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1 Introduction

Gas-insulated transmission line (GIL) is now being actively pursued for long distance transmission. At
present, experience is limited largely to transmission over short distances (typically less than 500 m). This
brochure provides technical information to be of assistance in the design of circuits using GIL.

In Chapter 2, a definition and description of GIL is given, including a brief description of GIL development
and a summary of the main features.

In Chapter 3, the general technical characteristics of GIL are detailed and compared to those of overhead
lines and conventional cables. The interaction of a GIL with the transmission system in which it is installed
are discussed especially the following issues: the load sharing with other lines, voltage and reactive
compensation, sytem stability (static and transient) and short circuit levels.

In Chapter 4 the continuous and short term current ratings of directly buried GIL are discussed and
sensitivity analysis to design parameters are presented. Based on modelling and experience pratical
formulae are derived. In the annex A these issues are described and analyzed in depth.

In chapter 5 the insulation and overvoltage aspects of any GIL are discussed from an insulation co-
ordination and long term reliability of the internal insulation point of view as well as from a bonding and
grounding for permanent and transient voltages of the enclosure point of view. In the annex B these issues
are more in deth analyzed and discussed.

Chapter 6, is dealing with mechanical, corrosion and installation aspects of directly buried GIL. For the
mechanical aspect some simple methods for the calculation and analysis of the stress on the enclosure are
recommended disregarding the mechanical aspects of the internal components. Effects of short circuit forces
on the enclosure are excluded. The main aspects are the calculation of required enclosure thickness, the
vertical and horizontal stability and the interaction between the soil and the enclosure. For the corrosion
aspects two methods are described, the coating and the cathodic polarisation. Over-ground and tunnel
installations are not dealt with because they are similar to GIS bus ducts which were first installed more than
30 years ago and have been previously studied in the Substation Study Committee 23.

In Chapter 7, environment considerations relating to GIL are discussed. The concept of environmental life
cycle assessment as applied to GIL is introduced. The general environmental impacts of GIL are
summarised.

In Chapter 8, the economic aspects of GIL projects are discussed and compared with overhead line and
conventional cable alternatives. No firm conclusions can be drawn but the factors to be considered are
summarised.

In Chapter 9, recent GIL projects and research and development programmes are described.
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2 Definition and description

The IEC Technical Report IEC 61640 [1] on HV gas-insulated transmission lines is intended to be used
where the provisions of the International Standard IEC 60517 [2] on gas-insulated metal enclosed switchgear
are not adequate, examples of which are stated to be:

« where all or part of the HV gas-insulated transmission line is directly buried; or
» where the HV gas-insulated transmission line is located, wholly or partly, in an area accessible to the
public; or

» where the HV gas-insulated transmission line is long (typically longer than or equal to 500 m).
The present document considers gas-insulated transmission lines (GIL) as follows:

« of rated voltage 72.5 kV and above

» for alternating current

» single-phase enclosed

e rigid

» installed above ground, directly buried and in tunnel

» laid horizontally, vertically and at any angle

* using pure SF4 or a mixture of SF¢ with nitrogen as the insulating gas

» greater than 500 m in length

» located within substations and in the transmission network, for example in a mid-section of overhead

line

The basic structure of GIL is similar to that of well established gas-insulated switchgear (GIS), in which the
conductor at high voltage is located within an earthed conducting enclosure and the space between the two
filled with a gas under pressure to provide electrical insulation [2]. The conductors are held in position by
solid support insulators. The conductors of each phase may be located within separate enclosures (single-
phase enclosed). Compensation for thermal expansion is provided, often by sliding contacts in the conductor

and, where the enclosure is free to move (i.e. in tunnel or trough installations), by bellows as for long GIS
busbars. The GIL is divided along its length into separate gas compartments.

GIL dimensions are determined by dielectric, thermal and mechanical considerations. Conductor and
enclosure diameters and thicknesses and gas composition and pressure may be varied according to the
application to provide an optimum solution. In many cases, dielectric considerations will be predominant in
determining dimensions and the required current rating will be achieved without difficulty. For more highly
rated circuits, thermal considerations may be predominant and larger dimensions will be chosen to maintain
temperatures within acceptable limits.

High-voltage conductor

S

Insulating gas

Supportinsulator

Enclosure

Figure 1:  GIL structure
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2.1 GIL development

While largely based on proven GIS technology, significant differences exist in some areas. Connections
using GIS technology have been used for a number of years. These have been installed cost effectively for
lengths of up to about 500 m. Up to this length, connections using GIS technology have been more
economic than cables mainly because their cost has been offset by savings on the cost of cable sealing
ends. The cost of long distance connections based on existing GIS technology remains prohibitive.

In contrast, GIL technology is optimised for cost-effective, site-assembled connections across long
distances. For example, enclosure lengths will often be joined by welding, rather than by bolted flanges, and
this is performed and inspected on-site. Typically, developments were and are pursued in the following
areas:

« reduction of materials costs by optimisation of the design and materials for a given rating.

e reduction of manufacturing costs by simplification and reduction in the number of components;
automation of manufacturing processes to reduce labour costs and increase production rates.

e reduction of installation costs by designing components for simple assembly so that large numbers of
joints may be made on-site in a reasonable timescale; automation of assembly processes to reduce
labour costs, increase production rates and allow consistent quality to be achieved.

 means of reducing civil engineering costs through simple laying and burial techniques; low cost
solutions are required for the negotiation of obstacles such as roads, railways and water courses.

