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Abstract. The admissible current within a buried electrical power cable is limited by the maximum allowed
temperature of the cable (Joule effect). The thermal properties of the surrounding soil controls heat dissipation around
the cable. The main focus of the study was to evaluate the coupled heat and moisture flow around such buried
electrical cables. The heat dissipation of a buried power cable was simulated in the surrounding soil at unsteady
conditions. The hydro-thermal coupling was modelled by taking into account the moisture flow of liquid water and
vapour, and the heat flow in the soil by convection and advection. As the thermal vapour diffusion enhancement
factor (K appears to be a key parameter, the sensitivity study of the coupled heat and moisture flow in the ground
regarding this parameter was performed. The variations of the degree of saturation and the temperature of the
surrounding soil were studied over 180 days of heating. The results showed that the moisture flow was mainly caused
by the vapour transport under temperature gradients. These results emphasized the significant effect of the
hydrothermal characteristics of surrounding soil. The radius of influence of the power cable was also evaluated.

1 Introduction pressure head and soil temperature gradients. The water
vapour flux under thermal gradients is an important part
Nowadays, new electrical power lines are generally of water flow in soil. Philip and De Vries [11] also added
buried to limit their impact on landscape. When a buried 3 mechanistic enhancement fact#y ifto the equation of
electrical power cable passes the current, the conductothermally induced water vapour flow to consider the
heats and releases calories (Joule effect). The admissibles LVFUHSDQF\ EHWZHHQ WKH SUHGLFW
current of buried electrical cables is limited by the |aw and the measured water fluxes [12, 13]. Despite the
maximum allowed temperature of the cable. Low thermal jmportance of K in modelling of coupled heat and
conductivity prevents heat dissipation in the ground, andmoisture flow, few works have been focused on
thus the cable temperature increases. It is essential t@valuating it experimentally and quantitatively [Z].
ensure effective dissipation of this energy to avoid The available results showed that this parameter is not a
excessive heating of the cable that could lead to itsconstant and depends on water content and temperature
rupture. variation. Other authors proposed empirical modifications
The study of the heat dissipated from the cable in thefor this parameter to improve its agreement with the
surrounding soil has been the subject of many wfitks  observed experimental measurements [18, 19].
10]. Previous works focused on the thermal behaviour of | this study, the heating of a buried electrical cable
cable backfill materials, the ampaCity of Cables, the effectwas simulated. The hydrotherma| Coup"ng was modelled
Of the insta”ation geometry inCluding the dimensions Of tak|ng into account the moisture flow in the form of
the trench, cable location and diameter, the thermaljiquid water and vapour, and the heat flow by convection
properties of the surrounding soils, the seasonal variatiorand advection by the mean of PLAXIS®. The objective
of temperature, etc. Nevertheless, in our knowledge thewas to quantify the effect of the thermal vapour diffusion
coupling between thermal and hydraulic phenomena wasenhancement factor (mechanistic enhancement fadtor),
not considered. The moisture flow induced by thermal o the thermal and hydraulic behaviour of the
gradient and the effect of water content on the thermalgrrounding soil. The theory is first introduced. Then the

conductivity have to be taken into account to evaluate the, merical modelling will be described. The effectskis
coupled heat and moisture flow around such buriednan discussed in a last section.

cables.

Philip and De Vries [11] investigated the coupling
between liquid water, water vapour and heat transport in
soils. They accounted for the fluxes induced by both
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2 Theory water and the volumetric thermal expansion of soil
grains, the water mass balance can be expressed as [20]:

, , . o8 °w,
The moisture transfer in unsaturated soils takes place in «(¢ ’J)* nS U by (1 S) uﬁe/ry

two phases: liquid water and water vapour. The liquid

water flow in unsaturated soils can be described using «( Y 14)— nSUYE, nl S)- r‘“\‘; UU} ;f"T )
Darcy's law by replacing the saturated permeability with “ WRI™ 2yt
a relative permeability: BY (I S)WU n) 5,@\;, Sav (1 S) U)—W
W, 4 0
k
J v, U—LK' U , .
Lo Gv W P Wey P 1 Where Ep), Eg are the compressibility and
k,, , (1) volumetric thermal expansion of water arfg: is the
MTJK Hg 'p, volumetric thermal expansion of soil grains.

