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Abstract— This paper reports on a method combining the use
of finite element simulations and external measurements to
provide preliminary condition diagnosis of oil-filled cable sealing
ends (CSEs) without requiring downtime. Good agreement has
been obtained between the predictions from the electric field and
thermal simulations and the measurements on a 132 kV oil-filled
CSE. The electrostatic computation combined with electric field
measurements can provide information regarding the electric field
distribution inside the CSE and help in identifying potential issues
with the CSE design, the materials or the cable termination
process. The thermal computation combined with thermal
imaging can reveal potential problems, such as high resistance
connection to the busbar, and provide information regarding the
cooling efficiency of the liquid dielectric. The method presented
can provide the starting point for prioritizing maintenance
operations on CSEs.

Index Terms— cable sealing end (CSE), cable termination,
condition monitoring, electric field, finite element analysis (FEA),
simulation, thermal imaging.

I. INTRODUCTION

Cable systems have a wide range of potential degradation
modes. Failures can occur due to poor quality or ageing of
the insulation or accessories [1, 2]. Insulation related
degradation can include the existence of voids within the bulk
of the insulation, the presence of contaminants, the existence of
protrusions from the semiconducting screen, and even the
incorrect dimensions of the cable [3]. Operation of the cable
system under abnormal conditions can also cause failure [4].
This can be a result of system protection failure, incorrect
determination of ampacity, or a lack of thermal backfill in the
cable trench [5]. All these issues can potentially cause the cable
to overheat and the insulation to become brittle and eventually
crack [6]. Cables can also fail as a result of mechanical damage
which can be caused either during installation, maintenance or
by other external factors. Another frequent reason for cable
failure is poor workmanship or improper installation of the
cable and its components.

Cable accessories, such as cable terminations and joints, have
a significant impact to the reliability of transmission systems
mainly to the longer repair time of cable connections when
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compared to overhead lines [7, 8]. Of particular interest are the
fluid-filled terminations, also known as cable sealing ends
(CSEs), used to facilitate the connection between a cable and
other electrical equipment. They are constructed by fitting a
stress cone on a prepared cable end. The cable end is then
housed within an insulator, which can be either made out of
porcelain or a composite material. The housing is filled with
insulating oil, usually leaving a small volume empty to allow
for expansion [9]. Although the failure rates of fluid-filled
CSEs compared to other accessories is relatively low [10],
explosive failures have been reported in the past [11] which
have prompted development of solutions to minimize the
potential risks to personnel and equipment [12].

The modes leading to failure of the CSEs are still under
investigation. Generally, cable accessories, such as CSEs, are
potential hot spots in cable circuits therefore temperature
related effects are likely to be involved [13, 14]. The effect of
increased heating due to increased harmonic levels from power
electronic converters has also been investigated [15]. Other
studies have focused on examining the quality of the oil used to
fill the CSEs. They have shown that the evolution of gases from
the oil could increase the risk of internal flashover [16].
Additionally, the ingress of water due to defective O-rings has
been theorized to be a problem [11, 17].

With thousands of high voltage oil-filled CSEs in service in
the United Kingdom, some of them several decades old, it is
important to understand how the CSEs behave under operating
and abnormal conditions. However, to formulate a holistic
view, examination of the components and materials inside the
CSE housing is required. This can be problematic since
appropriate instrumentation including internal sensors is
usually not pre-installed, and the CSEs are usually designed as
‘seal-for-life’ units. Furthermore, retrofitting sensors can be
costly and time-consuming making replacement the most cost-
effective asset management decision.