« cost and environmental considerations: the insulating gas will often be a mixture of nitrogen and SF,
rather than pure SFg, and will therefore have different dielectric properties.

GIL are intended primarily for below ground applications. Where a GIL is directly buried, corrosion protection
is provided in the form of a passive corrosion resistant coating and possibly an active corrosion protection
system. For long GIL, greater than 100 m in length, the enclosures are not free to expand due to soil friction
and so become mechanically stressed under heating.

2.2 Special features of GIL

e Technical:
— the overall losses are relatively low, because of large conductor cross sections;
— no significant dielectric losses;
— ratings of 2000MVA with a single circuit and directly buried without cooling;
— low capacitance per unit length;
— reactive compensation not needed even for lengths > 100 km;
— above ground, trough/tunnel or directly buried installation is possible;
— aGIL is immune to weather conditions: snow, ice, wind, pollution

*  Environmental:
— No visual impact;
— Low external power frequency electromagnetic fields;
— No audible noise;
— No risk of fire;
— Presence of SFg;

* Economical:
— cost of a GIL is greater than an equivalent overhead line.
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3 General technical characteristics

The electrical characteristics of a GIL are different to those of an overhead line or a cable and will affect the
way it interacts with a transmission system. The interaction of a GIL with the system will need to be studied
in detail. In some cases, means of compensation may need to be considered.

3.1 GIL electrical parameters

For single-phase type GIL with the enclosures solidly bonded at both ends, each phase has series
inductance and capacitance to earth. Coupling between phases is negligible due to the screening effect of
the enclosures.

The resistance R per unit length depends on the conductor and enclosure dimensions and electrical
resistivities, the skin and proximity effects and the conductor and enclosure temperatures. A method for
calculating the resistance is given in [6].

The shunt conductance G per unit length is not significant.

Typical values for the electrical characteristics of a 400 kV GIL with a continuous thermal rating of 2000 MVA
are shown in Table 1. Typical values for cables and overhead lines (OHL) having comparable ratings are
shown for comparison. A frequency of 50 Hz has been assumed.

Table 1:
Electrical characteristics for 400 kV GIL, overhead lines and cables

XLPE cable
GIL OHL (2 per phase)
Current rating 3000 3000 3000
(A)
Transmissible power
(MVA) 2078 2000 2000
Resistive Iosse_zls at 3000A 180 540 166
(Wm')
Dielectric losses
(Wm'l) - 2.4 15.0
Total losses
(Wm'l) 180 542.4 181
AC resistance
. 6.7 20 6.0
(HQM™)
Inductance
(nHm'l) 162 892 109
Capacitance
e 68.6 13 426
Characteristic impedance 48.6 263 21.0
Q)
Natural load
(MW) 3292 608 7619
Surge |Erg12p)edance 48.6 263 12.0

In preparing the above table, values have been sought for GIL, cables and overhead lines having a
continuous thermal rating of approximately 2000 MVA. Other geometries having equivalent continuous
thermal ratings but different electrical characteristics are possible, hence the table is intended for indication
only.

The overhead line characteristics correspond to a 420 kV French line with 3 x 570 mm? conductors per
phase and two earthwires.

The values given for GIL correspond to a directly buried, single-phase GIL with conductor diameter 280 mm
and enclosure inner diameter 630 mm. The enclosures are assumed to be solidly grounded. The depth of
laying is 1050 mm and axial spacing between phases 1300 mm. The soil conditions are an ambient
temperature of 15°C and a thermal resistivity of 1.2 KmW™. The continuous thermal rating is determined by
the maximum soil temperature, which is limited to 60°C.
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The cable solution proposed for achieving the 3000 A rating, uses two cables per phase with conductor
section of 2000 mm?, without cooling. The cables were disposed in two circuits in trefoil formation. The
interaxial distance of the two trefoils is 1800 mm. The soil conditions are an ambient temperature of 15°C, a
soil thermal resistivity of 1.2 KmW ™ and a depth of laying to the top of the cables of 1050 mm. The rating was
achieved using standard practice of IEC 60287 whre the conductor temperature was 90°C and thermally
stabilized backfill was used.

A solution with one cable per phase involving either a conductor section of 4000 mm?* without cooling or a
2000 mm? with cooling have not been taken into consideration but are technologically feasible [3], [4].

3.2 System influence

3.2.1 Load sharing

In Table 1, the inductance of the GIL is less than that of the cable system and less than that of the overhead
line by a factor of about 5.5. In a meshed transmission network, GIL may provide a parallel path to overhead
lines. Due to its lower inductance, the GIL will tend to carry a greater share of the transmitted power.

The influence of GIL on load sharing can be illustrated using the well-known formula for the power flow P
through a transmission line:
2
= \/—SH fo)
X
where Vis the magnitude of the voltage, & is the phase angle between sending and receiving ends of the line

and X is the line reactance. This relation assumes that the resistive component of the impedance is small
compared with the reactive component. The assumption is reasonable for the examples given in Table 1.