The heat flow by conduction is governed by Fourier's

Where J,, is the flux rate of mass of liquid water
(kg/nfls), p,, is the density of water (kgfn v, is the J, OT (6)
flow rate of water (m/s)k.; is the ratio of the
permeability at a given saturation to the permeability in
saturated state (-)Ris the dynamic viscosity of the water
(N.s/nf), K is the intrinsic permeability of the soil fing
is the gravitational acceleration {is), y is the elevation O nm@Q nSQ n(I )¢ @)
(m) andp,, is the pore water pressure (Njm
The diffusion of water vapour through the soil, based  \ypere Q Q Q are the solid, the water and the
on Fick's law can be written [11]: vapour thermal conductivities. By calculating the thermal
J, a’ U ©) conductivity of the porous medium .with th(_a gquation (7)_
the effect of the degree of saturation variation (e.g. soil
drying) on this parameter is taken into account.
where J, is the flux rate of mass of water vapour Heat flow by advection is given by:
(kg/n/s), a is the air-filled porosity (fim®), Dis the
tortuosity (-),D is the diffusivity of water vapour in air, S pty :
(m?/s) andp, is the densityf water vapour (kg/f). Law CTL C“’Tq©Pi( P Y8, ®)
The water vapour flow can be expressed as:

The thermal conductivity of the porous mediui®,
could be expressed as:

8§ K§ W, Up, . WhereC,, is the water speci_fic heat capacity. _
© W QR : The energy balance equation for the porous medium
J, DY D~ 5 . ; can be written as follows:
© ©YRT 1p"’ 1 ©) —":/(ns Ye, n(I S) e, (I n) Lk, 9
§V\IJS UPH .‘T § [Jpw 7p Y !(J J) Q ()
@ W UYRT’ i ©URT i7" RS Sed =T

Lo Dy'T D,'p, Where ¢,,, e, and ¢, are the internal energy in the
water, vapour and solid phases, respectively@nis the
Where p,s is the saturated water vapour density heat source term (i.e. heat generation rate per unit
(kg/m®) and &, is the relative humidity (-),7 is the volume). The left-hand side of this equation could be
Temperature (K), R is the specific gas constant for waterreplaced byﬂ W, where W, the heat capacity of the

vapour, D is the hydraulic vapour diffusion coefficient,
D_is the thermal vapour diffusion coefficient ariis

the thermal vapour diffusion enhancement factor. @ (I ntL, nSYC, n( S)LLC, (10
The water mass balance is given by this equation:

porous medlum is equal to:

WhereC,, C,, andC. are the solid, the water and the

1—(Sl/ Id Y Sy (1 S) IJ)«\AH L nw* gas specific heat capacities.
Swovowio @ Expanding the right-hand side of the equation (9) and
. L) adding a term to take into account the heat transfer at the

surface in contact with the air, the heat balance equation

Wheren is the porosity of porous mediurfi,is the can be written as:
degre_e of saturatiom;,_,, is th(_e soil grains de_nsity (kghn e (o ye, «,e, N (Cp, Ug) ‘; T
ande, is the volumetric strain. After expansion of the left- w -P— 2 (11)
hand side of this equation by integrating the o7 S A ) c.r T) 0
compressibility and volumetric thermal expansion of e, CoP— p. g 31}4 o Cu “
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WhereT, is the air temperaturek] and C,, (W/m’K) 3.2 Material properties
is the convective heat transfer coefficient at the surface in

contact with air. The thermal, hydraulic and hydrothermal properties of

the surrounding soil are presented in Table 1. For the
surrounding soil, a silt loam clay, the Van Genuchten
model was used for the soil water retention curve

The equations described is previous section have been
implemented and released in the finite element code
PLAXIS 2D [20]. Thermal module of this code offers a

3 Numerical modelling

Table 1. Thermal properties of the materials of the surroun
soil.

coupling between the thermal phenomena. This code wag Propert Value
used to simulate the hydrothermal behaviour of a trench perty
and the surrounding soil when the power cables were the Thermal C; (kI.K) 2000
heat sources. In this section, first the modelled trench is Ay (W/m.K) 2.5
described. Ther;1 the different material charactTri'stics are| », (kg/m3) 2700
presented and the boundary conditions are explained. Hydraulic (D) (m2/day) 0.1033
K land5
3.1 Model description Hydraulic e = K (m/day) 0.1676
To study the heating of the soil surrounding a buried Sees(-) 0.06203
electrical cableit was decided to model the standard Ssat (%) 1.00
configuration for a typidaburied electrical system. The 3 1377
trench is 1.50 m in depth and 0.60 m in width. Three- Gn '
phase electric power cables are buried next to each other. 9a () 3.83
The diameter of the cable is 86.6 mm. Concrete is g () 1.25

installed around the cables to ensure mechanical stability

of the cables after installation. Compacted soil is then  The diffusivity of water vapourZt,) is obtained with:
installed above the concrete. Most of the time, the
trenches are done under existing road, the top material of
the trench was thus an asphaltic layer. Figure 1 shows the
sketch of the trench in the surrounding soil, which was  \wnere 4 is the air-filled porosity (Him®), Dis the

modelled in the framework of this study. Thus tortyosity (-) andD is the diffusivity of water vapour in

