distance starting from the heat source surface.

For the low permeability thermal regimes, radial symmetry is clearly demonstrated
by plotting the observed TC temperature against the radial distance of each TC
away from the center of the internal heat source (Figure 3.8a to 3.8c). There is less
than 4°C temperature variation at any radial distance from the source, with high
temperatures at the source and essentially ambient conditions at the furthest
distances. The average standard deviation histograms of the binned radial scatter
points with varying surface temperatures ranges from 0.03 to 0.05 (Figure 3.11a).
Also the radial point plots (Figure 3.8a’ to 3.8¢’) extracted from the FEM heat flow
simulation shows radial symmetry with 0.03 average standard deviation and
overlapped histogram plots for all temperatures (Figure 3.11a’) that are comparable

with the corresponding lab results.
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Figure 3.8: Radial steady state temperature distributions within low permeability
(1.41 x 1013 m?) sediments with 10°C, 18 °C and 60 °C above ambient cable surface
temperatures from the lab experiments (a, b and c¢) and corresponding numerical

simulation results (a’, b’, ¢).

The observed thermal regimes within the medium permeability sediments (Figure
3.5), shows that at 10°C above ambient surface temperature, the temperature
distribution is primarily radial with less than 4°C temperature range at any single
distance from the source (Figure 3.9a). However, with increasing heat source
temperatures this pattern changes as the range of temperature measurements at
any single radial distance increases significantly (Figure 3.9b-3.9d), reaching 40°C
at the highest surface temperature used (55°C: Figure 3.9d). TCs below the heat
source (110cm height) show a similar temperature variation with distance
irrespective of the temperature of the heat source. However, above the heat source,
the spread in TC values is in response to the well-developed thermal plume (Figure
3.5¢-3.5d). At 10°C heat source temperature, the standard deviation histogram of
the binned radial scatter points shows a similar pattern to the low permeability case
with an average value of 0.05. However, as the temperature increases from 19°C to
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55°C, the average value of the standard deviation histogram increases further;
ranging from 0.6 to 1.5 respectively (Figure 3.11b). The critical (average) standard
deviation per surface temperature value is 0.06 (representing the onset of radial
asymmetric pattern) and it is the average degree of scatter with 19 °C (Figure 3.9b
and 3.9b’). For the FEM heat flow simulations, the extracted radial point plots (Figure
3.9a’ to 3.9d’) shows radial symmetry at 10°C heat source temperature with an onset
of radial asymmetric pattern as the surface temperature exceeds 19°C (Figure
3.9b’). Thus, the radial scatter points and standard deviation histogram plots (Figure
3.11b’) from FEM models are comparable with the corresponding lab experiment

results.

78



Chapter 3: Thermal regime around subsea HV cables

o 70 F F T T B 240 70 — - - - - - -
S s (&) “surface temp. =10°C* ||| 250 T o ¥ “surfacetemp. =10°C* |||
5 200 g
m —
g | 10 £ £
E 40 1602 g a0 =
= 1409 2 ®
< 30 7] £ 30t a
g ol f :
F=]
E 20 100F E 204 L
@ 10 if 8o £ w0}
> *a
2 0 .t"'hq.,.,: 60 2 M
{ LTS L " - A L W . J
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Radial Distance From Heat Source Axis (cm) Radial Distance from Heat Source Axis (cm]
G 70 —— 240 0 : S
< 60 _lh] “Surfacetemp. =19°C" || 220 g ) “Syrface temp. = 19°C* || |
3 H 200 @
] | —_ 5
£ so 180 E £ so -
g
g 40 N 1602 E-' 40 =
° ws £ ]
= 13 a
] 120F 5 H
F-1 o
‘EJ 20 L 4 100F E 20+ . =
=< . .
@ 10 4 80 1wl e
g oy 60 é s TV
3 . a1 PRI ol Reey.... |
0 20 40 60 B0 100 120 140 0 20 40 60 80 100 120 140
Radial Distance From Heat Source Axis {cm) Radial Distance from Heat Source Axis (cm)
o 70 [ :l . . . . 240 T0 I:C’I . - - . . . 1 240
S o ! rsurfacetemp.=43C" || 220 P g = ourfacetemp.=43°CT |20
3 200 g | 200
o - B L 1B
§ 50 . 180 g 0 180 =
E 40 8 ‘M 1602 g 4 " 'H160 2
2 . = ] 2. £
. 2 140.2 o 140 S
< 30 . o £ 30 . | @
3 5 120T 2 * et 120
g 200 g l w00R  E 0p w,S e |
< L < o
g 10 RN 80 g 10 R 80
2 od & LA 60 2 - ‘-r. o 60
2 . LA N N . XL P
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Radial Distance From Heat Source Axis (cm) Radial Distance from Heat Source Axis {cm]
5 70 o . 240 o AT
< 0 () w5y rface temp. = 55°C 220 ? o _[ ) “Surface temp. = 55°C [H
.E - 200 _ g o
E"_ 50 s 1 180 E E : N T
€ a0l ¢ ™ 1605 g a0 2 =
a . q.. £ < * H - £
S5 2 w02 L o3t e g H
- g { a'e
RS i 500N :
E 00 .., * 100 E 20; =
= e o’ a0 S
@ 10 a N e § 10 el
2 a¥ P . &0 = L™ N
2 3 & Lo

0 20 40 &0 80 100 120 140 0 20 40 60 80 100 120 140
Radial Distance from Heat Source Axis (emi
Radial Distance From Heat Source Axis (cm) e u is (cm}

Figure 3.9: Radial steady state temperature distributions within medium permeability
(5.0 x 10** m?) sediments with 10 °C, 19 °C, 43 °C and 55 °C above ambient cable
surface temperatures from the lab experiments (a, b, ¢ and d) and corresponding

numerical simulation results (a’, b’, ¢’ and d’).

For the observed high permeability thermal regimes, the plot of TC temperature
against the radial distance from the heat sources (Figure 3.10a-3.10c), shows a

broad spread of temperatures at each radial distance increasing from 6°C with a
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skin temperature of 7°C above ambient to 18°C with a skin temperature of 18°C
above ambient. The highest temperatures are recorded at the TCs above the heat
source, and the TCs below the heat source remain essentially at ambient conditions.
The average standard deviation histograms of the binned radial scatter points with
varying surface temperatures ranges from 0.19 to 0.23 (Figure 3.11c). The radial
point plots (Figure 3.10a’ to 3.10c¢’) extracted from the FEM heat flow simulation,
also shows radial asymmetric pattern with an average standard deviation histogram

plots (Figure 3.11c’) that are comparable with the corresponding lab results (Figure
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Figure 3.10: Radial steady state temperature distributions within high permeability
(1.49 x 10° m?) sediments with 7 °C, 9 °C and 18 °C above ambient cable surface
temperatures from the lab experiments (a, b and c) and corresponding numerical

simulation results (a’, b’, ¢’).

Thus, the radial temperature distribution in our experiments suggests that the
primary mode of heat transfer is conductive within the low permeability sediments
irrespective of the heat source surface temperature (Figure 3.4 and 3.8) as well as

80

TC Height (cm)



Chapter 3: Thermal regime around subsea HV cables
conductive within the medium permeability sediments for heat source surface
temperatures below 10°C above ambient (Figure 3.5a, 3.5a’, 3.7a, 3.9a and 3.9a’).
Conversely, the increasing non-radial component temperature distribution within the
medium permeability sediments with 19°C above ambient temperature, suggests
the onset of convective heat transport (Figure 3.5b, 3.5b’, 3.7b, 3.9b and 3.9b’). The
temperature distribution within the high permeability sediments is not radially
symmetric even at 7°C above ambient temperature, suggesting a convective heat

transfer mode (Figure 3.6, 3.7e-3.7f and 3.10).
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Figure 3.11: The standard deviation histograms of 10cm binned radial scatter points
with varying surface temperatures within low, medium and high permeability
sediments from the lab experiments (a, b and c¢) and corresponding numerical
simulation results (a’, b’, ¢’). The critical (average) standard deviation per surface
temperature value is 0.06 (horizontal dash blue line) which represent the onset of

radial asymmetric pattern and transition from conductive to convective heat transfer.

To precisely ascertain the curve line for the transition from conduction to convection

heat flows, further FEM heat flow simulations and associated radial plots were
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carried out. Figure 3.12 shows the numerical simulation results of the steady state
heat flow surfaces and corresponding radial plots for 1.0 x 1012 m? permeability
sediments with varying above ambient cable surface temperatures. This further
confirms radial temperature distribution and thus conduction heat transfer
mechanism away from the heat source for surrounding sediments with permeability

of 1.0 x 10'*2 m? regardless of the heat source surface temperature.

60 70 — - . . . | 240
240 (e} (@) “Surface temp. = 10°C" 220
o) < 60 |
o
200 05 9 i1 200
@ =1
4 2 50
- ® 180 —~
E 160 02 5 = £
¥ g g 40 160 £
3 120 EU 140 ®
T = € 30 ]
¥ 80 20 £ 2 120 5
K é £ 2 100 ©
40 10 < $ 10 . 80
“Surface temp. = 10°C" 3 2 \-“ 60
0 0o 2 0 2
0 40 80 120 160 200 0 20 40 60 80 100 120 140
Tank Width (cm) Radial Distance from Heat Source Axis (cm)
60 70 - . v : 2 . .
240 (b) =) (b) “Surface temp. = 36°C" 1
_— o | 4
200 0f 3% I
- ¢ 2 50 ! _
§ 160 02 5 £
= | & g 40 i =
ﬁ“ 120 130 € & ) ; fg’
T 2 = 300 g “ ®
€ 80 20 § 2 ) ")
il _E, E 20+ \\ { -
40 ) 0% % 10 S .‘
“Surface temp. = 36°C” 3 E-} >
0 02 “ o i )
0 40 80 120 160 200 0 20 40 60 80 100 120 140
Tank Width (cm) Radial Distance from Heat Source Axis (cm)
60 70 . . . . . . | — 240
240 (c) (=) () “Surface temp. = 60°C* 220
50 (o) 2 60} Y { B
200 i - g 200
g -
E 140 2 T 180 —
5 160 i - & 3 €
= g g 40 . 160 =
® 120 E - S 140
T - € 30t Y :q:,»
£ 80 20§ 2 ., 120 o
. N i g £% . 100
40 H10 g 2 10 by Y 80
“Surface temp. = 60°C" 3 g ol 60
0 0o 2 0 P
0 40 80 120 160 200 0 20 40 60 80 100 120 140
Tank Width (cm) Radial Distance from Heat Source Axis (cm)

Figure 3.12: Numerical simulation results of the steady state heat flow surfaces and
corresponding radial plots for 1.0 x 1012 m? permeability sediments with varying

above ambient cable surface temperatures: (a) 10 °C; (b) 36 °C and (c) 60 °C.
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As the permeability of the surrounding sediment increases from 1.0 x 10*? m?
(Figure 3.12) to 1.67 x 10** m? (Figure 3.13 and 3.14), both the steady state heat
flow surfaces (Figure 3.13) and corresponding radial plots (Figure 3.14) starts to
show radial asymmetric heat flow pattern at 36 °C. Thus, signifying the onset of

convection heat transfer at an above ambient heat source surface temperature of

36 °C.
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Figure 3.13: Numerical simulation results of the steady state heat flow surfaces for

1.67 x 10" m? permeability sediments with varying above ambient cable surface

temperatures: (a) 10 °C; (b) 19 °C; (c) 36 °C; (d) 43 °C; (e) 51 °C and (f) 55 °C.
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Figure 3.14: Numerical simulation results of the radial steady state temperature
distribution for 1.67 x 10-** m? permeability sediments with varying above ambient
cable surface temperatures: (a) 10 °C; (b) 19 °C; (c) 36 °C; (d) 43 °C; (e) 51 °C and

(f) 55 °C.