Where the power is transmitted by two lines in parallel, with reactances X; and X, respectively, the
proportion of the total power transmitted by the line with reactance X is

P__ X
P XitX;

Using values shown in Table 1, a circuit consisting of GIL for its entire length would carry 85% of the total
power when connected in parallel with an overhead line, assuming both circuits are of equal length. A more
likely scenario is where an overhead line circuit is undergrounded using GIL for part of its length. If the GIL in
the above example constituted 10% of the circuit length, the proportion of the total power carried would fall
to 52%. The tendency for a circuit to divert power away from other circuits is sometimes referred to as the
funnel effect.

For any given application under consideration, a system study will be performed to determine the effect on
power flows. A connection using GIL may have to be more highly rated than an overhead line. In some
cases, means of compensation may be needed, adding to the cost of the circuit.

3.2.2 Voltage and reactive compensation

The voltage in a transmission system is affected by the electrical characteristics of its component
transmission lines [6]. When a transmission line is terminated in a load equal to its characteristic impedance,
the voltage at the receiving end of the line is equal to the voltage at the sending end. The power transmitted
under this condition is shown as the Natural Load in Table 1. Where the power transmitted is greater than
the Natural Load, the voltage at the receiving end of the transmission line will fall. Where the power
transmitted is less than the Natural Load, the voltage at the receiving end of the transmission line will rise.
The level of voltage fall or rise is also dependent on the length of the circuit.

The capacitive charging current of a transmission line may reduce the amount of power that can usefully be
transmitted within the thermal load limit. The situation may be improved by the use of reactive compensation

In terms of reactive compensation requirements, Jouaire [8] indicates that for GIL up to roughly 100 km and
for cables up to roughly 20 km no reactive compensation is actually needed.

3.2.3 System stability

3.2.3.1 Steady state stability (Dynamic stability)

Small disturbances arise frequently as a result of normal load variations and switching operations. The scale
of the disturbance is such that linear approximations to the non-linear equations describing the dynamics of
the power system may be used. Steady state stability concerns the ability of a power system to return to
essentially the same steady state operating condition following a small disturbance. It is mainly influenced by
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control systems and the characteristics of transmission lines in the power system are of less importance. The
use of GIL would have no significant influence on steady state stability.

3.2.3.2 Transient stability

Large disturbances arise occasionally, for example following a network fault. Transient stability concerns the
ability of a power system to attain a steady state operating condition following a large disturbance.

In Table 1, the inductance of the GIL is less than that of the cable system. The inductance of the GIL is less
than that of the overhead line by a factor of about 5.5. As the inductance decreases, the synchronising
torque increases, therefore increasing transient stability. The use of GIL would therefore tend to increase
transient stability.

3.2.4  Short circuit (fault) levels

When a short circuit occurs in a transmission system, the current that flows is dependent on the source
impedance of the system feeding the fault. The magnitude of the current that may flow when a fault occurs at
a point in a transmission system is termed the fault level at that point. The fault level is an important
consideration in transmission system design. A high fault level is undesirable due to the effects of heating
and electromagnetic forces produced by the fault current. It is clear that the switchgear controlling the faulted
circuit must be rated adequately to interrupt the fault current.

In Table 1, the inductance of the GIL is less than that of the cable system. The inductance of the GIL is less
than that of the overhead line by a factor of about 5.5. The use of GIL would therefore tend to increase fault
levels in a transmission system. However, the use of GIL is unlikely to be sufficiently widespread for the
effect on fault levels to be significant.

In any given application under consideration, system studies will be performed to determine the effect of GIL
on fault levels.



2002 WG 23/21/33-15 CIGRE GIL Brochure : Main Part 11/48
4 Current Rating

4.1 Introduction

Much published work exists on the calculation of current ratings of a) SFs gas insulated bus bar for in-air
applications above ground and b) conventional cables for buried (laid direct) applications. However,
prospective laid direct applications of GIL may differ in the following respects:

» the GIL conductor is of larger diameter and is of annular geometry

* heat transfer through the primary insulation is by convection and radiation

» the insulation may comprise a mixture of gasses, such as N, and SFg

» the gas is contained within a metallic enclosure of large diameter and low electrical resistance

» the high electrical conductivity of the metallic enclosure permits it to be earthed at its ends by the
method of solid bonding and, although the circulating currents are of almost the same magnitude as
those in the primary conductors, the heat generation is small.

» the diameter of the metallic enclosure and the horizontal spacing between the adjacent phases is
large compared to the depth of burial, thereby influencing the method of calculation of heat
dissipation through the surrounding ground

» the conductor and metallic enclosure have larger cross sectional areas and higher thermal
capacities; these being of benefit to short time overload ratings.

Ground Sunaca
Frrrrr -"-.- # .""I.-"I.-' & _r""_r"' Frererrry -'r.- E .-"I.-" FrFFryrys .""'.-"I -'r.-' ¥ _r"".-" |

Owarshaash
Surrounding R0
o)
Emcliogung Sail = - L
Caonduchar
Gas Mixhura
Conductor —— { .

a | e 650 | 2650 =650

Enclosire Enclosure Enclosuna

S S

Figure 2:  Cross Section of GIL Laid Direct in the Ground

A Task Force was formed to recommend methods of calculation for both the continuous and short time
current ratings. The work described in Annex A of this document records the recommended calculation
methods and gives sensitivity studies for laid direct, horizontal, single phase GIL. The GIL is insulated with
either pure SFg gas or a mixture of N, and SFs. A summary of the recommendations and work is given
below.

