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Pipe cable is considered as an important form for underground transmission line. The maximum electrical current (ampacity)
of power cable system mostly depends on the cable conductor temperature. Therefore, accurate calculation of temperature
distribution in the power cable system is quite important to extract the cable ampacity. In the present paper, the fluid flow and heat
transfer characteristics in the pipe cable with alternating current were numerically studied by using commercial code COMSOL
MULTIPHYSICS based on finite element method (FEM). The cable core loss and eddy current loss in the cable were coupled for
the heat transfer simulation, and the difference of heat transfer performances with pure natural convection model and radiation-
convection model was compared and analysed in detail. Meanwhile, for the radiation-convection model, the effects caused by
radiant emissivity of cable surface and pipe inner surface, as well as the cable location in the pipe, were also discussed. Firstly, it
is revealed that the radiation and natural convection heat flux on the cable surface would be of the same order of magnitude, and
the radiation heat transfer on the cable surface should not be ignored. Otherwise, the cable ampacity would be underestimated.
Secondly, it is found that the overall heat transfer rate on the cable surface increases as the cable surface emissivity increases, and
this is more remarkable to the upper cable. While the effect caused by the radiant emissivity on the pipe inner surface would be
relatively small. Furthermore, it is demonstrated that, as cable location in the pipe falls, the natural convection heat transfer would
be enhanced.These results would be meaningful for the ampacity prediction and optimum design for the pipe cable.

1. Introduction

As global economics increase, the demand for electricity
supply increases rapidly [1]. The underground power cable
is considered as one of the most common way to transmit
the electrical power in the city [2, 3]. For electric power
transmission, cable ampacity is quite important for the
cable safe operation, which is defined as the maximum
cable current. The cable ampacity is usually limited by the
cable temperature. When the maximum cable temperature
is higher than 90∘C, the cable working life would be greatly
shortened [4]. Therefore, it is important to predict the
cable temperature precisely to ensure cable work safely and
efficiently.

Theunderground power cable can be divided into directly
buried cable and pipe-type cable. The directly buried cable is
buried in the soil directly, and the heat is mainly transferred

with heat conduction. While the pipe-type cable can be
further divided into pipe cable, trench cable, and tunnel cable,
and the heat can be transferred with heat conduction, natural
convection, and thermal radiation. The traditional method
for calculating underground cable ampacity (IEC standard
[5, 6]) is usually based on the basic heat transfer theory or
empirical experimental correlations. As for heat transfer in
pipe-type cables, the traditional calculation method with IEC
standard would lead to some deviations due to its intrinsic
deficiencies, where more empirical model constants were
needed [7] and the boundary conditions were oversimplified
[8]. With development of computer technology, the numer-
ical simulation method has been widely used to predict the
temperature and ampacity for underground power cables,
especially for directly buried cables. For example, Ocłoń et al.
[9] had numerically studied the heat transfer characteristics
in directly buried cables with multilayer soil, where the
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variation of soil thermal conductivity was considered for
the simulations. It was found that the effect of soil thermal
conductivity on the heat transfer was quite remarkable for
buried cables. Then, in their subsequent study (Ocłoń et
al. [10]), the particle swarm optimization method (PSO)
was adopted to optimize the cable cross-sections, and the
optimum dimensions were obtained. Rerak and Ocłoń [11]
had studied the heat transfer characteristics of directly buried
cables with finite element method (FEM), where the effect
of temperature-dependent thermal conductivities of soil and
backfill material was considered. Naskar et al. [12] had devel-
oped a transient computational code with FEM for three-
core cable, which could predict the transient temperature
distribution in the cable quickly and accurately. In addition,
in the study of Al-Saud [13], the FEM-PSO method was
used to optimize the three-core cable cross-sections, and the
optimum dimensions were obtained. Rasoulpoor et al. [14]
had studied the heat transfer characteristics for buried cables
with unbalanced current by using FEM method. In their
study, the heat source produced by the cable was coupled and
it was found that the cables arranged in parallel form would
have longer working life. The above numerical researches
were mainly focused on the heat transfer characteristics
for the directly buried cables. As for pipe-type cables, the
heat transfer inside is more complicated, and the numerical
studies are relatively few. Liang et al. [8] had numerically
studied the overall heat transfer performance for pipe cables,
where the heat conduction, natural convection, and thermal
radiation were considered in the simulations. However, in
this study, each heat transfer effect was not analysed and
compared separately. Liu et al. [15] had numerically studied
the heat transfer performance for trench cables with different
Rayleigh numbers. The local Nusselt number in the trench
was analysed and it was found that the heat dissipation rate
was closely related to the cable arrangement. Then, the heat
transfer characteristics for trefoil cables exposed in the air
were numerically studied by Liu et al. [16], where the thermal
radiations between different cables were considered. It was
found that the thermal radiations would have significant
effect on the cable temperature and air velocity distribu-
tions. While, in this study, the eddy current loss in the
cable caused by the alternating current was not considered,
and the effect of cable locations was also not discussed.
Furthermore, Boukrouche et al. [17] had numerically and
experimentally studied the forced convection heat transfer
for tunnel cables, where the effect caused by the distance
between cable and tunnel wall under turbulence condition
was mainly discussed. It was found that when the cable was
close to tunnel wall, the radiation heat transfer would be
enhanced and the convection heat transfer would be reduced.
However, in this study, the natural convection in the tunnel
was not discussed.