This paper presents a simulation methodology which can be
used to examine the electric field distribution and the thermal
performance oil-filled CSEs, using a 132 kV oil-filled CSE as
an example. The electrostatic computation examines the
electric field distribution and can pinpoint the areas where the
highest electric field magnitude is observed. The thermal
computation examines how the temperature of the CSE
components changes as a result of Joule losses in the conductor.
Different heat transfer modes are considered, specifically
conduction and radiation. Also, the addition of computational
fluid dynamics allows convection to be included, to take into
account the movement of oil and air inside the CSE. In addition
to the simulations, electric field and temperature measurements
on the outside of two CSEs were performed. The aim was to
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Fig. 1. Cross-section of the CSE model (not to scale) at the vicinity of the cable sheath termination showing the construction of the termination and the materials.

investigate whether external instrumentation combined with the
simulation results can be used to diagnose the condition of a
CSE without downtime.

II. SIMULATION METHODOLOGY

A high fidelity, three-dimensional (3D) model of the 132 kV
CSE was reconstructed in a Computer Aided Design (CAD)
software package using the original mechanical drawings which
date back to 1985. Furthermore, an ex-service CSE was
dismantled and the dimensions measured to verify the accuracy
of the geometry. The model incorporated the majority of the
constituent components of the CSE. These included the
conductor, insulation and sheath of the cable, the stress cone,
the porcelain housing, the grading rings as well as the several
tapes (insulating, semiconducting and metallic) used in the
termination of the cable (Fig. 1). Some minor components of
the CSE were omitted from the model, such as nuts and bolts,
base plates, and support structures, because their impact on the
accuracy of the computations would be minimal.

A. Electric Field Simulation

The CSE is normally connected to a 50/60 Hz AC supply.
Although the electric field is changing with time, the frequency
is relatively low and therefore the field can be treated as
electrostatic. By combining the definition of the electric
potential under static conditions (1) with the constitutive
relationship between the dielectric displacement and the electric
field (2), the electrostatic field in dielectric materials can be
described by equation (3) which is another form of Gauss’ law:

E=-VV (1)
D=¢E+P )
-V-(&,VV-P)=p 3)

where E is the electric field, V is the electric potential, D is the
electric displacement, P is the electric polarization vector, ¢y is
the permittivity of free space, and p is the charge density.
Equation (3) is used by the Electrostatics physics interface in
the AC/DC module of COMSOL Multiphysics [18] which was
used to perform the electric field computation. Since the CSE
components comprise of linear isotropic materials, the
polarization is:

P=¢,yE “)

where y. is the electric susceptibility which is related to the
permittivity of a material, &, , as follows:

e =y, +1 5)
Hence, the constitutive equation (2) can be expressed as:
D=¢c E (6)

From (6) it can be observed that the only material property
required for the electrostatic field computation is the
permittivity. A list of the material permittivities used for the
computation is given in Table I.

The electrically conducting parts of the model were assumed
to be perfect conductors for which the Dirichlet boundary
condition applies:

V=V (7

where V) is a constant.
On all other boundaries, the Neumann boundary condition
applies:
dv
dn
where 7 is the direction normal to the boundary.

In order to make the computation manageable in terms of
memory requirements, simulation space was contained by
placing the CSE model inside a cylindrical domain with a
height of 2.4 m and a diameter of 1.0 m (Fig. 2). To avoid
interference of this artificial domain with the correct
computation of the electric field, an Infinite Element Domain
(IED) node was used. The /ED applies coordinate scaling to a
layer of domains surrounding the encapsulating cylindrical
domain so that it behaves as if it extends to infinity. The
thickness of the /ED layer was set to 0.1 m.

0 ®)

TABLEI
MATERIAL PROPERTIES FOR ELECTRIC FIELD COMPUTATION
Component Material Relj‘m.v?
permittivity

Enclosing domain Air 1.0
Top and bottom rings Brass 1.0
Outer shell Porcelain 6.0
Bonding between rings and shell Cement 2.5
Liquid dielectric Silicone oil 2.7
Stress cone Silicone rubber 2.6
Conductor and metallic tapes Copper 1.0
Cable insulation XLPE 2.3
Cable sheath and conductor stalk Aluminum 1.0
TIG weld Aluminum alloy 1.0
Semi-con tape EPR 20
Self-amalgamating tape EPR 3.0
Heat shrink Rubber 2.3
Sealant Mastic 7.0
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Fig. 2. Meshed computation space for the electric field computation containing
the three-dimensional CSE model (cross-section shown), and demonstrating the
use of the infinite elements domains at the outer edges of the encapsulating
domain.