4.2 Thermal Circuit

An idealised thermal model of the laid direct GIL circuit is shown in Figure 3. This model represents both
continuous and short time current ratings. The reader is advised to consult Annex A, Chapters 2 and 3,
which give the thermal circuits and formulae in greater detail; it should be noted that the thermal circuits for
the continuous and short time ratings are different.
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Heat, Wc, is generated in the conductor by I°R conduction losses, where R is the temperature dependent ac
resistance of the conductor. The heat is transferred through the insulating gas to the metallic enclosure by
the parallel mechanisms of thermal radiation Tr and convection Tc, these are highly dependent on the
temperatures of the conductor, 6c, and enclosure, Se. Additional I°R heat, We, is generated in the enclosure
by circulating currents, these flow as a consequence of the magnetic flux linkages with the conductor current,
which link to the electrical circuit formed by the three solidly bonded enclosures. The pressure containing
enclosures are of large cross-sectional area and are usually fabricated from an aluminium alloy, hence their
electrical resistance is low, permitting the magnitude of the circulating current to approach that of the current
in the primary conductors. As with the primary conductors, the ac resistance is temperature dependent.

Ambiem |emperature By
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=
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Figure 3: Diagramatic Thermal Circuit
Where:
e Oc = Conductor Temperature Rise
» 0Be = Enclosure Temperature Rise
e Bs = Soil / Oversheath Interface Temperature Rise
e Ba = Ambient Temperature
*  Wc = Conductor Losses (Dependent on 8c+0a)
* We = Enclosure Losses (Dependent on Be+6a)
» Tc = Convective Heat Transfer Thermal Resistance (Dependent on 6¢ and 6e)
e Tr = Radiation Heat Transfer Thermal Resistance (Dependent on 6¢+6a and 6e+6a)
* To = Thermal Resistance of Oversheath
e Ts'=Equivalent Thermal Resistance of Soil (Divided into Distributed Elements)
e Ta= Equivalent Heat Transfer Thermal Resistance to Air at Ground Surface
e Qc = Thermal Capacitance of Conductor
e Qg = Thermal Capacitance of Gas Mixture
e Qe = Thermal Capacitance of Enclosure
e Qo = Thermal Capacitance of Oversheath
e Qs'=Thermal Capacitance of Soil (Divided into Distributed Elements)

The heat generated by the combined conductor and enclosure losses (Wc + We) flows radially outwards by
thermal conduction through the polymeric oversheath, To, and through the surrounding soil, Ts, to the
surface of the ground where they are transferred by convection, Ta, to air at ambient temperature. The
thermal resistivity of the soil is an important parameter as it may vary along the GIL route. It may also be
temperature dependent as a consequence of the phenomenon of soil drying out through moisture migration.
The flow of heat increases the temperature of the two adjacent GIL enclosures by mutual heating. Because
the magnitude of the thermal losses in each of the three enclosures is closely similar, the temperature rise of
the single phase GIL can be represented in the thermal circuit by calculating an increased external thermal
resistance of the soil. The later is termed the equivalent external thermal resistance.

The diagram also shows thermal capacitors, Q, which represent the thermal capacitance of each
component. Each component is divided into one or more elements which are represented by a r circuit
comprising a series thermal resistance in between two parallel thermal capacitances. The thermal
capacitances only need to be calculated and included for short time thermal ratings.

Conventional cables have a specified limiting design temperature (6¢c+8a) for the conductor and insulation
and (8s+6a) for the adjacent soil. The limiting values of soil temperature may differ from country to country,
these being recorded in IEC 60287; for example the maximum temperature in France is given as 60°C. In the
study of GIL ratings in this document, the limiting value of soil temperature has also been taken as 60°C. It
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should be noted that for conventional cables it is permissible and usual to operate above this temperature by
surrounding the cables in the trench with an imported backfill exhibiting thermally stabilised properties that
guarantee a value of thermal resistivity even when the soil is completely dried out.

A limiting value for the conductor and insulation temperature has not been published specifically for GIL,
although a value of 90°C has been published for epoxy resin insulation. Cast epoxy resin is one of the
materials that may be employed for the conductor post insulators, the gas sectionalising insulators and the
insulators which terminate the GIL into GIS switchgear. Temperature limits are given in IEC 60694 for the
sliding connectors that join each section of conductor together, these vary according to the material of the
electrical contacts.

The thermal circuit is used to calculate the magnitude of the current, I, by setting a constant design
temperature limit for the conductor (6¢c+0a), or for the adjacent soil (Bs+6a) at the interface with the
enclosure. Alternatively the resulting temperatures of the conductor and soil can be calculated by setting a
specified constant conductor current. The design of the GIL and of its layout in the ground is then optimised
to achieve the required rating by varying such parameters as the conductor cross sectional area, the
enclosure diameter and the axial spacing between the three GILs. The conductor current, ambient
temperature and the depth of burial are usually specified by the Transmission Company.

The work in this document recommends formulae to calculate the thermal losses, thermal resistances and
current ratings for both continuous and short time ratings. Sensitivity studies are given on the effect of
varying the key parameters to act both as a guide in the selection of a GIL configuration and to illustrate the
consequence of varying the design geometry and material parameters. .