Based on the above literature survey, it shows that many
researchers have studied heat transfer performances for
underground cables, especially for directly buried cables.
However, until recently, the related researches for the pipe-
type cables were still relatively few and each effect caused by
the convection and radiation heat transfer on the heat dissi-
pation for cables were still unclear. Therefore, in the present

study, the fluid flow and heat transfer characteristics in the
typical pipe cables were numerically investigated, where the
cable core loss and eddy current loss in the cable were coupled
for the heat transfer simulations. Meanwhile, the difference
of heat transfer performances with pure natural convection
model and radiation-convection model were compared and
analysed in detail. For the radiation-convection model, the
effects caused by radiant emissivity of cable surface and pipe
inner surface, as well as the cable location in the pipe, were
also discussed.The present research would bemeaningful for
the ampacity prediction and optimum design for the pipe
cable.

2. Physical Model and Computational Method

2.1. Physical Model and Geometric Parameters. In the present
study, the length of the cable ismuch longer than its diameter.
Therefore, the heat transfer in the pipe cable would be
simplified as two-dimensional heat transfer model [18, 19].
The physical model of pipe cable and cable structure are
presented in Figure 1. In Figure 1(a), it shows that the pipe
cable consists of a PVC pipe and three single-core power
cables, and the PVC pipe is full of air. In Figure 1(b), it shows
that the power cable consists of cable core, insulation layer,
sheath layer, and external layer. The typical geometric and
physical parameters of the pipe cable are listed in Tables 1
and 2. When the cable is in work, the heat of Joule loss
produced in cable core and eddy current loss produced in
sheath layer is transferred to the cable surface through heat
conduction. Then, the heat is taken away from the cable
surface through natural convection and thermal radiation.
For thermal radiation, the air in the pipe is regarded as a
transmission medium, and both of the cable surface and pipe
inner surface are regarded as diffuse-grey surfaces.

2.2. Governing Equations and Computational Method. In the
present study, the pipe cable is divided into solid region
(cables and PVC pipe) and fluid region (air flow in the PVC
pipe). Then, the heat transfer in the solid and fluid regions is
coupled for the simulations. As for the solid regions, the heat
transfer can be considered as steady heat conduction, and the
governing equations are as follows:

𝜆 ⋅ ∇2𝑇

= {
{
{

−𝑞v, Cable core and sheath layer

0, Insulation layer, external layer and PVC pipe

(1)

where 𝜆 is the thermal conductivity of solid material. 𝑞v is the
heat loss of the cable, which is defined as follows:

𝑞v =

⇀𝐽 
2

𝜎
1

(2)

where 𝜎
1
and ⇀𝐽 are the electronic conductivity and total

current density in the cable, respectively. The total current
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Figure 1: Physical model of pipe cable and cable structure. (a) Physical model of pipe cable. (b) Cable structure.

Table 1: Typical geometric parameters for pipe cable.

𝐷 [mm] 𝛿 [mm] 𝑑c [mm] 𝑑
1
[mm] 𝑑

2
[mm] 𝑑

3
[mm] 𝑑s [mm]

620 10 150 60.4 120 140 75

Table 2: Typical physical parameters for pipe cable.