B. Thermal Simulation

Determining the thermal behavior of the CSE is more
complicated compared to the determination of the electric field
distribution. The CSE comprises of both solid and liquid
materials which behave differently as their temperature
changes. Hence, the Heat Transfer in Solids and Fluids physics
interface in COMSOL Multiphysics [19] was used for the
thermal analysis. Since heat transfer in solids is predominantly
attributed to conduction, this interface solves equation (9),
assuming isotropic materials:

oT
pcpazv-(kVTﬁQ )

where p is the density, C, is the specific heat capacity, T is the
absolute temperature, £ is the thermal conductivity, VT is the
temperature gradient, and Q is a heat source.

For fluids, additional contributions to heat transfer due to fluid
motion are taken into account, specifically convection, viscous
dissipation and pressure work:

pCp%—Y;+pCpu-VT=
5 (10)
aPT(a—‘I;+u-ij+r:S+V-(kVT)+Q

where u is the velocity vector, a, is the coefficient of thermal
expansion, p is the absolute pressure, 7 is the viscous stress
tensor, and S is the strain-rate tensor.

Given equations (9) and (10), for solid materials the
properties required for the computation are the thermal
conductivity, the density and the specific heat capacity. These
are shown in TableIl. For fluid materials some of the
aforementioned properties change with temperature and/or
pressure so they were specified using interpolation functions.
Additionally, for fluids the computation requires the dynamic
viscosity and the ratio of specific heats to be specified.

To simulate convective heat transfer between the CSE and
the surrounding air, a Convective Heat Flux boundary condition
was assigned to all external surfaces of the CSE model:

g =h(T., =T) (11)
where ¢y is the heat flux through a surface, / is the heat transfer
coefficient, and 7. is the temperature far away from the

modeled domain which in this case is the same as the ambient
temperature.

TABLE II
MATERIAL PROPERTIES FOR THERMAL COMPUTATION

. Thermal conductivity Density Heat capacity

Material (W/mK) (kg/m’) (/kg-K)
Porcelain 2.00 2400 850
Cement 1.80 2300 880
XLPE 0.45 930 2300
Silicone rubber 0.25 1300 1500
EPR 0.20 1000 2000
Copper 390 8940 385
Aluminum 238 2700 900
Oil 0.1 poil(T) Cpoil(T)
Air kzur(T) paxr(p, T) Cpair(T)

Furthermore, radiative heat transfer was added to the model
to account for radiation from the CSE external surfaces to the
environment. This was achieved by assigning the Surface-to-
Ambient Radiation boundary condition (12) to the external
surfaces of the CSE model which coexists with a Convective
Heat Flux boundary condition (11) for a combined contribution
to heat transfer:

(12)

where ¢qo is the heat flux through a surface, ¢ is the surface
emissivity, o is the Stefan-Boltzmann constant, and 7. is the
ambient temperature.

For the CSE, heat is generated by resistive losses resulting
from the flow of current in the conductor. To simulate this
process, a Heat Source boundary condition was assigned to the
conductor domains, which specifies that the heat source term Q
to the right-hand side of equations (9) and (10) is equal to:

RT -DC I ’
Q=0 =—

con

9, =ga(T4 —T4)

amb

(13)

where Oy was specified as heat per unit volume, with 7 the
current flowing through the conductor, 4., the cross-sectional
area of the conductor (500 mm? for the CSE model), and Rrpc
the DC resistance of the conductor per meter specified as:

Ry_pe =Ry pe[1+a(T-20)] (14)

where Rzo.pc is the DC resistance of the conductor at 20°C and
o is the temperature coefficient of electrical resistivity per
Kelvin of the conductor material at 20°C.