4.3 Recommended Formulae for Continuous Rating

The formulae given in Annex A for the calculation of I’R losses in the conductors and enclosures are derived
from those of Arnold, these are also in use for conventional cables.

The formula for radiative heat transfer through the insulating gas is the Stefan Boltzmann expression. The
heat transfer depends on the difference between the fourth powers of the conductor and enclosure
temperatures and of the emmissivities of their respective surfaces.

Thermal convection is given by the Vermeer formula. This contains a convection coefficient which depends
upon the type of insulating gas. An expression has been derived which permits this coefficient to be
calculated for different mixtures of N, and SF4 gas.

Thermal conduction through the gas mixture is of negligible proportion and is not calculated.

The thermal conduction through the concentric layer of oversheath is based upon the elementary logarithmic
expression for radial thermal resistance.

The thermal conduction through the soil to the ground surface and the effect of mutual heating between the
GIL phases is given by the Kennelly formula. It is important to note that the simplification given in IEC 60287
for conventional cables of taking the ground surface as an isothermal plane at ambient temperature is not
acceptable for GIL. This is because the ratio of depth of burial to enclosure diameter is significantly less than
the ratio of 10:1. The full Kennelly equation must be taken, in which convection at the ground surface is
given by an equivalent thermal resistance, mathematically represented in the thermal circuit by an additional
layer of sail.

4.4 Recommended Formulae for Short Time Current Rating

No previous method for the short time rating of GIL has been published. The method recommended in
Annex A is derived from the finite differences method given in Electra 87 for conventional cables. This
method was checked against a finite element software model and gave good agreement.

A mathematical expression was derived and is given in Annex A for the temperature dependent convective
transfer of heat through the insulating gas. Heat transfer by radiation is taken to be immediate and so the
Stefan Boltzmann expression is employed.

An iterative finite difference computation is given. The computation is terminated at an arbitrary boundary in
the soil, this being determined during the calculation as the position at which a pre-set temperature increase
of less than 0.1°C occurs in a consecutive time step.

Mutual heating by the two adjacent GIL phases is represented by the superimposition of the temperature in
the soil coincident with their axial centres. This superimposition occurs as part of the iterative process.

4.5 Guide to Numerical Modelling

The use of numerical modelling using software computer programs was studied as an alternative to the
analytical mathematical methods recommended and described above.
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45.1 Computational fluid dynamics (CFD)

This was the preferred alternative method for the continuous rating calculation, as it truly modelled
convective flow patterns and heat transfer through the gas. It is therefore an independent method to the
Vermeer formula. CFD has the advantage that it is ideal for modelling complex geometry in both two and
three dimensions. Examples are; a) asymmetry in flow resulting from non-isothermal temperatures around
the circumference of the enclosure due to GIL mutual heating and, b) three-dimensional flow in GIL inclined
at an angle to the horizontal.

The case of buried GIL is an unusual modelling application for CFD, as a major part of the heat transfer is by
thermal conduction through the soil in addition to convective transfer through the gas. For the continuous
rating study it was necessary to develop the method to include both radiative and conductive heat transfer.
At present the method does not model the transient heat flow required in short time ratings.

Further work is required to derive and publish the physical parameters required to characterise the range of
N, and SFg gas mixtures and to validate the heat transfer results against experimental measurements.

i T

Figure 4.  Computational Fluid Dynamics (CFD) Result; Vector Diagram of Velocity and Direction of
Gas Convection

4.5.2 Finite element analysis (FEA)

This method has advantages in modelling heat flow by conduction through complex geometries of soil
surrounding the GIL formation. However it is necessary to write a sub-routine to represent convective and
radiative heat flow between the conductor and the enclosure. Convection was represented by the Vermeer
formula given in Annex A; in this respect FEA is a complementary method and is not a true alternative
method to the analytical mathematical methods recommended in Annex A.

A second advantage of FEA is that the transient generation of heat in the conductor and enclosure can be
modelled as can the transient conduction of heat through the thermal RC network of the soil. This method
provides a complementary alternative to the analytical short time rating method recommended in Annex A.

4.5.3 Modelling and computational accuracy

As with all methods of computational modelling it is strongly recommended that the method and model is
validated against measurements, or proven alternative mathematical algorithms. Errors can be reduced by
setting the boundaries of the soil at a sufficiently remote distance from the GIL such that a sensitivity study
produces no change in the computed GIL temperatures. For this study a distance of 25m was found to be
adequate. It is equally important that elements of sufficiently small size are selected such that a sensitivity
study on varying their dimensions produces no significant change in the computed solution.

4.6 Continuous Rating Sensitivity Study

A representative design of GIL (Figure 2) was selected for the sensitivity study with the target of achieving a
nominal continuous rating of 3000A:
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e aluminium conductor 280mm OD and 13,270mm2 cross-sectional area

» aluminium alloy enclosure 650mm OD

e gas mixture 90% N, 10% SFg

e gas pressure 0.67 MPa at 20°C

* 1.050mm depth of burial to top of GIL (installation in agricultural land)

* 1.312 mm axial spacing between GIL in flat formation (one diameter clearance between GIL)
* 1.2 Km/W soil thermal resistivity

« 15°C ambient temperature.