Furthermore, as the permeability of the surrounding sediment increases further from
1.67 x 10-** m? (Figure 3.13 and 3.14) to 1.0 x 10" m? (Figure 3.15), both the steady
state heat flow surfaces and corresponding radial plots (Figure 3.15) starts to show
radial asymmetric heat flow pattern at 10 °C. Thus, signifying the onset of convection
heat transfer at a comparatively lower above ambient heat source surface

temperature of 10 °C.
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Figure 3.15: Numerical simulation results of the steady state heat flow surfaces and
corresponding radial plots for 1.0 x 10-1° m? permeability sediments with varying
above ambient cable surface temperatures: (a) 10 °C; (b) 19 °C; (c) 36 °C and (d)

60 °C.
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Figure 3.16 shows the transition curve line for the onset of convective heat transfer
and the space of cable surface temperature and permeability that leads to
conductive and convective heat transfer. All points with varying cable surface
temperatures for permeabilities 1.41 x 10 m?, 5.0 x 10 m? and 1.49 x 10° m?
are overlapped points from both lab experiments and FEM heat flow simulations
results. The additional result points along permeabilities 1.0 x 1012 m?, 1.67 x 10!
m?2 and 1.0 x 10-° m? with varying cable surface temperatures are only from FEM

heat flow simulation results. (Figure 3.12 to 3.15).
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Figure 3.16: Plot of cable surface temperature against permeability of the
surrounding Ballotini sediments, showing the onset of convective heat transfer
(transition curve line) and the space of cable surface temperature and permeability

that leads to conductive and convective heat transfer

Further, the increase of temperature above the heat source (Figures 3.7d-3.7f) is
consistent with our interpretation of significant convective heat transport component,
with pore fluid being heated around the source and rising vertically. The ambient

temperatures recorded below the heat source show the convective recharge. This
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transition from conductive to convective heat transport is consistent with the

predictions of the modelling approach of Hughes et al. (2015).

3.4.3 Implications For Environments Around Submarine HV Cables

Our results show that in the conductive examples (low permeability sediments,
Figure 3.4c, and medium permeability sediments with low skin temperatures, Figure
3.5a) sediment temperature increases of more than 10°C are limited to within less
than a 40 cm radius of the heat source. However, in the convective heat transport
regimes sediment can be heated by more than 10°C at significantly greater
distances above the cable. In medium permeability sediment, as the skin
temperature increases beyond 19°C, the heating extends beyond 40cm (Figure
3.5b) and increases to 100 cm as the temperature reaches 55°C (Figure 3.5d).
Furthermore, within high permeability sediments, the convective heating effect of at
least 9°C (Figure 3.6b) extends vertically beyond the typical 100 cm burial depth of

submarine HV cables.

Thus, with regards to the environmental regulations of the German Federal Maritime
and Hydrographic Agency (BSH) acceptable limit of < 2 K (2 °C) above ambient
temperature rise at 20 cm below the seabed (BSH, 2014), our results clearly shows
2°C temperature rise below the 20 cm depth line for conductive thermal regimes
even for skin temperatures of 60°C above ambient (Figure 3.17a-3.17b). However,
the 2°C temperature rise is above the 20 cm depth line for strongly convective
thermal regimes even at 7°C above ambient heat source skin temperature (Figure

3.17¢-3.17d).
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Furthermore, temperature is an important and long recognised environmental factor
in the ecosystems of benthic biota (benthic communities and those living in the top
20 cm sub-seafloor). In particular, the convective thermal regime with observed
above ambient temperature increase of between 5 and 14°C in the top 20 cm (Figure
3.17¢-3.17d) can impact the evolutionary, physiological and behavioural responses
of benthic biota as well as impact their geographical distribution over both the short
and long-term (Price et al., 1979, Southward and Southward, 1988, Holt, 1990,
Hiscock et al.,, 2004). Species that cannot withstand and adapt to these high
surrounding thermal regimes could diminish in abundance, become extinct or

migrate to colder environments (Price et al., 1979, Hiscock et al., 2004).

The stability of the installed buried cable could be impacted by the geotechnical
properties of the seabed and these properties may be significantly changed, both
during installation as well as post-installation operation (SP-Transmission and
NationalGrid, 2011). With external cable surface temperatures approaching 70°C
(Swaffield et al., 2008, Hughes et al., 2015), the surrounding host seawater-
saturated sediments will endure excessive thermal conditions. Consequently, in the
short term, these excessive sediment temperatures could initiate significant pore-
water convection (typical to Figure 3.17c¢-3.17d), movement of individual grains,
reduction of bed shear stress (and fluidization), enhanced erodibility and seabed
scour; leading to possible cable exposure and damage by ship anchor and fishing
gear. In the medium to long term, the temperature changes could cause changes in
pore water and solid phase geochemistry including: degradation of solid organic
matter, recrystallization and dehydration of clay minerals, mobilization of potentially

toxic metals and precipitation of calcium carbonate.
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Figure 3.17: Steady state temperature surfaces for the upper 80cm of the sediments
showing the 20 cm depth mark and 2 °C contour typical for: (a), (b) low permeability
(1.41 x 10** m?) conductive thermal regimes with skin temperature 18 °C and 60 °C
above ambient respectively; and (c), (d) high permeability (1.49 x 10° m?)
convective thermal regimes with skin temperatures 9 °C and 18 °C above ambient

respectively.

3.4.4 Implications For Cable Rating and Ampacity

Our results show the varied thermal regimes associated with submarine HV cables
buried in different substrates, and conditions for occurrence of both conductive and
convective heat transfer modes. Cable ampacity ratings are based on the ability to
transfer heat generated by the cable into the surrounding environment. Excessive
temperatures within the cable insulation would lead to premature cable degradation
and potentially failure. Convective heat transport is significantly more efficient than
conductive, so that the same heat transport produces a lower cable temperature

(e.g., Hughes et al., 2015) due to the constant pore fluid recharge (Figure 3.8e-3.8f).
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Since the transition between conduction-dominated and convection-dominated heat
transport occurs within the ranges of sediment commonly found on continental
shelves, the basic assumptions of isothermal ground temperature, homogeneous
burial sediment and only conductive heat transfer as contained in the IEC 60287
standard (BS-IEC-60287-1-1:2014, 2014) are not appropriate for the marine
environment. Use of this standard in coarser sediments with medium to high
permeabilities where convection occurs will lead to significant under-rating of
submarine HV cables. Consequently, we suggest that the influence of sedimentary
environments on the thermal performance of cables should be taken into account

during the cable route planning phases of such infrastructure projects.

3.5 Conclusions

Temperature measurements from a specifically designed 2D laboratory
experiments were used to demonstrate the impacts of varying sediment permeability
and generated temperature on the surrounding thermal regimes experienced by
submarine HV cables buried within near surface shelf sediments. Our results
suggest that, for submarine HV cables with surface temperatures up to 60°C above
ambient and buried within clays to coarse silts with low permeability up to ~ 103
m?2, the surrounding thermal regime and mode of heat transfer will be dominantly
conductive. Temperatures are only raised significantly within 40 cm radius of the
cable. Fine sands with medium permeability ~10-1* m? are a transitional environment
which is conductive at low cable surface temperatures, but becomes convective as
the cable surface temperatures increase above ~20°C relative to ambient.
Significantly increased temperatures are observed up to 1 m above the cable at skin
temperatures of 55°C. In very coarse sands with high permeability ~10° m?2

convective heat transfer occurs even at skin temperatures as low as 9°C above
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ambient, and the fluid remains hot over distances exceeding the typical 100 cm
burial depth of submarine HV cables. These results are supported by the FEM model
results run following the approach of Hughes et al. (2015). While widespread
convective heat transport would increase cable ampacity ratings, it could also cause
problems with existing environmental regulations which are based solely on

temperature changes at a specific depth in the sediment.
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Subsea HV Cable Thermal

Regime: Natural Sediments

4.1 Introduction

Chapter 3 (Emeana et al., 2016) showed the varying thermal regimes and
associated heat flow mechanisms around a HV cable analogue buried within coarse
silt, fine sand and very coarse sand size artificial sediments. This work demonstrates
the vital control of the surrounding sediment’s permeability and cable surface
temperature on these thermal regimes. In these earlier experiments, artificial
ballotini sediments were used because of the high sorting, uniform particle size
distributions, and spherical shapes of ballotini ensured greater control on the critical
porosity and permeability estimates of the sediments. It is vital to understand how
applicable the results of Chapter 3 (Emeana et al., 2016) are to the real world where
natural sediments have varying grain size distributions and sorting, grain shapes,

textures, surface areas and compositions.
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During convection heat transfer, the degree of flow of the heated pore fluids through
the surrounding sediments are dominantly controlled by sediment permeability.
However, for natural sediments with highly variable grain shapes and sizes, the
permeability will be influenced by variations in pore structure due to a wide range of
factors inherent to natural sediments; such as the grain size and grain size
distribution, grain shape and packing, porosity and pore-space connectivity,
tortuosity and constriction factors as well as their natural covariance (Carrier, 2003,
Berg, 2014). Thus, the objectives of this research are to investigate the impacts of
different pore structures within ballotini (eg. spherical and uniform grains sizes) and
natural sediments (eg. varying grain sizes and shapes) on permeability estimates.
An allied aim is to understand the thermal regimes within natural sediments and
compare the results to the corresponding artificial ballotini sediments with similar
permeability ranges. As such, this will allow us to understand how applicable the

results of Chapter 3 are to real world situations.

4.2 Brief Review of Permeability Estimation Methods

The intrinsic permeability (k) of sediments depends on the solid matrix and are in
some way correlated to sediment structure and grain-to-grain arrangements and
thus the pore space of sediments (Darcy, 1856, Bear, 1988, Dullien, 1992, Berg,
2014). A fundamental question is how to understand the relationship between
permeability (k) and porosity (n) using the pore structure characteristics,
particularly for flow within natural sediments with varying grains shape, size, sorting
and surface areas. This variability could reduce the effective pore space connectivity
and the ease of fluid flow and thus the degree of flow of the heated pore fluids during

convection heat transfer.
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Kozeny-Carman Formula
A well-known relationship between permeability (k) and porosity (n) is the semi-
empirical relationship (equation 4.1) initially proposed by Kozeny (Kozeny, 1927).
Carman (1937) explained that linking the microscopic fluid velocity to the Darcy
velocity for sediments involves scaling with the sediment tortuosity (), which
describes the relative difference between the microscopic (interstitial) head gradient
and macroscopic heat gradient. Thus Carman modified Kozeny’s equation 4.1 as
equation 4.2 (Carman, 1937). Equation 4.3 is the general simplified form of the

Kozeny-Carman equation, which is mainly suitable for spherical and uniform grain
sizes, as it simplifies the sediment tortuosity effect to a constant (Flo) and d,, is the

effective (mean) grain size (Carman, 1937).

Tl3

2 n3 2
k <t mdm (42)
ke LT 43
- 180(1—-n)2 ™ (4:3)

Considering the grain specific surface area, Carman (1938, 1956) further modified
equation 4.2 to equation 4.6 (Carman, 1938, Carman, 1956). Where y, u, Cx_c, So
and e are the fluid unit weight (a function of the density (p) and gravity (g)); fluid
viscosity; Kozeny-Carman empirical coefficient, grain specific surface area per unit
volume (cm?) and void ratio respectively. The void ratio is defined as the ratio of the
volume of voids to the total volume of the sediment and is related to the porosity
(equation 4.4 and 4.5). Where V,, Vs and V; are the void space, solids and total or

bulk volume.
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e=—= = (4.4)

Vy %% e

—_ e f— 4-5
Ve Ve+V, 14e (4:5)

- )G 9

n

% =9.93 x 10* cm™ s for water (fluid) at 20° (Lambe, 1965, Terzaghi et al., 1996)

and for grains with uniform size and spherical shapes Cx_. = 4.8 + 0.3 and normally

used as 5, (Carman, 1956). Consequently, equation 4.6 can be simplified to

equation 4.7:

k= 199 x 104 (L) [ 4.7)
S2)1(1+e)

Carrier (2003) explained that So can be estimated from the grain size distribution for
sediments with uniform size and perfectly spherical grains of diameter, D (equation

4.8). Thus, equation 4.7, becomes equation 4.9.