To increase the accuracy of the computation, computational
fluid dynamics (CFD) were coupled with the heat transfer
physics to account for the flow of fluids (oil and air) present in
the CSE model. Since the movement of fluids is not forced, the
Reynolds number that characterizes the flow regime was
estimated to be below the critical value defining the transition
from laminar to turbulent flow. Hence, the Laminar Flow
physics interface was used which solves the Navier-Stokes
equations, specifically the conservation of momentum equation
(15), the continuity equation for conservation of mass (16), and
the conservation of energy equation (17):

pg—l;+p(u-V)u=—V-(pI+r)+F (15)
op
—+V- =0 16
5tV (pu) (16)
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where p is the density, u is the velocity vector, p is the pressure,

7 is the viscous stress tensor, F is the volume force vector, S is

the strain-rate tensor, and q is the heat flux vector.

The constitutive relation between stress and strain is also

required, assuming all fluids in the model are Newtonian [20]:

2

r=2yS—§/J(V-u)I (18)

where y is the dynamic viscosity.

The Wall — No slip boundary condition [21] was assigned to
the internal surfaces of the CSE that come in contact with fluids.
This condition defines that there is no flow across the
aforementioned surfaces and no viscous stress in the tangential
direction, and is therefore appropriate for modeling solid walls:

u=0 (19)

To account for the influence of gravity on the flow of liquids,
the Gravity feature was enabled in the Laminar Flow interface
settings. This adds a volume force, Fg , to the right-hand-side of
equation (15):

F, =-pg (20)

where p is the density and g is the gravity vector.

Finally, the Pressure Point Constraint was used to specify
the pressure level, p , for the liquids inside the CSE. Since the
Gravity feature was enabled, the compensate for hydrostatic
pressure approximation was also enabled which automatically
adds the hydrostatic pressure, ps , to the absolute pressure, po:

P=Dot D, @b
with the hydrostatic pressure is specified as:
Py = pgh (22)

where h is the height of the fluid column.

The symmetry of the CSE along its longitudinal axis can be
exploited to reduce the computational resource requirements for
the model. For the thermal computation the two-dimensional
(2D) model shown in Fig. 3 was used which was created by
taking a cross-section of the electric field computation 3D
model. The axis of symmetry is vertical (in Fig.3 it is shown
horizontally for illustration purposes) so that the effect of
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Fig. 3. 2D axi-symmetric CSE model used for the thermal simulation,
demonstrating the combination of triangular and boundary layer mesh to ensure
the accuracy of the computation.
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gravity can be accounted for correctly. Special attention was
given to the mesh due to the complex physics involved.
Triangular mesh was used for the interior of most domains
ensuring that at least two second-order elements were used per
90° arc [22]. The outer layers of the CSE geometry were
modelled with a boundary layers mesh (Fig. 3) which increases
the element density in the direction normal to the outer
boundaries. This ensures the high quality of the mesh and
consequently the accuracy of the computation.

C. Simulation Results and Analysis

For the electrostatics simulation, the voltage on the HV
conductor and top ring boundaries was set to 76.2 kV, which is
the nominal phase-to-ground voltage. The voltage on all other
electrically conducting boundaries was set to 0 V. Fig. 4 shows
the equipotential lines between HV and ground. Fig. 5 shows
the electric field distribution and the maximum electric field
magnitude and location reported by the electrostatic
computation.

The simulation allows for the easy visualization of the effects
of the electric field even inside the CSE. The geometric electric
stress control employed reduces the axial stress caused by the
discontinuity of the cable sheath. This is achieved by extending
the sheath and gradually increasing the thickness of the
insulation under it. The highest electric field magnitude of
6.9 kV/mm was observed near the end of the stress grading
electrode closer to the sheath termination. Additionally, the
highest electric field magnitude at the interface between solid
and liquid dielectrics (stress cone and oil respectively), which
has been shown to exhibit reduced breakdown strength [23],
was computed to be 0.8 kV/mm. Finally, the simulation shows
that the electric field magnitude attenuates rapidly when

Fig. 4. Equipotential lines between HV and ground showing how the electric
stress is reduced near the area of the sheath termination with the use of
geometric stress control (stress cone).