At 3000A the conductor temperature was calculated to be 71°C and the maximum soil temperature adjacent
to the oversheath to be 65°C. A reduction in current rating to 2890A reduced the maximum soil temperature
to the 60°C limit. (It should be noted that the example GIL design was not optimised to achieve 3000A at a
60°C soil temperature, an increase in axial spacing would have achieved this condition).

The sensitivity study is recorded in detail in Annex A and is summarised as follows:

At 3000A constant current, the parameter that had the largest effect on the maximum soil temperature in
contact with the GIL was the diameter of the enclosure. The second most significant parameter was the
thermal resistivity of the soil (Figure 5).

At 71°C conductor temperature, the parameter with the largest effect on the current rating variation was the
soil thermal resistivity and the second was the enclosure diameter (Figure 6).

At 60°C maximum soil temperature, the parameter that had the largest effect on the current rating variation
was the thermal resistivity of the soil and the second was the enclosure diameter (Figure 7).

Variation in the parameters controlling the convective and radiative heat transfer through the gas mixture had
a negligible effect on both the current rating and operating temperatures, this is because the temperature
drop between the conductor and enclosure is much smaller than that between the enclosure and the ground
surface.
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Figure 7: Effect [%] on Current Rating of Varying Each Parameter by +/- 50% at Constant Soil
Temperature (60°C)

4.7 Short Time Rating Sensitivity Study

The same representative GIL dimensions were taken for the short time rating. A higher conductor short time
rating temperature limit of 95°C was taken, compared to the 3000A continuous rating conductor temperature
of 71°C calculated in Paragraph 4.6.

In the first example, a zero starting current was taken. In a 12 hour period it was possible to carry a current
of 9840A (328% of 3000A full load), this demonstrates the high thermal capacity of GIL.

In the second example, the starting current was taken as a steady state load current of 2550A (85% of
3000A full load). In a 12 hour period it was possible to carry a current of 7290A (243% of 3000A full load).
This illustrates that this particular design of GIL circuit could have taken the additional full load current from a
parallel faulted circuit for a useful period of 12 hours (i.e. 185% of full load), without reaching 95°C.

The sensitivity study is recorded in detail in Annex A and is summarised as follows:

The parameter that had the most effect on a 12 hour rating period was K, the gas convection coefficient.
The second most significant parameter was the soil thermal resistivity.

The parameter that had the most effect on a 20 minute rating period was the specific heat of the conductor,
the second was K, the gas convection coefficient. This shows that the heating in this short period is nearly
adiabatic.

It is recommended that, because the calculated short time current ratings for GIL are of such high
magnitude, a) a factor of safety be included in either the maximum conductor temperature or in the current
rating to avoid the risk of overheating the conductor connectors and insulators and b) the short time rating for
a particular design of GIL be validated by experimental measurement.
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4.8 Future Work

The recommendations given in this document permit current ratings to be calculated for laid direct GIL in a
horizontal orientation. For completeness, the following subjects are identified for future study:

* Rating of GIL inclined at an angle to the horizontal:
— Recommend rating methods;
— Sensitivity study on varying angle of inclination;
e Use of CFD modelling (2-D and 3-D):
— Obtain experimental data on N, and SFs gas mixtures;
- Validate modelling results against experimental measurements on GIL;
»  Convection from large conductors (diameter greater than 160mm):
— Study thermal results from full sized field trials, at present in progress;
- Review the recommended formula given in Annex A for convective heat transfer;
e Conductor operating temperature:
— Study and recommend a maximum continuous limit and a short time temperature limits for
ratings;
e Moisture migration in Soil;
— Study the mechanism of moisture migration from large diameter GIL enclosures;
— Review the applicability to GIL of the soil temperature limits recorded in IEC 60287.
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5 Insulation cordination

The insulation coordination is a key issue for reliability of components and here only the main results are
summarized. All the points are dealt in depth in the annex B.

When dealing with Insulation Coordination, a few basic points should be always kept in mind:

« firstly, a Utility must know the GIL Major Failure Rate (MFR) that is acceptable and then targeted for
its own grid; in this respect, it is important to derive from Return of EXperience (REX) for equipment
of the same type (when possible) or similar type equipment what the achievable MFR is with the
present technology and insulation level practice.

» secondly, the insulation coordination deals not only with the overvoltage aspects but should include
also:

— the insulation characteristics of the GIL insulation,

— the relations that links the dielectric type tests, routine tests and on site tests with respect to the
overvoltages in service and the self or not self restoring aspect of the GIL insulation,

- the long term withstand at service voltage taking into account random occurrence of insulation
imperfections;
In addition, the on line monitoring and diagnostic techniques are also reviewed together with the enclosure
grounding and bonding for permanent and transient voltages.

5.1 Accepted (targeted) Major Failure Rate (MFR) and present REX

It is always difficult to choose an accepted MFR and the expected availability required from a link has to be
evaluated. Indeed very rarely Utilities display clearly the accepted MFR.

For GIL as for insulated cables, according to two Utilities that publicly announce their target MFR for GIL, an
acceptable MFR for GIL should be in the range of 0.2 to 0.3 MFailures/100km of three phase circuit per year
(0.2-0.3 x 10° MF/year/meter of circuit per year). That means a Mean Time Between Failures (MTBF) of:

» 5years for a three phase GIL circuit of 100 km
e 500 years for a three phase GIL circuit of 1 km.