¢ - area  (nD*) 6 18
O volume ~ [(n_lﬁ)] "D (4.8)
6
o3
k = 552 x D2 [(1+e)l (4.9)

Carrier (2003) further demonstrates that for sediments with non-uniform size and
spherical grains, the resultant effective diameter (D,;) can be estimated using the
grain size distribution and equation 4.10. Where f; and D,,. ; is the grain fraction
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between two sieve sizes; larger [I] and smaller [s] (%) and mean grain size between

two sieve sizes (cm). D, ; Can be expressed by equation 4.11 and equation 4.8

becomes 4.12. Smaller grains will have the greatest effect on the estimated values

of D.sr and S, (Carrier, 2003).

D _ 100%
G4
Dave i
Dyve i = Dloi'5 X Ds()fs
5 = 6
° 7 Degy

(4.10)

(4.11)

(4.12)

Furthermore, to account for angularity in sediments grains, Carrier (2003)

introduced a shape factor (SF), equation 4.13. Thus, equation 4.7 can be re-written

as equation 4.14, which is similar to the Kozeny-Carman formula modifications (Fair

and Hatch, 1933, Loudon, 1952, Carman, 1956, Todd, 1959). The shape factor (SF)

provides an understanding of the sediment grain morphology and can be calculated

using equation 4.15 (Rodriguez et al., 2013). Where a, b and c are the long,

intermediate and short lengths respectively, measured along the three axis of the

sediment grain.

SF

S =
" Degy

k = 199 x 10*
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However, the Kozeny-Carman equation is unsuitable for clay-bearing sediments
because it assumes there is no electrochemical reaction between sediment grains
and pore fluid. However, it can be applied to non-plastic silts (Carrier and Beckman,
1984), sands and gravelly sands but not applicable to gravels of >3 mm effective
grain sizes (Hazen, 1892, Scheidegger, 1974, Aberg, 1992, Carrier, 2003). Also its
not applicable for very wide grain size distribution as well as for very irregular grain
shapes due to re-entrant surfaces and intragranular porosity causing “dead end”
and “bypassed” flow channels, which does not add to the effective specific surface

area and pore space connectivity (Carrier et al., 1991, Berg, 2014).

Thus numerous other investigators have proposed various relationships (Equation
4.16 - 4.21) for the description of permeability, taking into account the grain size and
sediment type (e.g. Hazen, 1892; Terzaghi and Peck, 1964, Breyer, 1991, Slichter,

1898). These relationships are now described.

Hazen (1892): For uniformly graded sand but suitable from fine sand to gravel grain
size range; provided the uniformity coefficient (U) of the grains are <2 and effective

grain sizes between 0.1 and 3 mm (Terzaghi and Peck, 1964).

k=6 x 107*[1+ 10(n — 0.26)]d%, (4.16)
d

U= (ﬁ) (4.17)
dio

Breyer (1991): For sediments with heterogeneous distributions, poorly sorted
grains, uniformity coefficient (U) between 1 and 20 and from 0.06 mm to 0.6 mm
effective grain size. Porosity is not considered.
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_4 500 )

Slichter (1898): Most applicable for grain sizes ranging from 0.01 mm to 5 mm.
k=1 x 1072n328742, (4.19)

Terzaghi and Peck (1964): Most applicable for coarse-grained sand. C, = sorting
coefficient and ranges from 6.1 — 10.7 x 10-3. An average C, value of 8.4 x 103 was
used for estimating the permeability of the ballotini and natural sediments, presented

in section 4.3.1.

n—013\* _
k = Ct (ﬁ) le (420)

U.S. Bureau of Reclamation (USBR) (1951): Most applicable for medium grain
sand with a uniformity coefficient <5. This relationship uses d,, as the effective grain

size and does not account for porosity.

k=48 x 107*d%3} x d3, (4.21)

A sensitivity test comparing the permeability estimates for the ballotini and natural

sediments with the above stated empirical and semi-empirical relationships are

presented in section 4.3.1.
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4.3 Methods

4.3.1 Ballotini and Natural Sediment Characteristics

Energy Dispersive X-ray Microanalysis (Swift-ED from Oxford Instruments) were
carried out using the Hitachi TM1000 Tabletop Scanning Electron Microscope
(SEM) and demonstrates that the grains of the ballotini sediments are composed
mainly of 63.0% silicon, 28.7% calcium and 5.6% sodium while the natural sediment
grains are composed mainly of 90.7% silicon, 5.4% iron and 3.9% aluminium. The
SEM was also used to provide high resolution sample images. The images clearly
demonstrate that the surface morphology and shape of the ballotini grains are
uniform, well rounded with high sphericity (Figure 4.1a-c) while the grains of the
natural sediments are sub-rounded to sub-angular with low sphericity (Figure 4.1a’-
c’) (Powers, 1953). It also shows the variability in the grain’s surface areas and
texture, with the ballotini grains very smooth (Figure 4.1a-c) while the grains of the

natural sediments are very rough (Figure 4.1a’-c’).
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Figure 4.1: High resolution Scanning Electron Microscope (SEM) images
demonstrating the variability in the surface morphology, shape, surface area and
texture of the individual grains within in the ballotini (a-c) and natural (a’-C’)

sediments.

Sieve particle size analysis demonstrates that both the ballotini and natural
sediments are fine sands with symmetrical skewness and mesokurtic kurtosis
(Figure 4.2 and Table 4.1) using the Folk and Ward (Folk and Ward, 1957)
classification and Udden-Wentworth grain-size scale (Wentworth, 1922). However
and importantly, it further shows that the ballotini is very well sorted with a narrow
grain size distribution range, containing 94.2% fine sand and 5.2% medium sand.
The natural sediments are moderately sorted with a wide grain size distribution,
containing 52.8% fine sand, 43.0% medium sand and 4.2% very fine sand (Figure
4.2 and Table 4.1). These classifications are based on Folk and Ward (Folk and
Ward, 1957) from GRADISTAT version 8 (Blott and Pye, 2001) and Udden-

Wentworth grain-size scale (Wentworth, 1922).
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Figure 4.2: Comparison of the grain size distribution for the sand (a) ballotini and (b)
natural sediments. It shows a narrow and wide distribution range for the ballotini and

natural sediments respectively.
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Table 4.1: Detailed comparison of the grain size statistics for the ballotini and natural

sediments.
BALLOTINI NATURAL
SAMPLE STATISTICS SEDIMENT SEDIMENT
DESCRIPTION CLASS WEIGHT CLASS WEIGHT
(%) (%)
GRAIN SIZE Medium sand 52 43.0
DISTRIBUTION
Fine sand 942 52.8
V. fine sand 0.6 4.2
DESCRIPTION GEOMETRIC GEOMETRIC
(um) (um)
Mean Fine Sand Fine Sand
(203.3) (246.7)
FOLKAND WARD . Very Well Sorted Moderately Well
METHOD Sorting (1.17) Sorted (1.45)
CLASSIFICATION ’ ’
Symmetrical Symmetrical
Skewness (-0.049) (-0.007)
Kurtosis Mesokurtic Mesokurtic
(0.986) (1.044)
DESCRIPTION (um) (um)
MEASURES OF Mode 196.0 215.0
CENTRAL D10 160.7 160.7
TENDENCY
Median (D50) 200.0 240.0
D90 248.0 355.0

In order to understand the variability in the permeability estimates due to the variable
grain shape, size and size distribution of the ballotini and natural sediments, a
sensitivity analysis was carried out using the various empirical and semi-empirical
permeability relationships presented in section 4.2. The median (50% mark) grain
size was estimated and Equation 4.17 was used to calculate the uniformity
coefficient of the sediment grains for which 60% and 10% of the sediments are finer
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(Figure 4.3). The same approach was used to extract the ds, dio, dis, d2o, dso, deo,
dsa, dss, deo and des grain size values (Table 4.2). Subsequently, the logarithmic Folk
and Ward (1957) graphical method was used to calculate the mean grain size
(equation 4.22) and standard deviation (equation 4.23). Also the grain specific
surface area was estimated using the calculated shape factor of 1 for ballotini with
spherical grains and shape factor of 0.79 for the natural sediments with angular
grains (Table 4.2). The shape factor calculations are based on Corey (1949) and
Rodriguez (1949) approach using the SEM images (Figure 4.1). Subsequently, the
sediment permeabilities are estimated (Table 4.2) using the various empirical

permeability relationships presented in section 4.2.

D16+ D5o + Dgy
3

Mean (GM) = (4.22)

Ggy — Py Dgs — Ps

Standard Deviation (SD) = (4.23)
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Figure 4.3: Cummulative grain size distribution curves for the ballotini and natural

sediments.
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Table 4.2: Ballotini and natural sediment permeability estimates from grain size
analysis using various empirical relationships and shows the impacts of varying

grain shape and size distribution

) ) Ballotini Natural
Sediment Properties Sediment Sediment
ds 0.155 0.145
d1o 0.161 0.161
dig 0.170 0.180
dao 0.180 0.190
dso 0.200 0.240
dso 0.210 0.260
Grain size
(mm) dsa 0.240 0.320
dss 0.241 0.332
dao 0.248 0.355
dos 0.255 0.420
Mean (der) 0.203 0.247
Standard 0.059 0.035
Deviation
Grain Shape Corey (1949), 1 0.79
Factor (SF) Rodriguez (2013) )
Grain Specific SF/den
Surface Area (So) |  Carrier (2003) 4.918 3.203
Grain Uniformity
Coefficient (U) deo/d1g 1.307 1.618
Mean 0.32 0.37
Porosity
Standard 0.06 0.06
Deviation
Hazen 1892 2.48x 10" | 3.25x 10
K-C (General form),
derr used 1.63x10" | 4.31x10™"
N K-C (Carman 1956,
Permeability Carrier 2003) 204x10" | 717x10™
(m?) ’
Breyer 1991 4.00x 10" | 3.86x 10
Terzaghi 1964 1.01x 10 1.70x 10"
USBR 1951 9.30x 10" | 1.05x 10"
Slichter 1898 6.10x 102 | 9.83x 1072
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The sensitivity analysis shows that the various permeability estimates (Table 4.2)
for the ballotini and natural sediments are within the medium permeability ranges,
as described in Chapter 3, and are within the same order of magnitude (~101* m?).
Estimates from Slichter (1898), USBR (1951) and Terzaghi (1964) relationships are
relatively lower than for the other methods. This may be because the ballotini and
natural sediments are both fine sands while the relationships of both USBR and
Terzaghi are mostly applicable to medium grained to coarser grained sediments.
Additionally, an average sorting coefficient (8.4 x 10-%) was used in the Terzaghi
estimates. The Hazen and Breyer relationships are suitable for fine sands and do
not take into account the sediment porosity and thus, their respective results are
closely comparable to the permeability estimates from the general form of the
Kozeny-Carman, which incorporates the sediment porosity. This further validates
the results of the measured porosity values. Finally, the permeability estimates using
Carman (1956) and Carrier (2003) relationships takes into account the shape factor
variability between the spherical ballotini and the natural angular sediments as well
as the variability in their respective grain size distributions (Figure 4.1 - 4.3). Thus,
adopted as the best permeability estimates for the ballotini (2.04 x 101! m?) and

natural (7.17 x 10 m?) sediments (Table 4.2).

4.3.2 Experimental Set-up

Pilot experiments were initially carried in a small tank (0.80 m height x 0.40 m width
x 0.10 m thickness) in order to assess the newly developed experimental set-up,
recording and carrying out initial analysis of the temperature time series
measurements. From the pilot temperature time series analysis, heat flow maps
were generated to understand the thermal regimes upon application of internal heat

flows through the surrounding sediments (Figure 4.8). Following on from successful
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test results from the small tank experiments, the experiment set-up was upscaled to
a large tank (2.5 m height x 2.0 m width x 0.11 m thinkness) in order to provide a
more realistic prototype-scale experimental set-up for modelling the burial thermal
regimes of submarine HV cables to a typical burial depth of 1.0 m. Further
description of the large tank experiment set-up are presented in Chapter 3

(subsection 3.2.1).