003061.014182226303438424650 55 60 6569
Electric field magnitude (kV/mm)

Fig. 5. Electric field plot of the CSE cross-section. The maximum electric-field
magnitude based on the simulation results is 6.9 kV/mm, observed near the end
of the stress grading electrode closer to the sheath termination.
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Fig. 6. Thermal computation heat plots of the CSE cross-section at time
t =30 min, 2 h and 14 h after energization.
moving away from the HV conductor. Outside of the CSE
housing the observable electric field magnitude is less than
0.5 kV/mm.

For the thermal computation a time depended study was
conducted. The ambient temperature was set to 17.5 °C to
match that of the HV laboratory where testing was performed
(reported in Section IV). For the same reason the current
flowing through the HV conductor was set to 930 A. The
temperature was computed in five-minute steps up to a total
duration of 14 hours. Fig. 6 shows the results of the computation
in the form of temperature plots at three time intervals,
demonstrating how the CSE heats up. Fig. 7 shows how the
temperature changes on the corona shield, on the tip of a shed
in the middle of the porcelain housing, and on the bottom plate.
The times required for the three components to reach thermal
equilibrium are also indicated.

As expected, the hottest part of the model is the conductor,
reaching temperatures of 42.4 °C. Despite the ability of the oil
to circulate within the porcelain housing, its temperature is not
uniform. Even when all other components reach thermal
equilibrium, a temperature difference of 1.5 °C remains