This reliability aspect and the link with Insulation Coordination are intensively discussed in annex B together
with the REX on a large GIL world sample together with a GIL MFR GIL derived from a larger sample of GIS
(similar technology). According to these surveys the MFR to be expected from GIL with present technology
and insulation practise for GIS and GIL are very close but one order of magnitude larger than the targeted
ones publicly expressed in Cigré by two Utilities. Such a gap between targeted MFR and that which can be
expected should be kept in mind when selecting the standard withstand voltage to be applied forthe GIL.

5.2 Insulating gas

The GIL insulating gas can be either SF¢ (as for GIS) or a gas mixture. Besides the fact that SF¢ is a very
expensive gas, it is also a greenhouse gas. Therefore, gas mixtures of SFs and Nitrogen N, are suitable for
reducing costs of the equipment and impact of SF4 leakage. N, is the main component of air. Properties of
nitrogen are that it is cheap, inert, nontoxic, nonflammable, and of course environmentally acceptable [13]
and [15]. However, the dielectric strength of nitrogen is much lower than that of SFs. For example, a mixture
containing 10% SFg results in 85% reduction of the SFsused and hence reduces the environmental impact of
equipment leakage [10].

Because of greenhouse effect, for long GIL gas mixture seems to be preferred. From industrial,
environmental and economical points of view a N,/SFg (5 to 20% of SF¢) gas mixture at around 1 up to 2
MPa is the best compromise for electric withstand capability and pressure (Figure 8).



2002 WG 23/21/33-15 CIGRE GIL Brochure : Main Part 21/48

100

80

60

40

20

Relative AC breakdqwn field strength [%]

0 10 20 40 60 80 100
Percentage of SF4 [%]

Figure 8: Relative AC breakdown field strength of SFs-N, mixture to pure SFg as function of the SF¢
percentage.

Beside all the test conversion factors ratio between the natural withstand voltages of an equipment to the
three standard test voltage waveshapes (Lightning Impulse Withstand Voltage, Switching Impulse and
Power Frequency) are given for No/SFg gas mixtures of interest. Compared to pure SFg, No/SFg gas mixtures
have higher ACWL/LIWL and thus for the same chosen standard LIWV for GIL the actual PFWV is higher
(roughly 10%) than PFWV of a pure SFg GIL design for the same LIWL. This is a positive element for long
term reliability of GIL using N,/SFg gas mixtures compared to the GIS and GIL of the surveys giving MFR
one order of magnitude larger than the targeted ones.

Although now widely agreed, it should be repeated that the use in GIL of pure N, is economically and
industrially impossible. Although N./SFg gas mixtures are economically and industrially feasible for insulation
purposes they are not technically suited for arc interrupting application as in circuit breakers.

5.3 Overvoltages between conductor - enclosure

Due to the different applications of GIL with their parameters of the connected elements at both ends and the
generation of possible voltage stresses the expected overvoltages will vary over a wide range. Calculation of
the transients can show the maximum overvoltages to be expected along the GIL.

The integration of suitable overvoltage limiting devices is necessary to achieve an economic and safe
system. Therefore it is necessary to consider surge arresters from the beginning of overvoltage stress
evaluation. These can be metal-clad types integrated into the GIL or air-insulated types installed very close
to the ends of the GIL.

For the study of overvoltages in GIL the main focus has to be pointed onto the lightning impulse voltages,
because they give the highest stresses, which have to be known for dimensioning and testing.

The power-frequency overvoltages are normally low in comparison to the stresses due to fast and slow front
overvoltages. However the combination of AC prestress with the transient phenomena resulting out of
lightning activities has to be considered. The importance of considering this prestress is dependant on some
parameters as shown below.

The continuous power-frequency voltage and the temporary overvoltages are the basis for dimensioning the
overvoltage limiting devices. The characteristic of the surge arresters is necessary must be known for
calculation of the transient overvoltages.

Lightning surge voltages within GIL have been illustrated in principal by [16]. Shielding failures and back
flashovers have been investigated for a GIL directly connected to an overhead line. The investigations show
variation of the maximum voltage amplitude along the length of the GIL (for more details see annex B).

For long GIL (above 1 km), the voltage profile of the fast front overvoltages due to lightning is not flat all
along the GIL when the GIL is protected by one surge arrester at both ends (Figure 9).
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Figure 9: (a) voltage profile along a 30 km GIL resulting from shielding failure, t; tail-time of the
surge [16]
(b) voltage profile along GIL for a surge caused by back flashover at the first tower (solid

line: actual profile considering struck point; dotted line: profile of struck point is ignored)
this shows the reflection effect on the first tower on the amplitude of the voltage profile.
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Such a peaked voltage profile for long GIL can be flattened and thus lowered by internal surge arresters
located at a certain distance from the ends [19]; but one must notice that the optimum distance to the ends is
not easy to assess because it depends on the incoming surge slope.

Additionally, surge arresters can be installed in parallel with the insulator chains on the closest towers to the
GIL extremities [20] reducing the impact of the reflection on the first tower by reducing the probability of large
amplitude overvoltages.

Thus the highest overvoltages along the GIL could be reduced to values close to the surge arrester fast front
protective level. However, it must not be forgotten that in addition to the lightning overvoltage aspect, for GIL
the chosen rated power frequency withstand voltage is a key parameter of the reliability of GIL [18].