The small tank pilot measurements were carried out using 45 K6-type
thermocouples (TCs) arranged in a 0.05 m x 0.05 m grid attached to a 0.30 m x 0.50
m frame (Figure 4.4) and inserted into a small tank (Figure 4.5). The TCs are
attached to a rigid frame to avoid movement while the sediments or water are added
into the tank and maintain their measured locations used for generating the heat
flow maps. The 0.05 m x 0.05 m regular spaced TC grid pattern allows dense
recording of the temperature distribution away from the heat source. The small tank
is constructed from 0.015 m thick Perspex, open only at the top to allow sediment
and water in-fill and removal (Figure 4.5). The sides and base of the tank were
insulated externally using three layers of 0.10 m thick Celotex™ TA4000 insulation
sheets. More details of the insulation material properties are described in Chapter 3

subsection 3.2.1.
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Figure 4.4: Photograph of the 45 thermocouples (TCs) arranged in a 5cm x 5¢m grid
used for measuring the sediment temperature time series data for the small tank

experiments.
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Figure 4.5: Photograph of the 2D experimental small tank (left) containing the fine
sand natural sediments before the entire sides were insulated and a schematic

diagram of the 45 TC locations (right).
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The small tank was fitted with an internal cartridge heat source (generating a typical
12 Watts output power from a 50 Volts input and 0.24 amps current) powered from
a connected electrical mains that is controlled and stabilised by a variable
autotransformer (variac) and voltage stabilizer respectively. The inserted TCs were
used to measure the sediment temperature change over time at 60 second intervals
as the applied heat flows through the surrounding sediments (Figure 4.6a). The
temperature time series measurements were also recorded using the same
Campbell Scientific CR1000 measurement control system described in Chapter 3
and filtered with a 5 minute moving average filter to remove remnant temperature
fluctuations while preserving the acquired data profile (Figure 4.6b). TC45 (i.e.
bottom right hand corner of the tank) recorded the most stable ambient sediment
temperature not affected by the fluctuating day and night room temperature. Thus,
for reproducibility of each experimental run, all observed steady state time step
temperature measurements were corrected using the temperature recorded at
TC45, to give the above ambient sediment temperature measurements (see

Chapter 3 subsection 3.2.3 for more details).
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Figure 4.6: (a) Logged temperature time series measurements for 20°C above
ambient temperature experiment and (b) zoomed in section (inserted black box)
from (a) showing a clearer temperature time profile before (red line) and after (blue

line) filtering.

4.3.3 Steady State Heat Flow Assessment

For the large tank ballotini experiment, the assessment method for attainment of
steady state heat transfer and measurement reproducibility were presented in
chapter 3 (subsections 3.2.2 and 3.2.3 respectively). Accordingly, for the small and
large tank experiments using natural sediments, each run was allowed to continue
until a steady state heat transfer was attained, as shown in Figure 4.7 with 20 °C
and 43 °C above ambient heat source temperature for the pilot and large tank
experiments respectively. Figure 4.7 shows the observed rate of change of
temperature with time for TC18 and TC116 that are attached on the heat source
and the subsequent TCs buried within the sediments that are vertically located
above the small tank heat source (TC13, TC8 and TC3) and large tank heat source

(TC56, TC69, TC81 and TC94). It further shows that steady state conditions are
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reached after 1300 minutes (~ 1 day) for the small tank experiments and after 8000

minutes (~6 days) for the large tank experiments.
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Figure 4.7: The rate of change in temperature (dT/dt) plot, showing attainment of
steady state at zero dT/dt for the (a) pilot small tank with 20 °C heat source and (b)

large tank with 43 °C heat source using the natural sediments.

4.4 Results

This section presents the results and analysis from the pilot small tank experiments
carried out using a cartridge heat source with varying above ambient temperatures
of 8°C, 13°C and 20°C recorded from TC18 closest to the heat source (Figure 4.5).
Also presented are the results from four experiments from the large tank using a
uniquely designed heat source (see section 3.2.1) with above ambient surface
temperatures of 10 °C, 20 °C, 43 °C and 55 °C recorded from TC116 on the heat
source (Figure 3.1). The observed steady state temperature distribution were
analysed using normalised heat flow surfaces and radial temperature plots to
determine the heat transfer mode (conduction or convection) generated within the
natural sediments with medium permeability used for both small and large tank

experiments. Thus the steady state thermal regimes within the ballotini, natural
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sediments and FEM numerical models with varying heat source skin temperature

are compared to assess the applicability of the results to real world environments.

4.4.1 Thermal Regime With Medium Permeability

The steady state thermal regimes were generated based on linear interpolation of
the neighbouring temperature distributions measured at each TC location (Figure
3.1 and 4.5). For the small tank experiments, the generated steady state heat flow
pattern shows radially symmetrical temperature distributions centred on the heat
source, with surface temperatures of 8°C (Figure 4.8a), 13°C (Figure 4.8b) and 20°C
(Figure 4.8c) above ambient measured at TC18. Heating of the surrounding
sediments of greater than 10°C are centered on and extends up to 5 cm around the

heat source (Figure 4.8c).
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Figure 4.8: Observed steady state thermal regimes from the pilot (small-scale)
experiments with medium permeability fine sand natural sediments and for varying

heat source skin temperatures of (a) 8 °C, (b) 13 °C and (c) 20 °C above ambient.

The generated steady state heat flow pattern from the large tank experiments are
also radially symmetrical around the heat source when heat source surface

temperatures are 10°C above ambient (Figure 4.9a), but as the surface temperature
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increases beyond 20°C (Figure 4.9b-d); an asymmetric heat flow pattern begins to
develop and grows with increasing source temperature. With a 20°C heat source,
sediment heating of 10°C is limited to within 40 cm but as the heat source skin
temperature increases beyond 20°C, this temperature field increases and generally

rises vertically up to 100 cm from a 55°C above ambient heat source (Figure 4.9d).
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Figure 4.9: Observed steady state thermal regimes from the large tank experiments
with medium permeability natural sediments (predominantly fine sands) and for
varying heat source skin temperatures of (a) 10 °C, (b) 20 °C, (c) 43 °C and (d) 55

°C above ambient.
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4.5 Discussion

4.5.1 Heat Transfer Mechanisms

As described in Chapter 2.2, for a line heat source buried within homogeneous
sediments, the temperature distribution from the heat source through the
surrounding sediments are typically radial, if the heat transfer mechanism is
conduction (Carslaw and Jaeger, 1959, Turcotte and Schubert, 2002). Thus, for
steady state conductive thermal regimes, a temperature radial distance scatter plot
follows a radial curve and the deviation of the points away from the radial curve

signifies the onset of a convective thermal regime.

For the small tank experiments, the temperatures at every 1cm x lcm were
extracted from the steady state thermal regimes (Figure 4.8a-c) and plotted against
the radial distance of each point away from the centre of the internal heat source.
Figures 4.10a-c are the corresponding temperature radial distance plots and show
a clear radial symmetrical temperature distribution with 8, 13, and 20 °C above
ambient heat source and less than 2 °C average temperature variation at any radial
distance from the source. The observed scatter points of each radial plot follows a
typical cooling pattern with high temperatures at the source (smaller radial
distances) and ambient conditions at the furthest distances away from the source,
towards the top and base of the tank. The computed average standard deviation of
2 cm binned radial scatter points with varying skin temperatures of 8, 13 and 20 °C
is 0.03 with overlapped histogram plots for all skin temperatures (Figure 4.12a). This

further confirms the radial temperature distribution pattern (Figure 4.8 and 4.10).
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Figure 4.10: Radial steady state temperature distributions from the pilot small tank
experiments for medium permeability natural sediments (predominantly fine sand)
with varying heat source skin temperatures of: (a) 8 °C, (b) 13 °C; and (c) 20 °C

above ambient.

Figure 4.11 shows the observed TC temperature against the radial distance of each
TC from the heat source centre, using the steady state thermal regimes from the
large tank experiments with natural sediments (Figure 4.9). This demonstrates that
for 10°C above ambient skin temperature, the temperature distribution follows a
radial curve with less than 3°C temperature variation at any radial distance (Figure
4.11a). However, as the heat source skin temperature exceeds 20°C, the
corresponding radial distance temperature plot starts to spread (Figure 4.11b) and

expands with further increases in the skin temperature (Figure 4.11c-d). Thus, the
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average temperature variation at any radial distance from the source, reaches about
40°C for the highest (55°C) skin temperature used (Figure 4.11d). The computed
average standard deviation of 10 cm binned radial scatter points with varying skin
temperatures of 10, 20, 43 and 55°C are 0.046, 0.063, 0.121, and 0.139 respectively
(Figure 4.12b). Thus, 0.063 represents the critical average standard deviation of the

radial points for the onset of the radially asymmetric pattern.

G 70 T T T T T 240 G 70 T T T T T 240
e (a) “surface temp. = 10°C” 520 1 (b)  “Surface temp. = 20°C” 220
¢ 60 = ¢ 60 -
2 200 2 200
© L J — © L B —_
£ s0 180 E g °° 180 E
Q 2 =3 2
€ 40 - 160 = £ 40 - - 160
k] 140 © e 1409
<2 30 - — (] = 30 - ~ k7]
& 120% & 120%
g 20+ B 100F € 20 % W 100F
< < !s.b
o 10 |- = - 80 o 10 - r 48 80
3 e 3 Teea,
g 0 1 | I 60 g 0 1 L f W 1 60
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Radial Distance From Heat Source Axis (cm) Radial Distance From Heat Source Axis (cm)
o 70 T T T T T T 240 o 70 T T T T T 240
o (c)  “surface temp. = 43°C“ 220 < (d)  “surface temp. = 55°C" 220
¢ 60 . o 60 .
2 200 2 o‘ 200
S 50+ 1 180E g 50+ T 1 180F
o ° L =3 % Y
E 40+ % - B 1602 E 40 * g, - B 1602
L L] ey Q ey
= °°, 140D = e o O 1409
2 30 - 3 1 ] 2 30 - e m a
@ . o° 1205 @ o 2 : 1205
E 200 g o B 100F £ 201 o ot B 100F
< < .
g) 10 L o o ..‘ {k " B 80 <‘J>J 10 - % F - '{ I B 80
2 ) 60 3 ¢ 60
0 1 L 1 [ I Q 0 1 L 1 [ 1
< <
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Radial Distance From Heat Source Axis (cm) Radial Distance From Heat Source Axis (cm)

Figure 4.11: Radial steady state temperature distributions from the large tank
experiments for medium permeability natural sediments with varying heat source

skin temperatures of: (a) 10 °C, (b) 20 °C, (c) 43 °C and (c) 55 °C above ambient.
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Figure 4.12: Standard deviation histograms of binned radial scatter points with
varying surface temperatures for the small and large tank experiments with natural
sediments. The horizontal dashed blue line represents the onset of radial

asymmetric heat flow pattern and thus transition to convection heat flow.