D, aD (12

4 materials, plu§ the cables, were defined: air, (m?/s). The tortuosity[) is described as a function of
xmaterial 1. asphaltic concrete + base, the volumetric water contenfl[21] with:
xmaterial 2: sub-base,
xmaterial 3: concrete, D (n 7;% (13)

xmaterial 4: surrounding soil.
Thanks to the symmetry, the modelling was done only for
the half of the trench relative to the Y axis. The mesh was  Therefore, for a soil with the porosity)(= 0.3 and
automatically generated and the geometry was dividedthe air-filled porosity ¢) = 0.15 and the volumetric water
into 15-Node triangular elements with a refinement in the content (J = 0.15, the tortuosity ) was equal to:
trench. Figure 1 shows the mesh that contains 1987 nodesy (j 3 0_15)% 0.28
and 16199 elements. The results of the preliminary
studies showed that for the dimensions equal to 10 m, the  The diffusivity of water vapour in aif)) is expressed
as a function of temperature (Kelvin) [22] with:

1.75

D 229u0’ T (14

273.15

Assuming that the soil temperature changes between

12 and 60 °C (i.e. the maximum allowed temperature of

1 the cable) the mean temperature was 36 °C and the
diffusivity of water vapour in air is:

D 229 w0 30915/ ' 284 w0 mils 246m’ | day

The diffusivity of water vapour is:

D, a® 0.5 W28 w46 0.1033m’/ jour -

Thermal vapour diffusion enhancement factds,
> 10m varies between about 1 and 15 depending on the

Figure 1. Geometry and meshing of the modelled trench. ~ Volumetric water content and temperature [14-223.
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This dependence was not considered explicitly by the4 Sensitivity study for K values of the

model. A constant value oK was thus set for each surrounding soil

simulation. To account for the dependencykadn water

content, the value olKwas assumed equal to 1 and 5 The thermal vapour diffusion enhancement factdj (

corresponding to dry and moderately humid soil initial varies with the variation of the water content. To quantify

conditions respectively. Using the same initial degree ofthe effect of the variation of this parameter on the

saturation permitted to study explicitly the effect §bn moisture and heat transfers, two models were compared.

the results. The initial conditions, boundary conditions and material

] ) i characteristics were identical for the two models and the

The thermal properties of the different materials of oy gitference was thekvalue of the surrounding soil.

the trench are presented in Table 2. The hydraullcFOr one modelKwas equal to 1 (dry soil), and for the

properties of these materials were not taken into account it was equal to 5 (moderately m(;ist soil). The

in order to focug the gtudy on the hydrothermal behaviourheatir’]g period was fixed to 180 days.

of the surrounding soil. The degree of saturatios)(after 180 days of heating for

the two values ofKis presented in Figure 3. In order to

- focus on the soil behaviour in the vicinity of the trench,

Material 1: , , the profiles are shown for 5 m in each direction from the

asphaltic  Material 2:  Material 3: centre of the trench. We can see in this figure the

Table 2. Thermal properties of the materials of the trench.

Property

concrete + sub-base concrete " . .
base variation of the profiles of the degree of saturation as a
result of heating. The maximal drying was occurred at the
C: (KILK) 960 1500 900 interface soil-concrete and the final degree of saturation

A; (W/m.K) 1.95 1 12 was 48.3% and 38.9% fdkequal to 1 and 5 respectively.
The global drying compared to the soil-atmosphere
interface is related to the evaporation imposed at this
boundary, letting moisture transfer to the outside of the
The initial conditions consisted of a homogeneous system (0.5 mm/day). Approaching the water table (4 m
temperature of 12 °C (285.15 °K) and the water table of depth) the heating effect on the degree of saturation
depthat 4 m below the surface (Figure 2). The boundary decreased.