Pipe cable Material Thermal conductivity
[W/(m⋅K)]

Electronic
conductivity [S/m]

Relative dielectric
constant

Cable core Copper 400 5.998 × 107 1.0
Insulation layer XLPE 0.286 1.0 × 10−15 2.5
Sheath layer Aluminium 238 3.774 × 107 1.0
External layer Polyethylene 0.280 1.0 × 10−15 2.5
PVC pipe PVC 0.167 1.0 × 10−16 1.0

density consists of source current density ⇀𝐽 s and eddy
current ⇀𝐽 e, which are defined as follows:
⇀𝐽

= ⇀𝐽 e

+ ⇀𝐽 s
{
{
{

⇀𝐽 s > 0 (⇀𝐽 s = −𝜎
1
∇𝜑) , Cable core

⇀𝐽 e = 0 (⇀𝐽 e = −𝑗𝜔𝜎
1

⇀𝐴) , Sheath layer

(3)

where ⇀𝐴, 𝑗, 𝜔, and 𝜑 are the magnetic vector potential, unit
of complex number, angular frequency, and electric scalar
potential, respectively.

As for the fluid region, the air flow can be considered
as the steady laminar natural convection inside, and the
governing equations for the mass, momentum, and energy
are as follows:

Continuity is

∇ ⋅ ⇀V = 0 (4)
Momentum is

⇀V ⋅ ∇⇀V = − 1
𝜌f

∇𝑝 + ]f∇2⇀V + 𝛽 (𝑇 − 𝑇
0
) 𝑔 (5)

where ⇀V is the velocity vector. 𝜌f is the air density. ]f is
the kinetic viscosity of air. 𝛽 is the volumetric expansion
coefficient of air.

Energy is

𝜌f𝑐p (⇀V ⋅ ∇𝑇) = 𝜆f ⋅ ∇2𝑇 (6)

where 𝜆f is the thermal conductivity of air. 𝑐p is the specific
heat at constant pressure of air.

The boundary conditions are set as follows:

−𝜆
1

𝜕𝑇
𝜕𝑟 = ℎ

1
(𝑇 − 𝑇

∞
) PVC pipe out surface

𝜆
1

𝜕𝑇
𝜕𝑟 = ℎ

2
(𝑇 − 𝑇f) +

𝜎
2
𝑇4 − 𝐽

(1 − 𝜀p) /𝜀p
,

𝑢 = V = 0 PVC pipe inner surface

−𝜆
2

𝜕𝑇
𝜕𝑟 = ℎ

3
(𝑇 − 𝑇f) +

𝜎
2
𝑇4 − 𝐽

(1 − 𝜀c) /𝜀c
,

𝑢 = V = 0 Cable surface

(7)

where 𝜆
1
and 𝜆

2
are the thermal conductivities of PVC pipe

and cable external layer, respectively. h
1
is the equivalent heat
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Figure 2: Computational mesh and contact model for pipe cable.

transfer coefficient on the PVC pipe out surface, which is set
as 5 W/(m2⋅K). h

2
and h

3
are the convective heat transfer

coefficients on PVC pipe inner surface and cable surface,
respectively. T

∞
represents the soil temperature, which is

fixed at 293 K. 𝑇f is the air temperature in pipe. 𝜀p and
𝜀c are the radiant emissivity on the PVC inner surface and
cable surface. 𝜎

2
is the blackbody radiation constant. 𝐽 is the

effective radiation.
In the present study, the governing equations are solved

with commercial code COMSOL MULTIPHYSICS, and the
Pardiso solver is employed for the computations. The con-
servative interface flux conditions for mass, momentum,
and heat transfer are adopted at the solid-solid and solid-
fluid interfaces. For convergence criteria, all residuals of the
calculations are less than 10−3.