With the medium permeability natural sediments, the symmetrical temperature
distributions shown in Figures 4.8 and 4.10 further suggests that, for the pilot small
tank experiments, irrespective of the heat source skin temperature (i.e. 8 to 20 °C),
the dominant heat flow mechanism is conduction. For the large tank experiments
with 10 °C, the symmetrical temperature distribution (Figure 4.9a and 4.11a) also
suggests dominantly conductive heat transfer. However, as the skin temperature
exceeds 20°C, an asymmetric temperature distribution pattern starts to develop and
thus suggests the onset of convection (Figure 4.9b and 4.11b). Figure 4.12 shows
the standard deviation histograms plot used to quantitatively evaluate the degree of
scatter of the radial points for each experiment and shows that 0.063 average
standard deviation represents the threshold for the transition from conduction to
convection heat transfer mechanism. This is also in agreement with results

presented in chapter 3 (Figure 3.11).
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4.5.2 Comparison of The Numerical, Ballotini and Natural Sediments
Modelling Results

Figure 4.13 shows the comparison of the steady state thermal regimes of the FEM
numerical modelling, ballotini, and natural sediments large tank experiments for
medium permeability and varying above ambient heat source skin temperatures. In
all three cases, the thermal regimes are symmetrical at low (10°C) skin temperature
with a transition to asymmetrical heat flow pattern at ~20°C and growth of this
asymmetric pattern as the skin temperature increases, signifying the onset of
convection. As the skin temperature increases up to 55°C and convective heat flow
becomes dominant, the vertical thermal plume of at least 30°C becomes more
pronounced for the numerical modelling and artificial ballotini results, reaching a
height of 60 cm above the heat source. However, the convective heat flow through
the natural sediment with 55°C skin temperature are less pronounced with a thermal
plume of at least 30°C above the heat soure of 40 cm high and 80 cm wide. This
could be due to the comparatively wider grain size distribution (Figure 4.2), angular
and variable shape (Figure 4.1) and sorting of the grains (Table 4.1) as well as the
matrix content within the pores of the natural sediments. This [matrix content?]
causes a relative obstruction to the flow of heated pore fluid during the convection
heat transfer as compared to the ‘clean’ and spherical grains of the ballotini

sediments with relatively little or no matrix content.
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Figure 4.13: Comparison of the steady state thermal regimes from the FEM
numerical modelling (a-d), ballotini (a’-d’), and natural sediments (a”- d”) large tank
experiments with medium permeability (10-1* m?) and varying above ambient heat

source skin temperatures.
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Furthermore, Figure 4.14 uses the radial steady state temperature distribution plots
to compare the steady state thermal regimes for FEM numerical modelling, ballotini,
and natural sediments with medium permeability and varying above ambient heat
source skin temperatures. Again, in the three cases, the temperature distribution
are radial with 10°C skin temperature with a transition to non-radial temperature
distribution at ~20°C. This non-radial temperature distribution pattern spreads with
increasing skin temperature. Furthermore, comparison of the standard deviation
histograms plots (Figure 4.15), quantitatively shows the varying degree of scatter of
the radial points for each experiment as the skin temperature increases, with 0.06
average standard deviation per temperature representing the threshold from a

conductive to convective heat transfer mechanism.
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Figure 4.14: Comparison of the radial steady state temperature distributions from
the FEM numerical modelling (a-d), ballotini (a’-d’), and natural sediments (a”- d”)
large tank experiments with medium permeability (10-'' m?) and varying above

ambient heat source skin temperature.
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Figure 4.15: The standard deviation histograms of binned radial scatter points of the
small and big tank natural sediments experiments, FEM numerical and ballotini
experiments with medium permeability and varying surface temperatures. The 0.06
critical (average) standard deviation value represents the onset of radial asymmetric

pattern and transition from conduction to convection heat transfer.

For the experiments using the medium permeability ballotini and natural sediments
carried out in the large tank, the observed different steady state thermal regimes
(Figure 4.13) with varying cable surface temperature were normalised.
Subsequently the corresponding difference surfaces were generated and compared
(Figure 4.16) using the method and equation described in Chapter 3, section 3.4.1.
As a normalised difference of zero infers that the thermal regime shape is the same

as the reference surface, thus the difference surface (Figure 4.16a and 4.16a’) for
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10 °C skin temperature, shows zero normalised temperature throughout the entire
surface. However, as the skin temperature exceeds ~20 °C, an area of small positive
normalised temperature difference develops above the heat source (Figure 4.16b
and 4.16b’) and as the skin temperature of the steady state thermal regimes
increases further, the positive normalised temperature difference develops even
larger in size (Figure 4.16c-d and 4.16c’-d’). Thus, above the heat source with 55
°C skin temperature, it vertically extends up to 80cm height and 70 cm width for the
ballotini sediments while for the natural sediments experiments, the positive
normalised temperature difference extends up to 40 cm height and 90 cm width

(Figure 4.16d and 4.16d’).

The various comparison assessments using the steady state thermal regime maps,
radial temperature plots, standard deviation histograms and normalised difference
surfaces, provides a good representation of the surrounding thermal regimes of
submarine HV cables buried within typical continental shelf sediments. The results
from the FEM numerical models as well as the experiments with both ballotini and
natural sediments are comparable — for sediment permeability of an order of
magnitude ~ 10! m?; conduction is the dominant heat transfer mechanism at low
heat source temperatures with an onset of the convection heat flow mechanism at
~20 °C above ambient cable surface temperature. Furthermore the impact of the
variability in the spherical ballotini grain shapes and more angular natural sediments
are relatively small compared to the strong permeability control on the thermal
regimes around the submarine HV cable, as fully investigated and presented in
chapter 3 using low, medium and high permeability sediments. This is important
because with a remote knowledge of the surrounding sediment permeability

measurements, even to an order of magnitude level, we can more easily (even in
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real-time) predict and understand the current prevailing conditions of buried
submarine HV cables. Consequently, the comination of modelling and analogue
experimental results provide us with a very useful approach of simulating a wide

range of thermal environments along various HV cable burial routes.
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Figure 4.16: Comparison of the normalised difference plots of the varying steady
state thermal regimes for medium permeability ballotini (a-d) and natural sediments
(a’- d’) with varying above ambient heat source skin temperatures of (a,a’) 10 °C,
(b) 19 °C, (b’) 20 °C, (c,c’) 43 °C and (d,d’) 55 °C.

124



Chapter 4: Subsea HV Cable Thermal Regime: Natural Sediments

4.5.3 Implication For Cable Current Rating, Ampacity and Life Span

The main source of warming on the power cable is the electrical power loss
generated by flowing current through its conductor having resistance. The current
carrying capacity (ampacity) of submarine HV cables is defined as the maximum
current value that the cable conductor can transmit continuously without exceeding
the limit temperature values of the cable components, in particular not exceeding
that of the insulating material (Anders, 1997, Karahan and Kalenderli, 2011). During
operation, the cable ampacity is further controlled by a balance between resistive
heating within the cable and how efficiently the generated heat is lost to the
surrounding environment; in order to allow the cable temperature to remain below
its design temperature (Anders, 1997, Kovac et al., 2006, de-Leon and Anders,
2008, Swaffield et al.,, 2008, Karahan and Kalenderli, 2011). Therefore, it is
important to determine the temperature distribution and heat flow mechanism,

particularly within the adjacent sedimentary environment.

Figure 4.13, show the typical thermal regime around buried submarine HV cables
and demonstrates the onset of convection heat transfer for cable buried within
sediments with permeability ~101* m? and skin temperature greater than ~20 °C.
Also chapter 3 (Emeana et al., 2016) and Hughes et al. (2015), further demonstrate
that for coarser sediments with medium to high permeabilities, significant convective
heat transport develops even at lower cable skin temperature and generates
constants pore fluid recharge below the cable (Figures 3.7 and 4.16). This colder
pore fluid recharge cools the cable (Hughes et al., 2015). These results are
important because during convection heat flow, the high sediment permeability and

buoyancy movement of the heated pore fluids due to the decreased fluid density,

125



Chapter 4: Subsea HV Cable Thermal Regime: Natural Sediments
supports easier and more efficient transfer of the heat generated by the cable to the
surrounding sediments. Thus, if the heat produced remains the same during steady
state conditions and according to the principle of conservation of energy, increase
in dispersed heat will result in decrease in the heat retained by the cable; therefore
the cable temperature drops and the cable can transmit more current (Karahan and
Kalenderli, 2011). However during conductive heat flow through the surrounding
sediment with similar thermal conductivity, the generated heat is concentrated
around the cable as there is no heated fluid movement and it will be difficult to
disperse the heat generated by the cable. Thus, this results in an increase in the
heat amount retained by the cable, the cable temperature increases and the cable
current carrying capacity will drop, in order to remain below its design temperature

(Tedas, 2005, Karahan and Kalenderli, 2011).

The accuracy of emergency current rating calculations are enhanced by knowledge
of conductor temperature at every point at the start of emergency rating period and
convective heat transfer coefficients (Anders, 1997, Anders et al., 1998), which are
currently overlooked in the analytical cable rating method of the IEC 60287 standard
(BS-IEC-60287-1-1:2014, 2014). This limits the accuracy of the current ratings of
submarine HV cable installations. Also the analytical approach of IEC 60287
standard assumes homogeneous burial environments and ambient conditions and
thus is inappropriate for rating submarine HV cables buried within the continental
shelf with wide variability in the surrounding sediments type, associated physical

properties and as a function of depth at a specific point on the cable route.

Futhermore, submarine HV cables are exposed to thermal, electrical, and

mechanical stresses simultaneously depending on applied voltage and current
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passing through as well as chemical changes occur in the dielectric material
structure. In addition, the accelerated aging test used to define the dielectric material
life span of submarine HV cables depends on the applied temperature and voltage.
Thus, the cable temperature and associated thermal stresses has implications on
the ageing and life span of the cables (Malik et al., 1998). Thermal degradation of
organic and inorganic materials used as insulation in cables occurs due to the
increase in temperature above the nominal value and thus impacts on the cable life
span as described by the Arrhenius equation (Pacheco et al., 2000). Thus, from the
results shown in Figures 3.7 and 4.16, the occurrence of convective heat flow will
lead to decrease in temperature of the cables and consequently increase in their
current carrying capacities. Pacheco et al. (2000) carried out several tests to verify
that HV cables will last for 40 years (or other agreed material design life) if operated
at 90 °C maximum temperature and concludes that HV cable life span are closely
linked with their operation conditions with temperature as one of the dominant
factors affecting their life (Pacheco et al., 2000). The results (Figures 3.7 and 4.16)
with convection heat transfer recharge will also increases the life span of submarine
HV cable. Thus, it is vital to lay submarine HV cables in appropriate environmental
and layout settings, and operating them in suitable working conditions, in order to
increase the cable life span, efficient operation and make positive contribution to the
safety and economy of the connected power systems; given their high capital cost

and long asset lifetime expectancy.

4.5.4 Implication For Environments Around Submarine HV Cables
The large tank experiment results demonstrate that with skin temperature exceeding
20 °C, the heat impact of 10 °C within the surrounding medium permeability natural

sand sediments reaches as far as 40 cm from the heat source (Figure 4.9 and Figure
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4.13). With further skin temperature increases and as the driving heat transfer
mechanism changes from conduction to convection, the heat impact of 10 °C
extends vertically up to 100 cm with a heat source skin temperature of 55 °C. Figure
4.17 also demonstrates that within the top 80 cm of the conductive steady state
thermal regimes, the 2°C temperature contour line remains below the 20 cm depth
line. However, for all the convective steady state thermal regimes, the 2°C
temperature contour line rises above the 20 cm depth line. Thus, the results have
strong implications for the surrounding environments around submarine HV cables.
Specifically, the German Federal Maritime and Hydrographic Agency (BSH),
stipulates an environmental regulations of acceptable temperature limits of less than
2 K (2 °C) above ambient temperature rise at 20 cm beneath the seafloor (BSH,

2014).

Marine and benthic organisms are sensitive to even minor variations in the ambient
seabed temperature (Peck, 2002, Peck, 2004) as it has serious implications for the
physiological, biogeographical and evolutionary history of the benthic fauna (Barnes
and Peck, 2008). For instance, the growth stage and larval development of
Anomuran lithodid crabs are particularly sensitive to temperature (Anger, 2003) and
the absence of brachyuran crabs in the Southern Ocean are attributed to their
temperature sensitivity and inability to maintain ionic balance (Frederich, 2001). Also
microbial organic matter decomposition and remineralisation processes within
seabed sediments are sensitive to the ambient temperature (Pomeroy and Deibel,
1986). Furthermore, temperature is a vital abiotic factor determining the distribution
of benthic organisms (Gaston, 2003) as well as benthic fauna assemblage
composition, nature and diversity. Thus, this influences bioregionalisation and

biogeographic range shifts (Parmesan and Yohe, 2003, Parmesan, 2006). This is
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because the ambient seabed temperature may affect crustacean moulting rate
(Quetin, 1994), embryonic development rate (Pearse, 1991, Peck, 2006) and

various locomotor activity ranges (Peck, 2002, Peck, 2004).