3.3 Initial and boundary conditions

conditions (hydraulic and thermal) were applied to each water flux : Outflow = 0.5 mm/day .
H . heat flux : convectiveheattransfer, C,; = 28 W/ntK
side of the model. Along the axe OY, the water flux was l 1 and 7, = 203.1°K = 20°C

closed (Neumann boundary condition) and the
temperature could change (Dirichlet boundary condition).
For the right side boundary, the water and heat fluxes
were open. For the bottom, the water flux was allowed
and a constant temperature was imposed (285.15 °K). For
the top boundary, the heat transfer at the surface in
contact with the air was allowded by imposing the air
temperature equal to 20 °C (293.15 °K) and definihg
(W/m’K), the convective heat transfer coefficient at the
suface in contact with air [26] (convective boundary
condition):

Heat flow : 55 W/nv

heat flux : open
water flux : close
heat flux : open
water flux : open

C, 72 38 (15)

as

heat flux : T constant = 285.1°K = 12°C
water flux : open

Whereo is the wind speed (m/s). The wind speed was
considered equal to 20 km/h (= 5.56 m/s) as reference, Figure 2. Model boundary conditions.

C,, was:
To study the radius of influence of the power cable,

C, 72 38wW.56 28WImK the degree of saturatios)(after 180 days of heating is
drawn throughout the dotted red line in Figure 4. The
The evaporation in the interface ofilsatmosphere initial degree of saturation was 80%. At the contact with
was simulated by a Neumann boundary condition with athe trench,S decreased to 48.9% foK = 1 while it
flux equal to 0.5 mm/day. The heating was modelled by decreased to 39.5% foK= 5. The larger decrease with
imposing a heat flux equal to 55 WinTrhis flux was k= 5 is related to the role of this parameter in vapour
imposed in the interface between the cables and theansfer: Increasingk accelerates the transfer of vapour
concrete. resulting in a greater drying of the soil on one hand and a
larger radius of influencen the other hand. The radius of
influence is about 1.60 m foK= 1 but it is about 3 m for
K = 5 (in addition to general drying caused by
evaporation at the soil-atmosphere interface).
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Figure 3. Degree of saturation after 180 days of heating:
(a) K=1; (b) K=5.
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Figure 4. Degree of saturation after 180 days of heating
throughout the dotted red line.

Figure 6 shows the temperature as a function of
distance from the cable after 180 days. The heat

propagation is almost the same. The maximal temperature

was 49.5 °C and 48.3 °C fdf= 1 andK= 5 respectively.
In order to study the kinetic of the temperature and

degree of saturation variations, these parameters are

drawn as a function of time for the point located at the
right bottom of the trench (0.30,-1.50) (Figure 6). For
temperature, the variation is identical in the first 25 days
and then there is a small difference between two curves
reaching 1.3 °C of difference after 180 days with 31 °C
for K= 1 and 29.7 forK= 5. For degree of saturation,

when K= 5 there was an important decrease for the first

10 days and it was stabilized after 120 days. WHKert,

the decrease df in the first days was less important than
that of K= 5 but it continued to decrease with almost the
same rate until 50 days. After 180 days it was not
completely stabilized. The dependences afariation to K

is related to the diffusion of water vapour through the soil
under thermal gradient (equatio(8)). The thermal
vapour diffusion coefficientDTv, depends also ofKand

the increasing ofKincreases this parameters. The higher
the value ofD_, the higher the vapour transfer induced

by temperature gradient. Consequently the decrease of
the degree of saturation is more important, and the soil
will be drier in that case.
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Figure 5. Temperature after 180 days of heating: K&)1;
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Figure 6. Temperature and saturation as a function of time for
the point located at the right bottom of the trench.
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5 Conclusion

10.

The main objective of this work was to highlight the
coupled heat and moisture flows around a buried
electrical cable and quantify the effect of thermal vapour

diffusion enhancement factor on this behaviour. The key11.

parameters of this modelling were on one hand, the
conventional parameters (the thermal conductivity,
thermal capacity, retention curve and the permeability

coefficient) and the diffusivity of water vapoup,j and 12.

on the other hand the thermal vapour diffusion
enhancement factori. The increase ofKresulted in a

more significant drying and in a less important and 13.

slower temperature increase. This shows the high effect
of transfer in vapour phase in the soil surrounding buried

electrical cables. We observed also the dependence of the4.,

influence radius to the values df In this study, the
energy used to evaporate water and the heat transported

by vapour are not considered. Taking into account this15.

part of energy balance by using the evaporation heat
latent of water in the equations will increase the heat.
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