3. Grid Independence Test and
Model Validations

Firstly, the grid independence test was performed. As pre-
sented in Figure 2, the self-adaptive tetrahedral mesh was
used for the computations. The grids are intensified on the
interface between solid and fluid regions. In order to improve
the mesh quality near the contact points between cable
surfaces or between cable surfaces and pipe inner surface,
according to the report of Bu et al. [20], the cables were
stacked with very small gaps (1.3% 𝑑c) instead of contact
points between each other. In the present work, four sets of
grids were used for the test, where the cable core current
is equal to 1500 A, and the total elements are 9294, 12046,
15762, and 23670, respectively. The test results are presented
in Figure 3. It shows that the grid with total element number
of 15762 is good enough for the test, where the maximum
length of the grid element is 8.1 mm and 0.01 mm for the
main flow andnearwall regions, respectively.Thedeviation of
maximum cable temperature (𝑇max) between grids with total
element number of 15762 and 23670 is less than 1%.Therefore,
similar grid settings to the test grid with total grid number of
15762 were employed for the following simulations.

Subsequently, the computational model and methods
were validated. Since the heat transfer simulations for three-
phase pipe cable is relatively few, in the present study, the
model validations for the heat conduction in the cable under
electromagnetic field were performed first. The heat conduc-
tion in three-phase directly buried cable was validated, and

10000 15000 20000 25000

Grid 4
Grid 3

Grid 2

Total elements number 

Grid 1

324

326

328

330

332

334

T
Ｇ
；Ｒ

(K
)

Figure 3: Grid independence test.

results were compared with those as reported by Dai et al.
[21] and Hu [22] and calculated with IEC-60287method.The
physical model for the validation is presented in Figure 4.
It shows that three-phase cables were parallel buried in the
soil with distance of 0.2 m from each other. The distance
from cable centre to the ground is 1 m. The convection heat
transfer coefficient on the ground surface is 14.74 W/(m2⋅K),
and the air temperature is kept at 281 K. Furthermore, the
soil far away from the left and right sides of the cables is
considered to be adiabatic, and the temperature of the soil far
away from the bottom of the cables is set as 281 K. Typical
cable geometric and physical parameters for the validation
are listed in Table 3, and the thermal conductivity of soil is
set as 1 W/ (m⋅K).The computational results are presented in
Figure 5. It shows that the maximum temperature of three-
phase cable can agree well with those reported by Dai et al.
[21] and Hu [22] and calculated with IEC method, where the
maximum deviation of 𝑇max is less than 4%. Therefore, the
present computational model and methods would be reliable
for the simulation of heat conduction in the cable under
electromagnetic field.

Then, the natural convection heat transfer together with
thermal radiation in a square cavity was validated and the
results were compared with those as reported by Ridouane
et al. [23]. The physical model for the validation is presented
in Figure 6. It shows that the bottom wall of the cavity is
the hot wall and the temperature is fixed at 298.5 K. The
top wall of the cavity is the cold wall and the temperature
is fixed at 288.5 K. Two side walls are set as adiabatic and
all the cavity walls are regarded as diffuse-grey surfaces.
The computational results are presented in Table 4. It shows
that the Nusselt numbers for the natural convection, thermal
radiation, and total heat transfer on the top wall can agree
well with those of Ridouane et al. [23]. The maximum
deviation is 13.05%, and most of the deviations are less
than 4%. Therefore, the present computational model and
methods would be reliable for the simulation of natural
convection heat transfer in a cavity coupled with thermal
radiations.
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Table 3: Physical parameters for validation model (Dai et al. [21], Hu [22]).

Geometric dimensions [mm]
Thermal

conductivity
[W/(m⋅K)]

Electronic
conductivity

[S/m]
Radius of cable
core 15.1 400 5.998 × 107

Radius of
insulating layer 22.4 0.286 1.0 × 10−15

Thickness of sheath
layer 2.0 160 3.774 × 107

Thickness of
external layer 5.5 0.167 1.0 × 10−16
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Cable core current (A)
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Figure 5: Computational results for model validation.

4. Results and Discussion

4.1. The Electromagnetic Loss in the Pipe Cable. Firstly, the
electromagnetic loss in the cable with alternating current is
analysed. In the present study, the imbalance effect caused

Radiation

g
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Radiation

H

L





T＃=288.5K

T（=298.5K

Figure 6: The physical model for validation in Ridouane et al. [23].

by three-phase currents was not considered [4, 9, 19], and
the current is kept the same for each cable. The current
distribution in the cable is presented in Figure 7. It shows
that when alternating current is applied to the cable, the
induced current would be produced in the cable core due
to the variation of magnetic field surround the conductor,
which would lead to inhomogeneous current distribution in
the cable core cross-section and the skin effect appears. Due
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Table 4: The comparison of results between present study and Ridouane et al. [23].