35 |{—Corona shield

- -Porcelain shell
~~~~~~ Bottom plate

[ST Y
=_ e

Temperature (°C)
~
i

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time after energization (hours)

Fig. 7. Temperature change after energization and time required to reach
thermal equilibrium for the corona shield (t,), the porcelain shell (ty), and the
bottom plate (t.), as reported by the thermal computation.

between the volume of oil below the stress cone and the volume
above the stress cone. Furthermore, different components of the
CSE reach thermal equilibrium at different times and different
temperatures. The difference between the bottom plate and the
top plate/corona shield is particularly pronounced with a
difference of 12 °C. The aforementioned observations show that
different parts of the CSE assembly are subjected to different
thermal stresses and as a result they could be ageing at different
rates. Lastly, it is important to note the temperature change of
the porcelain housing. Starting from ambient before
energization, it only rises by 1 °C to reach equilibrium. This
could pose challenges for external thermal monitoring since the
resolution of the instruments will have to be high enough to be
able to distinguish between very small changes in temperature.

III. L1VE ELECTRIC FIELD TESTING

A. Electric Field Sensor

The electric field sensor shown in Fig. 8 is able to detect
distortions to the electric field distribution surrounding a HV
insulator caused by conductive or semi-conductive defects [24].
The construction of the sensor, consisting of a relatively small,
U-shaped electric field probe flanked by two electrodes on
either side, allows the sensor to be particularly sensitive to the
axial component of the electric field [25].

The sensor is connected to a ski-guide assembly which
ensures that the probe is always perpendicular to and at a
constant distance from the longitudinal axis of the insulator.
The assembly with the attached sensor is connected to a
non-conductive, high dielectric strength hot-stick allowing the
operator to slide the sensor along the insulator from a safe
distance. A spring-loaded roller wheel activates the sensor
every time it passes over the ridge of an insulator shed taking a
measurement of the electric field magnitude. The data are
transmitted to a paired Bluetooth-enabled device [26].

B. Test Setup

To measure the electric field magnitude and map the field
distribution on the CSE, the test arrangement shown in Fig. 9
was assembled. The CSE was positioned on a steel structure
resembling the structure that supports it when it is installed
within a substation. A short cable section, with conductor cross-
sectional area of 500 mm?, was connected to the underside of
the CSE and terminated. The free end of the cable was fitted

W

y ski guides

mﬁ!

roller
wheel

hot stick
attachment

e-field
probe

Fig. 8. Electric field sensor assembly showing the main components. The sensor
takes a measurement of the axial component of the electric field magnitude
when it passes over the ridge of an insulator shed.
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Fig. 9. Test setup for performing electric field measurements on a CSE. The
HV test set energizes the top end of the CSE while the bottom end is connected
to a short cable section terminated with a stress cone and placed in a plastic
container filled with transformer oil.

with an electric field stress cone and placed in a plastic
container filled with silicone transformer oil (Xiameter
PMX-561 [27]). This was deemed necessary to minimize
corona discharge and reduce the probability of flashover from
the short cable section. The top end of the CSE was connected
to an 800 kV AC test set via a HV capacitive divider.

To facilitate the testing, a scaffold tower was erected close to
the CSE supporting structure. To minimize the risk of flashover,
the safety clearance between the earthed scaffold and the
nearest energized location was set to 2.5 m. This was more than
five times the prohibition zone for live line work specified in
BS EN 50191 [28]. For the same reason, the CSE was energized
at 60 kVus which was below the nominal phase-to-ground
voltage. To conduct the electric field measurement, a Live Line
Engineer equipped with an arc flash suit operated the electric
field sensor attached to a 3 m long hot stick (Fig. 10). The hot
stick was connected to a leakage current detector with audible
and visible alarm systems.

C. Results and Analysis

During the live test, four consecutive electric field
measurements were performed on the CSE, yielding almost
identical values. Due to the mode of operation of the sensor, the
electric field was measured only when the sensor was passing
over one of the seventeen large sheds of the CSE (Fig. 11). The
simulation was adapted to reflect this as well as the position of

- O il - 2‘.:&*
Fig. 10. Live-line engineer performing electric field measurement on an
energized CSE in the HV laboratory. The electric field sensor is attached to 3 m
long hot stick and transmits the data wirelessly to a paired device.
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the electric field probe which is located at a distance of
approximately 70 mm from the tip of the shed when a
measurement is performed (due to the sensor assembly).
Additionally, the simulation was configured to report only the
axial component of the electric field, similarly to the sensor.

Fig. 12 shows the results from one of the measurements
obtained with the electric field sensor. These are also compared
with the corresponding results from the simulation. The profile
of the computed electric field curve is very similar to that of the
measurement. There is very close agreement of the values near
the Ground and HV ends of the CSE with the difference being
less than 0.005 kV/mm. On both curves the maximum electric
field is observed at the location of the seventh shed (from the
ground end) which is located directly on top of the stress cone.
The maximum computed value was 0.059 kV/mm while the
maximum measured value was 0.036 kV/mm.

The difference in electric field magnitude between
simulation and measurement could provide an indication