With dominant convective heat transport, the heated fluid movement could also
impact on the physical form and nature of the sediment grains, thereby initiating
granular movements, which could eventually lead to seabed erosion and exposure
of the buried HV cable. In the long term, these increased sediment temperatures
within the near surface, could lead to geochemical changes and diagenetic reactions
between the sediments and pore fluids, leading to mineral recrystallization,

compaction, and partial induration.
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Figure 4.17: Top 80 cm steady state thermal regimes from the big tank experiments
with medium permeability natural fine sand sediments. It shows the 20 cm depth
mark and 2 °C contour line for the thermal regimes with varying skin temperature

(@) 10 °C, (b) 20 °C, (c) 43 °C and (d) 55 °C above ambient.
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4.6 Conclusion
The observed temperature measurements with medium permeability (=101 m?)
natural fine sand sediments, demonstrates that the driving heat flow mechanism
around submarine HV cables buried within such environment, is conduction at 10°C
above ambient skin temperature. However, convective heat flow begins as the skin
temperature exceeds ~20°C for medium permeability sediments with the same
thermal conductivity as convection heat flow is driven more by the existence of the
increased temperature gradient and the availability of a free path for fluid movement.
Also during conductive heat transfer, the heat impact of 10°C are ~40 cm from the
heat source for a 20°C heat source skin temperature. However, as the skin
temperature increase up to 55°C, the 10°C heat impact rises vertically up to about
100 cm. The results of the thermal regimes and associated heat flow mechanisms
are comparable as demonstrated by the FEM numerical models and physical
models with artificial ballotini and natural sediments. Thus, the impact of the
variability in the spherical ballotini grain shapes and more angular natural sediments
are small compared to the strong permeability control on the thermal regimes

around submarine HV cable.

The results have several implications as the occurrence of convection heat flow will
lead to decrease in cable temperature and consequently increase in the cable
current carrying capacities and life span. The IEC 60287 standard currently
assumes only conduction heat flow and thus the results will have implications on
cable rating accuracy. Furthermore, the surrounding physical, geochemical and
biological environments around submarine HV cables will be impacted by the

increased temperature within the sediments.
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Subsea HV Cable Thermal
Regime: Controlling Thermal

Properties

5.1 Introduction

Thermal conductivity of the surrounding sediments is a vital parameter in the use of
the IEC 60287 (BS-IEC-60287-1-1:2014, 2014) standard for analytically evaluating
the current rating of buried submarine HV cable. However, there is poor
understanding of the relationship between the thermal properties of marine
sediments and the current that may be reliably carried by submarine HV cables. The
current IEC 60287 standard assumes amongst others; homogeneous burial
sediments and a simple model for the thermal resistance (conductivity) of the
surrounding sediments. Also understanding the sediment thermal properties around
buried HV cable gives further insights of the cable heat impacts on surrounding near

surface benthic organisms and sedimentary environments.
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This chapter is aimed at evaluating the thermal properties controlling the observed
conductive thermal regimes (presented in chapter 3) using the acquired temperature
time series data from seven lab experiments with coarse silt and fine sand ballotini
sediments as well as two experiments with fine sand natural sediments (presented

in chapter 4).

5.2 Methods

5.2.1 Nodal Network

The nodal points are designated by a numbering scheme that, for a two-dimensional
system, may take the form shown in Figure 5.1b. The x and y locations are
designated by the m and n indices, respectively (for more details, see chapter 2).
For the analysis and results presented in section 5.3, a nodal network developed for
each dataset from the big tank ballotini experiments involves a total of 289 nodes of
5cm x 5¢cm spacing covering up to 50cm radial distance away from the centre (node
145) of the heat source. Similarly, for the pilot natural experiments, the nodal
network involves 361 nodes of 1cm x 1cm spacing covering upto 14cm radial

distance from the centre (node 181) of the heat source (Figure 5.2)
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Figure 5.1: Two-dimensional heat conduction nodal network through the pilot natural

fine sand sediments with 20 °C above ambient heat source and (b) conduction to

an interior node from its neighbouring nodes used for explicit finite difference heat

equation discretization.
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13 | 32 | 51 [ 70 | 89 | 108 [ 127 | 146 | 165 | 184 | 203 | 222 | 241 | 260 | 279 | 298 | 317 | 336 | 355
12 | 31 | 50 | 69 | 88 | 107 | 126 | 145 | 164 | 183 | 202 | 221 | 240 | 2569 | 278 | 297 | 316 | 335 | 354
11 | 30 | 49 | 68 | 87 | 106 | 125 | 144 | 163 | 182 | 201 | 220 | 239 | 258 | 277 | 296 | 315 | 334 | 353
10 | 29 | 48 | 67 | 86 | 105|124 | 143 | 162 | 181 | 200 | 219 | 238 | 257 | 276 | 295 | 314 | 333 | 352
9 | 28 | 47 | 66 | 85 | 104 | 123 (142 | 161 | 180 | 199 | 218 | 237 | 256 | 275 | 294 | 313 | 332 | 351
8 (27 | 46 | 65 | 84 | 103 | 122 (141 | 160 | 179 [ 198 | 217 | 236 | 2565 | 274 | 293 | 312 | 331 | 350
7 | 26 | 45 | 64 | 83 | 102|121 (140 | 159 | 178 | 197 | 216 | 235 | 254 | 273 | 292 | 311 | 330 | 349
6 | 25 | 44 | 63 | 82 | 101|120 (139 | 158 | 177 | 196 | 215 | 234 | 253 | 272 | 291 | 310 | 329 | 348
5 (24 | 43 | 62 | 81 | 100 | 119 (138 | 157 | 176 | 195 | 214 | 233 | 262 | 271 | 290 | 309 | 328 | 347
4 | 23 (42 | 61 |80 | 99 118 | 137 | 156 | 175 | 194 | 213 | 232 | 251 | 270 | 289 | 308 | 327 | 346
3 | 22|41 |60 |79 | 98 | 117 (136 | 155 | 174 | 193 | 212 | 231 | 250 | 269 | 288 | 307 | 326 | 345
2 (21 | 40 | 59 | 78 | 97 | 116 [ 135|154 | 173 [ 192 | 211 | 230 | 249 | 268 | 287 | 306 | 325 | 344
1 |20 | 39 | 58 | 77 | 96 | 115|134 | 153 [ 172 | 191 | 210 | 229 | 248 | 267 | 286 | 305 | 324 | 343

Figure 5.2: Nodal network showing the 361 grid locations number with 1cm x 1cm

spacing used for the pilot natural sediments data analysis. The radial distance of all

grid locations are computed from grid location 181 (centre of the heat source).
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5.2.2 Heat Diffusion Equation

In a homogeneous medium with constant thermal conductivity and temperature
gradients, equation (5.2) is the explicit form of the finite-difference expression of the
heat diffusion equation (5.1) and provides the variation of temperature with both time
and spatial coordinates. Thus, the thermal diffusivity («) were estimated taking into
account the temperature distribution from the neighbouring x and y nodes (for more

details, see chapter 2).

10T _ 62T+ 0°T -
a ot  0x%  0y? GD
1 Tr?l,tll B Trlral;ll _ TnI?L+1,n + vaz—1,n - ZTTIr)l,n T;fz,n+1 + val,n—1 - ZTTIYJL,n

it = 02 * (8y)?

(5.2)

Where m and n subscripts are used to designate the x and y locations of discrete
nodal points. The superscript p were used to denote the time dependence of T, and
the time derivative are expressed in terms of the difference in temperatures
associated with the new (p+ 1) and previous (p) times. Calculations were
performed at successive times separated by the interval At, as well as at discrete
points in both spatial directions (Ax,Ay). Hence, the developed explicit finite
difference approach (equation 5.2) was applied to the acquired temperature time
series data to estimate the sediment thermal diffusivity. Also thermal conductivity
(1), were estimated using equation 5.3, which is a function of the volumetric heat

capacity (product of density (p) and specific heat capacity (C,)) and thermal

diffusivity (a).
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A (5.3)
a = — .
PGy
5.3 Results

The various thermal properties governing equations described in section 5.2 are
adapted to seven temperature time series datasets acquired with varied heat source
surface temperatures buried within the coarse silt and fine sand ballotini sediments
as well as two pilot experiments with fine sand natural sediments. The results
presented in this section are the subsequent estimates of the sediments thermal
diffusivity, volumetric heat capacity and thermal conductivity as the heat flows

through these sediments.

5.3.1 Thermal Diffusivity Calculation

Quantitatively, the speed at which the temperature front propagates though the
sediments (thermal diffusivity, «), calculated using 3D heat flow cubes from the start
to the steady state time stamp of each observed temperature time series data. For
the pilot natural sediment temperature time series analysis with nodal network
spacing of 1cm x 1cm; 0.01m spacing interval (Ax, Ay) were applied and 0.05m for
the big tank ballotini data analysis because its nodal network spacing is 5 cm x 5
cm. A time interval (At) of 120 seconds were used throughout the analysis of both

observed datasets from the pilot natural and ballotini sediments experiments. Then
L ar . . 0%T  9*T
at each node the temperature change with time (E) and distance profile (ﬁ + a_yz)

in the x and y direction were computed based on equation 5.2. Thus the a estimates

are computed from the slope of the best fit line through the plot of the temperature

o aT . . T I’T :
change with time (E) against the spatial temperature change (ﬁ+ a_yz) (Figure
5.3).
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Subsequently, the same procedure was applied to two pilot fine sand natural
experiments with above ambient heat source temperature of 13 °C and 20 °C.
Similarly, for the seven conductive heat flow experiments using coarse silt ballotini
sediments with varying cable surface temperature of 10 °C, 18 °C, 45 °C and 60 °C
above ambient and fine sand ballotini with 10 °C, 19 °C (initial) and 19 °C (replica)
above ambient. The respective thermal diffusivities are computed at various nodes

as described in figure 5.4 and 5.5.

4 4

x 10 12>(10
=099 x 10°° (m2s™1) a =104 x 1076 (m?s™ 1) &
L p2 _ p 2 _ d
12f R? = 0.96 n 1oL R* =098 &
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Figure 5.3: Thermal diffusivity calculation scatter plot for the pilot natural sediments

at (a) node 5 and (b) node 100 with 20 °C above ambient cable surface temperature.

Figures 5.3 shows the typical plots used to estimate a for all observed datasets
using the heat diffusion equation (equation 5.1, 5.5). The slope of the fitted red line
to the observations gives the a estimate at the various nodes. The correlation
coefficient (R?) of 0.96 (Figure 5.3a) and 0.98 (Figure 5.3b) as well as a zero p-
value, shows that the estimates are statistically significant at the 95% confidence
level. The same approach and analysis were carried out to calculate the thermal

diffusivity for the fine sand pilot natural sediments (Figure 5.4a,b), coarse silt ballotini
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(Figure 5.5a) and fine sand ballotini (Figure 5.5b) sediments experiments with

varying input heat. Similarly, all the respective a estimates are significant at the 95%

confidence level.
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Figure 5.4: Thermal diffusivity estimates for fine sand natural sediments with (a) 13

°C and (b) 20 °C cable surface temperature.
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Figure 5.5: Combined thermal diffusivity estimates for (a) coarse silt and (b) fine

sand ballotini sediments with varying cable surface temperature.

Figure 5.4a and 5.4b demonstrates that for the fine sand natural sediments, the
thermal diffusivity estimates are similar irrespective of the changing cable surface
input heat and nodal locations; and gives a mean thermal diffusivity estimate of 0.99
+ 0.04 x 10® m?s™L. This is also similar for the fine sand ballotini sediments (Figure
5.5b) with a mean thermal diffusivity estimate of 0.84 + 0.03 x 10 m?s.. For the
coarse silt ballotini sediments (Figure 5.5a) the mean thermal diffusivity estimate is
0.45 + 0.04 x 10°® m2s™L. The uncertainty in all thermal diffusivity estimates from the
standard error of the slopes of the fitted curves (Figure 5.4 and 5.5) are shown by
thin vertical lines. These results are in agreement with previously published
estimates for muddy and sandy sediments (Harrison, 1985, Harrison and
Phizacklea, 1985, Vugts and Zimmerman, 1985, Piccolo et al., 1993, Wheatcroft et

al., 2007, Kim et al., 2007, Thomson, 2010).
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5.3.2 Volumetric Heat Capacity Calculation
In order to estimate C,, of the fine sand natural sediments, coarse silt and fine sand
ballotini samples, equation (5.4) was used. The C, estimate is expressed as the
weighted sum of the heat capacities of the ballotini constituents (Campbell, 1985,

Campbell and Norman, 1998).