Results 𝑅𝑎 𝜀 𝑁𝑢conv 𝑁𝑢rad 𝑁𝑢tot

Ridouane et al. [23]
106 0.5

6.267 6.599 12.866
Present simulation 6.353 6.812 13.165
Deviation 1.37% 3.23% 2.32%
Ridouane et al. [23]

4 × 105 1.0
4.722 11.462 16.183

Present simulation 5.338 11.883 16.800
Deviation 13.05% 3.67% 3.81%
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Figure 7: Current distributions in the cable core and sheath layer.

to the skin effect, the current would concentrate near the
cable core surface, which would lead to the increase of cable
resistance. Meanwhile, the induced current will form a closed
loop in the sheath layer, and the eddy current loss would be
produced inside.

The cable electromagnetic loss includes conductor loss
produced in the cable core and the eddy current loss pro-
duced by induced current. The distribution and variations of
electromagnetic loss in the cable are presented in Figure 8.
From Figure 8(a), it shows that the heat loss in the cable
core is inhomogeneous, which increases gradually along the
radius direction and reachesmaximum value at the cable core
surface.This is consistent with the phenomenon of skin effect
in the cable core. Meanwhile, in the sheath layer, the eddy
current loss would be produced due to the inducted current.
Furthermore, from Figure 8(b), it shows that both the cable
core heat loss and eddy current loss increase as the cable
core current increases and the eddy current loss is relatively
small.

4.2. Heat Transfer Performance in the Pipe Cable with Dif-
ferent Simulation Models. In this section, the fluid flow, heat
transfer, and cable ampacity in the pipe cable were analysed
and compared for the pure natural convection model and
radiation-convection model. The velocity and temperature
distributions of pipe cable with and without thermal radia-
tions are presented in Figure 9. It shows that the air velocity
in the pipe simulated with the radiation-convection model is
obviously lower than that simulated with the pure convection

model. The maximum air velocity is near the lateral sides
of the upper cable for both the simulation models. When
the cable core current is equal to 1500 A, the maximum air
velocity is 0.21 m/s and 0.27 m/s for the radiation-convection
model and pure convection model, respectively. This means
the natural convection in the pipe simulated with the pure
convection model would be higher than that simulated with
the radiation-convection model. Furthermore, it also shows
that the temperature in the pipe cable simulated with the
radiation-convection model is lower than that simulated with
the pure convectionmodel.Themaximum temperature in the
pipe cable is located at the cable core of the upper cable for
both simulation models.When the cable core current is equal
to 1500A, themaximum temperature in the cable core is 315.9
K and 325.0 K for the radiation-convection model and pure
convection model, respectively. This means the overall heat
transfer rate in the pipe cable for the radiation-convection
model would be higher than that for the pure convection
model.

The variations of heat flux on the cable surfaces for the
radiation-convection model are presented in Figure 10. It
shows that the heat fluxes on the cable surfaces increase as
cable core current increases. The radiation heat flux (Φrad)
and convection heat flux (Φconv) on the cable surface are of
the same order of magnitude (Φrad =18.4 W and Φconv = 42.8
W, when the cable core current equals to 1500 A). Therefore,
the radiation heat transfer on the cable surface should not be
ignored.

The cable ampacity is the corresponding current in
the cable core when the maximum cable core temperature
reaches 90∘C (363 K). The variations of the maximum cable
core temperature with and without thermal radiation are
presented in Figure 11. It shows that, with the same cable
core current, the maximum cable core temperature for the
pure convection model is obviously higher than that for
the radiation-convection model. This means, with the same
operation condition, the overall heat transfer rate in the
pipe cable would be underestimated, and the cable ampacity
would also be underestimated. In the present study, the
cable ampacity for the upper and lower cables using pure
convection model are 2339.2 A and 2597.5 A, respectively,
while the cable ampacity for the upper and lower cables
using radiation-convection model are 2749.5 A and 2803.2 A,
respectively. The deviations of cable ampacity using different
models are -14.9% and -7.3% for the upper and lower cables,
respectively. Therefore, when the cable ampacity of pipe cable
is calculated, both the natural convection and radiation heat
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transfer on the cable surfaces should be considered in the
simulation model. Otherwise, the cable ampacity would be
underestimated.