regarding the materials or the process involved in the
construction of the cable termination. For example, the
thickness of the insulating layers near the stress cone could be
different (thicker in this case) than what was specified on the
engineering drawings, i.e. more layers of insulating tape were
used. Moreover, the difference could be attributed to the use of
materials with higher dielectric constant than the ones
originally specified e.g. for the stress cone.

IV. THERMAL TESTING

Infrared thermal imaging is a technique that allows the
visualization of temperature variations and the measurement of
the surface temperature of objects [29]. It is often used for
condition monitoring and predictive maintenance.

lElectric field measurement locations ‘

Fig. 11. Electric field measurement locations for the simulation. The field was
computed 70 mm away from the tip of each of the 17 large sheds of the CSE to
simulate the measurement taken by the electric field sensor.

0.06
- —6—Measurement
o | -& Simulation
0.05
0.04 # i

e e
o =
51 >

Electric field magnitude (kV/mm)
e
=]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Large shed number from ground end

Fig. 12. Computed and measured electric field magnitude values taken at the
tips of the 17 large sheds of the CSE.
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Fig. 13. Test loop for thermal testing. The cable loading transformer provides
a current of 930 A to the loop consisting of two CSEs connected by HV busbar.

A. Test Setup

For testing the thermal performance of the CSE the rig in
Fig. 13 was erected in the HV lab of the University of
Manchester. It consists of a metallic support frame able to
accommodate two CSEs, one on either side. One of the CSEs
was filled with new oil while the other was filled with service-
aged oil. At their underside the CSEs are connected by a short
power cable which is terminated internally. At their top side, a
HYV busbar clamped on the connector stalks connects the two
CSEs to complete the circuit. The cable passes through a cable
loading transformer which is used to energize the test setup. The
transformer was set to provide a current of 930 A. The FLIR
T620 thermal camera was used to simultaneously record the
surface temperatures of both CSEs. The ambient temperature
was recorded to be 17.5 °C and remained constant for the
duration of the test. Measurements were taken after the CSEs
reached thermal equilibrium.

B. Results and Analysis

To construct the thermal profile, measurements were taken
from two linear regions of interest (ROIs) along the porcelain
housing of each CSE. The surface emissivity for the thermal
images was set to 0.92, which is the emissivity of glazed
porcelain and it is the same value that was used for the thermal
simulation. Fig. 14 shows a thermal image of the two CSEs after
reaching equilibrium and the ROIs used for the measurements.
Fig. 15 shows the thermal profile of the CSEs and compares it
to the one computed by the simulation over the same ROI.

Assuming that the simulation represents an ideal CSE, initial
condition diagnosis can be performed for each of the two CSEs.
CSE 1, which is the one filled with the service-aged oil, shows
a temperature deviation from the ideal thermal profile at the
lower end of the CSE (0.5 - 1.1 m) and near the location of the
stress cone (1.6 - 2.2 m). The same behavior is not observed on
CSE 2 with its temperature profile at the same areas being
almost identical to the simulation. Although it would be
difficult to determine the exact cause of the temperature profile
deviation without looking inside the CSE housing, preliminary
assumptions could be made regarding the condition of CSE 1.

<15 16 17 18 19 20 21 22 23 24
Temperature (°C)

Fig. 14. Thermal imaging measurements on two 132 kV CSEs, with two linear
regions of interest (ROIs) on the porcelain housing of each CSE.
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Fig. 15. Temperature profiles of the two CSEs obtained with thermal imaging
and comparison with the simulation, highlighting the deviations from the
expected behavior.

The deviation could be an indication that the cable termination
for CSE 1 has been done slightly differently than what is
specified on the engineering drawings, for example, using a
different number of insulating tape layers. Also, the different
properties of the service-aged oil, such as its viscosity, could be
affecting its ability to circulate around the CSE in the same way
that the new oil is able to, resulting is localized heating or
cooling.

Furthermore, there is a deviation from the ideal profile at the
top of CSE 2, near the HV end (3.2 - 4.0 m) which is not present
in the simulation or the temperature profile of CSE 1. This could
be indicating issues resulting in localized heating such as
missing oil or high-resistance connection (HRC) between the
HV stalk and the busbar. After visual inspection, the clamp
connecting the CSE stalk to the busbar was found to be slightly
loose, confirming the diagnosis of a HRC for CSE 2.

V. CONCLUSION

Good agreement has been obtained between the predictions
from the electric field and thermal simulations and the
measurements on a 132 kV oil-filled CSE. The electrostatic
computation can provide information regarding the electric
field distribution inside the CSE and help in identifying
potential issues with the CSE design or the cable termination
process. The thermal computation can reveal the temperature

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2020.2977728, IEEE

Transactions on Power Delivery

8

differences between the various CSE components, which may
result in non-uniform ageing, and provide information
regarding the cooling efficiency of the liquid dielectric.

Combining the simulations with electric field and thermal
imaging measurements, preliminary condition diagnosis can be
performed without requiring the de-energization of the asset.
Although the determination of the exact causes for the
deviations are difficult to diagnose without additional testing,
the method presented can provide the starting point for
prioritizing maintenance operations.
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