Cy, = psCsVs + prCrly (5.4)

Where p; and p; are density of solid and fluid respectively; C; and C; are specific
heat capacity of solid and fluid respectively while V; and V; are volume fractions of

solid and fluid respectively.

The fluid volume fraction was estimated using the measured sediment porosity. The
ballotini particle densities and specific heat capacity are 2.50 gcm= and 1.172 Jg
1K1 2.66 gcm3 (Potters-Ballotini, 2011) while the corresponding natural sediments
values are 2.66 gcm= and 1.096 Jg'K™! (Cornish-Lime, 2011) used to compute their
respective volumetric heat capacities (Table 5.1). With variability of the measured
porosity estimates for the fine sand natural sediments, coarse silt and fine sand
ballotini, their corresponding estimated average C, are: 3.39 + 0.08 x 106 Jm3 K%,

3.18 + 0.06 x 10% Jm=3 Kt and 3.33 + 0.08 x 10% Jm= K1 respectively.
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Table 5.1: Volumetric heat capacity estimation for ballotini and natural sediments

Sediment Seqi_ment Sediment Water |Water Specific Water Volumetric
. . Specific Heat . . Heat
Sediments | Density . Volume Density |Heat Capacity,| Volume -
(gecm?3) Capacity, Fraction (gecm3) (Jg' K" Fraction Capacity,
(g1 K1) (10% Jm-3 K1)
2.50 1.172 0.85 0.998 4.20 0.15 3.119
Ballotini 2.50 11472 0.80 0.998 4.20 0.20 3.182
Coarse Silt
2.50 1.172 0.75 0.998 4.20 0.25 3.245
2.50 1.172 0.74 0.998 4.20 0.26 3.258
Ballotini 2.50 1172 0.68 0.998 4.20 0.32 3.334
Fine Sand
2.50 1172 0.62 0.998 4.20 0.38 3.409
2.66 1.096 0.69 0.998 4.20 0.31 3.311
Natural 2.66 1.096 0.63 0.998 4.20 0.37 3.288
Fine Sand
2.66 1.096 0.57 0.998 4.20 0.43 3.464
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5.3.3 Thermal Conductivity Calculation
The thermal conductivity of the natural fine sand sediments, coarse silt and fine sand
ballotini sediment was calculated using equation (5.3) with the estimated average
results of C,, and a described in section 5.3.1 and 5.3.2 respectively. Figure 5.6a and
5.6b demonstrates that for the fine sand natural sediments, the thermal conductivity
estimates are similar irrespective of the changing cable surface input heat and nodal
location; giving a mean thermal conductivity estimate of 3.29 + 0.15 Wm'K-".
Similarly, for the fine sand ballotini (Figure 5.7b), it gives a mean thermal
conductivity estimate of 2.79 + 0.11 Wm'K-"and 1.43 + 0.12 Wm'K"" for the coarse
silt ballotini sediments (Figure 5.7a). Uncertainty in the thermal conductivity
estimates (E), shown by thin vertical lines, are due to the associated errors from the
thermal diffusivity estimates (E;) shown in Figure 5.5 and volumetric heat capacity
estimates (E,) resulting from the standard deviation of sediment porosity
measurements (Figure 5.6 and 5.7). Thus equation 5.5, was used to estimate the
propagated combined errors (E), where E; and E, are the fractional error in the

component terms.

E? = E? + E2 (5.5)
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Figure 5.6: Thermal conductivity estimates for fine sand natural sediments with (a)

13 °C and (b) 20 °C cable surface temperature.
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Figure 5.7: Combined thermal conductivity estimates for (a) coarse silt and (b) fine

sand ballotini sediments with varying cable surface temperature.
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5.4 Discussion
The estimated average sediment thermal properties from the temperature time
series measurements acquired during the transient heat transfer phase for the
different sediments (coarse silt ballotini, fine sand ballotini and fine sand natural
sediments) are summarised in Table 5.2. These estimates are also comparable to
previous published values for both mud (coarse silt) and sand sediments as
demonstrated in Figure 5.8, which synthesises the published estimates (See
Chapter 2, Section 2.4.5) of thermal properties of near surface marine sediments,

particularly within the shallow (0 to 1m) sub-seabed.

Table 5.2: Summary of the average thermal properties estimates for ballotini (coarse

silt and fine sand) and natural sediments (fine sand).

Sediment thermal Coarse Silt Fine Sand Fine Sand
Properties (Ballotini) (Ballotini) (Natural Sediments)
Thermal Conductivity 1.43+£0.12 2.79+0.11 3.29+0.15
(Wm K1)
Thermal Diffusivity 0.45 +0.04 0.84+0.03 0.99+0.04
106 (m? s?)
Volumetric Heat 3.18 £ 0.06 3.33+0.08 3.39+0.08
Capacity 10° (Jm3 K1)
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Figure 5.8: Ballotini and natural sediments thermal diffusivity (a) and conductivity (b)
estimates compared with published estimates of thermal properties of near surface
(0 to 1m) marine sediments. It shows variability of sediment thermal properties with
changing lithology/grain size. More details of each research (32 authors) are
presented in Chapter 2, Tables 2.1 to 2.3. The thin vertical lines show the

uncertainties in thermal diffusivity and conductivity estimates.
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The results (Table 5.2 and Figure 5.8) shows that there is a clear variation in thermal
diffusivity and conductivity within different sediment types; sandy (fine sands)
sediments are approximately twice more effective at diffusing heat than muddy
(coarse silts) sediments. The heating effects away from the heat source (HV cables)
buried around sandy sediments will uptake heat more rapidly than when buried

around muddy sediments.

The maximum cable current carrying capacity (cable ampacity) are closely linked
with the thermal conductivity of the surrounding burial environment. Thus, the heat
generated from submarine HV cables buried in sandy sediments (with higher
thermal conductivity) will be rapidly transmitted to the surrounding environments,
results in reduced cable temperature and subsequently allows more current to be
transmitted through the cable. However for cables buried in muddy sediments with
relatively lower thermal conductivity, the transfer will be relatively slower, leading to
increased cable temperature and subsequently, causes reduction in the cable

current ampacity.

Furthermore, the determination of actual value of the current ratings of buried HV
cables are dependent on many different factors, which includes a very key factor -
the thermal properties of the surrounding sediments. Thus, the marked variability in
the thermal properties associated with different marine sediment types (Table 5.2
and Figure 5.8) will have huge implications on the current rating of submarine HV
cables, particularly with regards to the analytical current ratings approach of the IEC

60287 standard that assumes homogeneous burial environments.
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Chapter 6: Conclusion

Conclusions

6.1 Overview

The overriding purpose of this research was to determine the thermal regimes and
heat transport mechanisms around submarine HV cables buried within the wide
range of sediments found on the continental shelf. To accomplish this goal it became
necessary to reach some prerequisite objectives. Understand the various sediment
heat transfer mechanisms — conduction and convection, their governing equations
and conditions of occurrence; and associated control of temperature and sediment
properties; through a review of existing literature conducted for this dissertation

(Chapter 2).

Following this, it was necessary to construct and operate uniquely designed
laboratory experiments for further detailed investigation of this goal. To do this, a
custom made heat source and experimental tank was designed and constructed.
Figure Al and A2 (Appendix), shows the design and photographs of this significant

piece of laboratory equipment which was also a significant part of the PhD research.
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Once these fundamental objectives and first steps were achieved, the research was
then able to proceed. This conclusion Chapter presents the summaries and
recommendations that resulted from the subsequent research studies (Chapter 3, 4
and 5) carried out. The research studies involved analysing both the steady and
transient heat transfer phases of the surrounding temperature time series
measurements acquired from 2D laboratory experiments specifically designed as
an analogue to a buried submarine HV cable using both artificial (Ballotini) and
natural sediments. The results provided clear understanding of how the surrounding
thermal regimes, heat transport mechanisms and sediment thermal properties
around buried submarine HV cable may vary with a range of typical shelf sediments

of different permeability classes.

(@) Low permeability (~ 1013 m?) burial thermal environments
The results of a series of steady state heat flow experiments and numerical
modelling suggest that, for submarine HV cables with surface temperatures
up to 60°C above ambient and buried within clays to coarse silts with low
permeability up to ~ 1012 m?, the surrounding thermal regime and mode of
heat transfer will be dominantly conductive. The radial temperature
distribution of 10 — 60 °C in the surrounding sediments are only within a 40
cm radius of the cable, with an exponential decrease in the thermal gradient.
The estimated average thermal diffusivity and conductivity are 0.45 + 0.04 x

10% m?s?t and 1.43 + 0.12 Wm™'K-"! respectively.

(b) Medium permeability (~10-** m?) burial thermal environment
Steady state heat flow experimental and numerical modelling results shows

that fine sands with medium permeability ~10'! m? are a transitional
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environment. The heat flow mechanism are conductive at low cable surface
temperatures (c. < 20°C) and changes to convective mode, as the cable
surface temperatures increase above ~20°C relative to ambient. The radial
temperature distribution of 10 — 20 °C in the surrounding sediments for cables
with surface temperature of up to ~20°C are also only within a 40 cm radius
of the cable. However, high asymmetric temperatures (10 - 55 °C) are
observed up to 1 m above the cable for cables with surface temperatures of
55°C, with an exponential decrease in the thermal gradient. The analysed
conductive transient heat flow measurements shows that the average
thermal diffusivity and conductivity are 0.84 + 0.03 x 10°® m?s* and 2.79 +

0.11 Wm'K-" respectively.

(c) High permeability (~10° m?) burial thermal environment
In very coarse sands with high permeability ~10° m?, the steady state heat
flow results from both experimental and numerical modelling, shows that
convective heat transfer occurs even at skin temperatures as low as 7°C
above ambient. Significantly high asymmetric temperature distribution of 10
- 18 °C in the surrounding sediments are heated over distances exceeding

the typical 1 m cable burial depth with 18 °C surface temperature.

(d) Natural sediment burial thermal environment with medium permeability
(~101t m?)
Presented in Chapter 4 are additional steady state heat flow experiments
using natural sediments with medium permeability ~101* m?, in order to
assess the applicability of the results of Chapter 3 to natural settings.

Comparison assessments of corresponding numerical and physical
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modelling with both ballotini (Emeana et al., 2016) and natural sediments,
shows that with varying cable surface temperatures, the heat flow
mechanism are also transitional, with the conduction to convection change
still occurring at ~20°C above ambient. Also the analysed conductive
transient heat flow measurements shows that the average thermal diffusivity
and conductivity are 0.99 + 0.04 x 10® m?s? and 3.29 + 0.15 Wm 'K~
respectively. Thus, for both homogeneous Ballotini and Natural surrounding
burial sediments with similar permeability ~10-1* m?, the impact of their
varying grain shapes (spherical ballotini and angular natural sediments) are
small compared to the strong permeability control on the thermal regimes
around submarine HV cable (Emeana et al., 2016), as clearly demonstrated

in Chapter 3.

6.2 Research contributions

A major contribution of the research presented in this thesis, is that both conduction
and convection mechanism operate around submarine HV cables, buried in varying
continental shelf sediments, to dissipate the generated heat. The dominant mode
depends on the cable surface temperature and permeability of the surrounding
sediments, as summarized above. This insight is contrary to the assumptions and
predictions of the existing IEC 60287 standard and possesses several implications
for the current rating and ampacity, cable insulation and life-span, manufacturing
costs, burial approaches and route plans of submarine HV cables. In addition, there

are several implications for the surrounding sedimentary environments.
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(a) Cable current rating and ampacity

Chapter 6: Conclusion

The occurrence of convective heat transfer within high permeability

sediments would allow more efficient heat transfer to the surrounding

sediments. Coupled with the artificial cooling effect of convection recharge,

results to decreased cable temperatures (Table 6.1). This would allow raising

the cable current ratings and ampacity limit for increased current

transmission capacity whilst remaining below its design temperature. The

predicted surface temperature (Table 6.1) was calculated based on the

assumption

that the maximum operating conductor temperature of

submarine AC HV cables with XLPE insulation is 90°C and translates to cable

surface temperatures of 70°C (Swaffield et al., 2008, Hughes et al., 2015).