4.3. The Effects of Surface Radiant Emissivity and Cable
Location. Based on above analysis, it shows that both the
radiation and convection heat transfer on the cable surfaces
are important in the pipe cable. Therefore, in this section, the
effects caused by the radiant emissivity of cable surface (𝜀c)
and pipe inner surface (𝜀p), as well as the cable location in the
pipe, were discussed for the radiation-convection model.

The variations of the maximum temperature in the cable
core and heat flux on the cable surface with surface radiant
emissivity are presented in Figure 12. From Figure 12(a), it is
shown that, with the same radiant emissivity of pipe inner
surface (𝜀p), the maximum temperature (𝑇max) in the cable
core decreases as the radiant emissivity of cable surface (𝜀c)
increases, and the effect of 𝜀c is more remarkable on the
upper cable. This may indicate that the overall heat transfer
rate would increase as 𝜀c increases, and the effect of 𝜀c
on the overall heat transfer rate for the upper cable would
be more remarkable. For the upper cable, the geometric
resistance is relative small. Therefore, the effect of the surface
radiant emissivity on the radiation heat transfer would be
remarkable. Meanwhile, with the same 𝜀c, the variation of
the maximum temperature in the cable core is insignificant
as 𝜀p changes. In the present study, the inner surface area
of the pipe is much larger than the cable surface, and the
surface resistance on the inner surface of the pipe is relatively
small.Therefore, the variation of radiation heat transfer in the
pipe cable would be insignificant as 𝜀p changes. In addition,
from Figure 12(b), it would be found that, as surface radiant
emissivity increases, the radiation heat flux (Φrad) on the
cable surfaces increases, while the natural convection heat
flux (Φconv) decreases. Since the cable temperature decreases
as the surface radiant emissivity increases, the air temperature
difference in the pipe decreases and the natural convection
heat flux on the cable surfaces decreases.

The velocity and temperature distributions in the pipe
cable with different 𝑑s are presented in Figure 13, where the
cable location is controlled by 𝑑s as shown in Figure 1(a).
Here 𝑑s is the vertical distance from the upper cable centre
to the pipe centre. From Figure 13(a), it is shown that the air
velocity in the pipe increases obviously as the cable location
falls. When the cable current equals 1500 A, the maximum
air velocity in the pipe is 0.128 m/s and 0.212 m/s for the
case of 𝑑s = 75 mm and 𝑑s = -75 mm, respectively. This
may indicate that the natural convection in the pipe would
be enhanced as the pipe location falls. Meanwhile, from
Figure 13(b), it shows that the temperature difference in the
cable core is relatively small with different 𝑑s. When the cable
core current equals 1500 A, the maximum temperature is
located in the cable core of the upper cable for different 𝑑s
models and the maximum cable core temperature is 317.0 K
and 315.9 K for the case of 𝑑s = 75 mm and 𝑑s = -75 mm,
respectively. As the cable location falls, the natural convection
heat transfer in the pipe increases, while the radiation heat
transfer decreases since the geometric resistance between the
cable surfaces and the pipe inner surface increases.Therefore,
as 𝑑s changes, the overall heat transfer rate in the pipe cable
remains almost unchanged. The variations of heat flux on
the cable surfaces for different 𝑑s are presented in Figure 14.
It is shown that the heat flux on the cable surface increases
as the cable core current increases. The radiation heat flux
(Φrad) and convection heat flux (Φconv) on the cable surface
are of the same order of magnitude (Φrad = 18.4 W and
Φconv = 42.8 W with 𝑑s = -75 mm, when the cable core
current equals 1500 A). Therefore, the radiation heat transfer
on the cable surface should not be ignored. As the cable
location falls, the natural convection heat flux on the cable
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Figure 12: Variations of the maximum temperature in the cable core and heat flux on the cable surface with surface radiant emissivity (cable
core current equals 1500 A). (a) Maximum temperature in the cable core. (b) Heat flux on the cable surface.
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Figure 13: Velocity and temperature distributions in the pipe cable with different 𝑑s (cable core current equals 1500 A). (a) Velocity
distributions. (b) Temperature distributions.
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Figure 14: Variation of heat flux on the cable surfaces for different
𝑑s.

surfaces increases, while the radiationheat flux decreases, and
the overall heat transfer rate in the pipe cable keeps almost
unchanged.

5. Conclusions

In the present paper, the fluid flow and heat transfer char-
acteristics in the typical pipe cables with alternating current
were numerically investigated, where the cable core loss and
eddy current loss in the cable were coupled for the heat
transfer simulations. Meanwhile, the effects of convection
and radiationheat transfer on the cable surfacewere analysed.
For the radiation-convection model, the effects caused by
surface radiant emissivity, as well as the cable location in
the pipe, were also discussed. The main findings are as
follows.

(1) The cable core loss and eddy current loss would
exist simultaneously in the power cable with alternating
current. The heat loss in the cable core is inhomogeneous,
which increases gradually along the radius direction and it
is consistent with the phenomenon of skin effect in the cable
core. Both the cable core loss and eddy current loss increase
as the cable core current increases and the eddy current loss
is relatively small.

(2) The natural convection in the pipe simulated with
the pure convection model would be higher than that simu-
lated with the radiation-convection model, while the overall
heat transfer efficiency in the pipe cable for the radiation-
convection model would be higher than that for the pure
convection model. The radiation heat flux and convection
heat flux on the cable surface are of the same order of
magnitude.Therefore, the radiation heat transfer on the cable
surface should not be ignored. Otherwise, the cable ampacity
would be underestimated.

(3) For the radiation-convection model, the overall heat
transfer rate would increase as the radiant emissivity of cable
surface (𝜀c) increases. The effect of 𝜀c on the overall heat
transfer rate for the upper cable would be more remarkable,
while the effect of the radiant emissivity of pipe inner surface
(𝜀p) is relatively small. Furthermore, as the cable location
falls, the natural convection heat flux on the cable surfaces
increases, while the radiation heat flux decreases, and the
overall heat transfer rate in the pipe cable remains almost
unchanged.

Nomenclature
⇀𝐴: Magnetic vector potential (Wb/m)
𝑐p: Specific heat at the constant pressure

(J/(kg K))
𝐷: Pipe diameter (m)
𝑑
1
: Cable core diameter (m)

𝑑
2
: Insulating layer diameter (m)

𝑑
3
: Sheath layer diameter (m)

𝑑c: Cable diameter (m)
𝑑s: Vertical distance from the upper cable

centre to the tube centre (m)
g: Gravitational acceleration (m/s2)
ℎ
1
: Equivalent heat transfer coefficient on

PVC pipe out surface (W/(m2 K))
ℎ
2
: Convective heat transfer coefficient on

PVC pipe inner surface (W/(m2 K))
ℎ
3
: Convective heat transfer coefficient on the

cable surface (W/(m2 K))
𝐽: Effective radiation (W/m2)
𝑗: Unit of complex number
𝑁𝑢: Nusselt number
𝑁𝑢conv: Nusselt number for natural convection

heat transfer
𝑁𝑢rad: Equivalent Nusselt number for radiation

heat transfer
𝑁𝑢tot: Nusselt number for total heat transfer
𝑅𝑎: Rayleigh number
𝑇: Temperature (K)
𝑇f : Temperature of air (K)
𝑇
∞
: External temperature (K)⇀V : Velocity (m/s)

Greek Letters

𝛽: Volumetric expansion coefficient of air
𝛿: Thickness of PVC pipe (m)
𝜀c: Radiant emissivity on cable surface
𝜀p: Radiant emissivity on the inner surface of PVC pipe
Φ: Heat flux (W)
𝜑: Electric scalar potential (V)
𝜆: Thermal conductivity of solid material (W/(m k))
𝜆f : Thermal conductivity of air (W/(m k))
]f : Kinetic viscosity of air (m2/s)
𝜌f : Density of air (kg/m3)
𝜎
1
: Electronic conductivity (S/m)

𝜎
2
: Blackbody radiation constant

𝜔: Angular frequency (rad/s)
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Subscripts

𝑐: Cable
𝑐𝑜𝑛V: Convection
𝑓: Fuild
𝑝: Pipe
𝑟𝑎𝑑: Radiation
𝑡𝑜𝑡: Total

Abbreviations

PSO: Particle swarm optimization
PVC: Polyvinyl chloride
XLPE: Cross linked polyethylene.
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