Table 6.1: Predicted conductor and surface cable temperatures for different solid

thermal conductivities and burial depths from the IEC standard and FEM modelled

results using sediments permeabilities of 1012 m? (k,) and 10*° m? (k,), (Modified

from Hughes et al. 2015).

_ Predicted Conductor Predicted Surface
Solid Thermal| o ., Temperatures (°C) Temperatures (°C)
Conductivity,

1 a1y | Depth(m) | |EC, FEM FEM IEC, FEM FEM
s (Wm'K™)
ky ks ky ky ky ka
1 0.5 69.2 71.3 55.1 53.8 55.5 42.9
2 0.5 51.5 53.5 493 40.1 41.6 38.3
3 0.5 442 46.1 447 34.4 35.9 34.8
1 1 82.5 84.2 54.5 64.2 65.5 42 4
2 1 59.2 61.1 50.6 46.0 47.5 39.4
3 1 497 515 47.3 38.7 40.1 36.8
1 2 95.7 97.1 53.9 744 75.5 41.9
2 2 66.9 68.7 50.4 52.0 53.4 39.2
3 2 55.1 56.9 47.9 429 443 37.3
1 5 113.0 113.6 53.2 87.9 88.4 414
2 5 77.0 79.3 49.8 59.9 61.7 38.7
3 5 62.2 64.4 47.7 48 4 50.1 37.1
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(b) Cable insulation and life-span
The reduced cable temperature resulting from significant convection heat
transfer and the operation of cables below their design temperature limits will
decrease the thermal degradation rate of HV cable insulation. This would also
increase the cable life span (Pacheco et al., 2000) because the accelerated
aging and life span of dielectric insulation material of cables depends on

cable temperature.

(c) Cable manufacturing costs
The temperature within HV cables and its conductor(s) cross-sectional area
are inversely related. Thus HV cables buried in convective sediments with
higher heat dissipation rate and resultant cooler cable temperature would
require a reduced conductor cross-sectional area to transmit a given amount
of current. This will lead to reduced manufacturing cost of sections or entire
cable link. Thus, it's important to take into account the above stated
implications of convection heat transfer during the design and manufacturing

stage of submarine cables.

(d) Cable burial approaches and route plan
Continental shelf sediments are widely variable and dynamic along a typical
cable route (van Landeghem et al., 2014) and submarine cable burial depth
can change by up to approximately 5 m within less than a year (Mole et. al.,
1997). However, submarine cables are currently buried with little
knowledge/consideration of the surrounding burial sediments and their

impacts. Results from Hughes et al., 2015 shows that burial depth of
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submarine cables can also influence their thermal state. Also as outline
earlier, there are massive contributions and benefits for cables buried along
convective sediments. Thus, it's important to consider the surrounding
seabed dynamic nature and sediment types/properties during the cable route
planning phase. Though it may be relatively costly initially, but could later
prove cost effective, if during cable burial operations, high permeable
convective sediments are artificially introduced and buried together with HV
cable along the entire cable route. Alternatively and where possible, alter the
planned cable route to follow seabed sections with higher permeable

sediments.

(e) Varying surrounding thermal conductivity
Each HV cable has an estimated current rating that stipulates the maximum
amount of current that can be safely transmitted to allow HV cable remain
below its temperature limit and avoid damaging its insulating components.
The IEC 60287 standard approach for calculating this current rating involves
estimating the thermal conductivity of the surrounding sediments and
assumes homogenous burial sediments along cable routes. However,
continental shelf sediments are variable with corresponding marked
variability in their sediment thermal properties, as shown in Chapter 5.
Sediment thermal conductivities are about twice as high for sand than for
mud. Thus, the IEC 60287 standard may not be appropriate for rating cables
buried within marine sediments and could be significantly underrating
submarine HV cables. This will also have further allied implications on the

ampacity and insulating materials degradation rates of HV cables.
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(f) Surrounding biological and geological changes

Over 1 m above the heat source, the surrounding sediments temperature for
convective sediments are up to ~10 °C above ambient. This clearly exceeds
the 2 °C threshold at 20 cm burial depth stipulated by the environmental
regulations of the German Federal Maritime and Hydrographic Agency
(BSH). Also this anomalous high temperatures means sediments will endure
temperature conditions typically reached at ~ 2.8 km burial under normal
geothermal gradients. Thus, benthic organisms which are sensitive to even
minor variations in the ambient seabed temperature may be impacted. Also
the heated pore fluids and their associated movements during convection,
could lead to physical, geochemical and diagenetic reactions and changes

within the surrounding sediments.
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6.3 Future Research

6.3.1 2D Mixed Sediments Investigations

The presented 2D experiments only considered homogenous burial sediments for
each set of experiment runs with varying cable surface temperatures. Thus,
investigation are restricted to the thermal regimes around cables buried within
homogeneous coarse silt sediments with low permeability, homogeneous fine sand
sediments with medium permeability and homogeneous very coarse sand
sediments with high permeability. It will be interesting to expand this research to
investigate the surrounding burial thermal regime of mixed sediments and with
particular interest of mixed natural sediments — mixed coarse silt, fine sand and very

coarse sand.

Results from the current completed experiments and numerical models would permit
a confident prediction, that the bulk permeability of the resultant sediment mixture
will have strong influence on the heat flow mechanism depending on the space of
cable temperature and permeability (see Figure 3.16). However, the resultant mixed
natural sediment will have a wider grain size distribution (silt to very coarse sand)
and very irregular grain shapes that will cause “dead end” and “bypassed” flow
channels, which will eventually act as buffers to heated pore fluids movements,
particularly during convection. This could affect the heat flow mechanism regardless

of the mixed sediment bulk permeability and cable surface temperature.
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6.3.2 3D Experiments and Simulations

The presented experiments and numerical models are based on 2D setups due to
time, practicality and mainly financial constraints. Thus with industrial collaboration
and partners, an ideal future research route of expanding on the already completed
researches is to carry out detailed 3D experiments and 3D numerical modelling of

the surrounding submarine HV cables environments.

However, the 3D experiments will require using an actual short section of submarine
cable for better replication of cable in situ conditions rather than using analogue heat
source. This will be a very big challenge to develop and instrument the experimental
set-up with power source and data loggers. As it will require constructing a massive
internal laboratory tank or alternatively an external open trench with dimension of
about 100 m long, 5 m wide and 10 m deep as well as capable of holding large
quantity of water above the buried cable section for simulating the power of the sea.
A more sophisticated approach will also be required to instrument more than 2000
thermocouples for measuring the full 3D and out of plane heat generated along and
around the actual cable length. It will take a longer time for each 3D experiment run
to reach equilibrium heat flow state compared to the ~ 6 days that was required for
the 2D experiments. There will also be the vital challenge of insulating the massive

3D experiment tank.

If the above-described challenges are resolved, this approach will be capable of
providing detailed understanding of the complete 3D heat flow pattern around buried
submarine HV cables. The 3D experiments will allow altering the setup to investigate
different burial scenarios such as incorporating trench sections with varying

sediment permeability, varying depth of cable burial and detailed mixed sediments
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experiments. The 3D experiment set-up will also permit investigation of the various
thermal implications of buried submarine HV cables, such as: the convection cooling
effect on internal cable conductors, current ratings, ampacity and cable insulation
degradation rates. Investigate the impact on sediments grain movements
(macroscopic or microscopic), biological and geochemical changes of the

surrounding burial sediments.
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Figure Al: 2D experimental tank (height: 2.5 m, width: 2.0 m and thickness: 0.11 m)

with an inserted heat source (Figure A2), designed as a proxy to a buried sub-
seafloor HV cable. The tank is constructed from 2 cm thick Perspex, reinforced with
steel bars. The vicat softening temperature, coefficient of thermal expansion and
thermal conductivity of the Perspex are 110 °C, 7x10° K1, and 0.2 Wm? K,
respectively. The tank is open at the top and has integrated outlets at the base to
allow in-fill and removal of sediments and water. Three layers of 10 cm thick
Celotex™ TA4000 insulation sheets with thermal conductivity of 0.022 Wm- K-
each and low emissivity aluminium foil facings on both sides, providing high
performance insulation and are directly attached to the external sides of the tank to

limit heat loss through the Perspex sides.
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Figure A2: Uniquely built big tank heat source construction phases and modelling.
A to D shows the stages involved in the actual heat source construction. This
involved coiling a heating rod inside a drilled out cavity at the middle of the
aluminium heating block (A), initial testing (B), heat source side covering
construction to prevent water ingress and final testing after assembling all the heat
source components together. Initial modelling results using three small cartriges
approach (M1) and the constructed heat source (M2). The heat source was
constructed using an INC800 heating element (Length: 2.44m and Loading Watt:
2000) that is tightly coiled inside a drilled cavity in the middle of a cylindrical
aluminium block (radius: 0.11 m and thickness: 0.10 m), providing a good thermal

contact.
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Figure A3: Flow chart of the developed 2D lab experiment procedure and equipment

set-up.
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Table Al: Statistical formulae used in the calculation of grain size parameters, and
suggested descriptive terminology. f is the frequency in percent; m is the mid-point
of each class interval in metric (m,,,) or phi (mg) units; P, and @, are grain diameters,

in metric or phi units respectively, at the cumulative percentile value of x.

(a) Arithmetic Method of Moments

Mean Standard Deviation Skewness Kurtosis
%, = 2y [, -%? sk, = = (M = %,)’ K, = 2 (M ~%)*
100 2 100 1000,° 1005,

(b) Geometric Method of Moments

Mean Standard Deviation Skewness Kurtosis
. :epof Inm,, B f(Inm, —Inx,)? o _Zf(nm, -Ink,)® K _sf(nm, -Inx,)*
s 100 Og =X\ —— 7 g 3 g 4
100 100Ingo, 100Ino,
Sorting (og) Skewness (Skg) Kurtosis (Kg)
Very well sorted <1.27 Very fine skewed <71.30 Very platykurtic <1.70
Well sorted 1.27 -1.41 Fine skewed "1.30 -0.43 Platykurtic 1.70 - 2.55
Moderately well sorted 1.41-1.62 Symmetrical 0.43-70.43 Mesokurtic 2.55-3.70
Moderately sorted 1.62-2.00 Coarse skewed *0.43-71.30 Leptokurtic 3.70-7.40
Poorly sorted 2.00-4.00 Very coarse skewed >"1.30 Very leptokurtic >7.40
Very poorly sorted 4.00 - 16.00
Extremely poorly sorted > 16.00
(c) Logarithmic Method of Moments
Mean Standard Deviation Skewness Kurtosis
_ _fm, Sf(m, —X,)? _xf(m,-X,)° _xf(m,-%,)*
X P i e L Sk, = ———5"— Ky=—-"—7"—
100 ¢ 100 1000, 1000,
Sorting (o) Skewness (Sky) Kurtosis (K,)
Very well sorted <0.35 Very fine skewed >"%1.30 Very platykurtic <1.70
Well sorted 0.35-0.50 Fine skewed "0.43-71.30 Platykurtic 1.70 - 2.55
Moderately well sorted 0.50-0.70 Symmetrical "0.43-70.43 Mesokurtic 2.55-3.70
Moderately sorted 0.70 -1.00 Coarse skewed 0.43-"1.30 Leptokurtic 3.70-7.40
Poorly sorted 1.00-2.00 Very coarse skewed <71.30 Very leptokurtic >7.40
Very poorly sorted 2.00-4.00
Extremely poorly sorted >4.00
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Table A2: Size scale adopted in the GRADISTAT program, modified from Udden

(1914) and Wentworth (1922).

Gran Size Descriptive term
phi min
VeryLarge !
-10 1024
Large
-9 512
Medium } E aul der
-8 236
Small
-7 128
Very small
-§ G4 — 4
V ery coarse
-5 32
Coarse
-4 15
Medium :> Gravel
-3 8
Fine
-2 4
Veryiine
-1 2
WV ery coarse A
0 1
microns Coarse
1 500
Medium 'r}_ Sand
2 230
Fine
3 125
Veryfine
4 63 ;
WV ery coarse K
5 531
Coarse
5 15
Medium } Silt
7 8
Fine
8 4
Veryiine
9 2 4
Clay
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