For slow front overvoltage mainly such as those due to switching of the GIL-Overhead line circuit, the
overvoltage profile along GIL is rather flat and very close to the surge arresters slow front protective level
even for long GIL.

5.4 Insulation Withstand and Overvoltage stresses

So flattening (and thus reducing) the transient overvoltages to overvoltage levels close to the surge arresters
protective levels leads to consider that the insulation is distributed all along the GIL: the withstand voltage of
many similar insulations in parallel and stressed by the same voltage amplitude is lower than the withstand
of only one insulation [16]. Beside when flattening the voltage profile along the GIL, the sensitivity of the GIL
is higher in case of defects occurrence. So, choice of too low Lightning, Switching Impulse Withstand Level
and Power Frequency Withstand Level for GIL increase the risk of Major Insulation Failure at permanent
voltage when random imperfections occur during the GIL life time [18]. All the aspects of type tests, routine
tests and on site test procedure and the relations that link all these on site test in relation with the self or not
self restoring insulation of the GIL are discussed in depth in the annex B.

Nevertheless, according to the last GIL projects there is no reduction of Lightning Insulation Withstand
Voltage requested by Utilities compared to present LIWL of GIS. But this no reduction of LIWV induces an
increase of the PFW voltage for N,/SF¢ gas mixtures GIL and consequently an improvement of their long
term reliability: a positive element to reduce the gap between targeted MFR compared to the expected one.

5.5 Long term test

In addition to the type test of short GIL samples, as for insulated cables, long term tests on GIL prototypes
have been performed.

The long term test aims to establish the reliability of all components and to test the on-site mounting
procedure and the repair procedure.

These long term tests performed at a voltage higher than the system voltage and lasting thousands of hours
are intended to represent ageing over life expected duration. So despite the possibility of applying a
separarate test for each stress, the long term test is a unique opportunity to apply simultaneously with a
voltage stress many of the other stresses affecting equipment life [42]: thermal due to current cycles,
mechanical because of enclosure thermal expansion. Descriptions of different long term tests are given in
annex B.

Once performed successfully on a GIL basic design, all GIL based on the same basic design are expected to
present very similar long term behaviour.

5.6 On line insulation monitoring

This matter has been dealt with by CIGRE WG 15-03 and the part applicable to GIL has been treated in
depth in the brochure to be published. Annex B reviews also quite intensively all the various diagnostic
methods to apply either during on site test or for on line monitoring in service: physical sensors and signal
processing to detect, locate and identify the occurring defects. Nowadays, two methods are mainly used to
detect on line the presence of possible defects: UHF methods for new equipment provided with internal UHF
sensors and acoustic methods for other equipment. ; Up to now, however the assessment of the actual
impact of the detected defects on the GIL insulation and thus on the remaining life is indeed still a difficult
matter.

5.7 Bonding and Grounding for permanent and transient voltages

The grounding of Gas Insulated Line must be adapted to the different service conditions represented by
normal service, short circuit and over-voltage conditions. The disposition of the GIL (buried, in a tunnel, in a
trench) and the possibility of having low voltage equipment such as densimeters, temperature sensors or
partial discharge monitoring systems connected on the enclosure has to be considered when the grounding
mesh is studied. The design of the grounding system must provide all the safety regarding persons and
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equipment in case of potential rise: touch voltage and .step voltage must remain lower than the limit values
for permanent or short circuit conditions.

The optimisation of the grounding system should be performed by calculation with a dedicated program but
some basic recommendations are formulated in the annex B to avoid major troubles during operation of the
GIL.

For short length GIL (less than 500 m), the GIS design rules are applicable [43]. For longer ones, the design
must be done taking into account the Technical Report IEC 61640 [1].

In contrast to insulated cables, the grounding and bonding of the enclosure at short spacing does not affect
the thermal rating of GIL because of the good enclosure conductivity. Thus, for safety reasons the enclosure
grounding and bonding would be done for directly buried GIL every 500m to 1 km reducing the power
frequency touch voltage to safe limit values and the transient overvoltage between enclosure and ground to
very low values not dangerous for people or for the insulating layer over the aluminum alloy GIL enclosure.
For GIL in tunnel the enclosure grounding and bonding is done for shorter length. Examples of grounding
realisation are given in annex B.
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6 Directly Buried GIL: Mechanical, corrosion protection and installation aspects

The objectives of this chapter are mainly to describe mechanical, corrosion and installation aspects of
directly buried GIL. For the mechanical aspect some simple methods for the calculation and analysis of the
stress on the enclosure are recommended disregarding the mechanical aspects of the internal components.
Effects of short circuit forces on the enclosure are excluded. The main aspects are the calculation of required
enclosure thickness, the vertical and horizontal stability and the interaction between the soil and the
enclosure. For the corrosion aspects two methods are described, the coating and the cathodic polarisation.
Over-ground and tunnel installations are not dealt with because they are similar to GIS bus ducts which were
first installed more than 30 years ago and have previously studied in the substation study committee.

6.1 Mechanical aspects

6.1.1 Stresses

One of the main issues for gas insulated transmission lines is the mechanical behaviour in the soil during
installation and operation. The GIL consists of 3 single phase encapsulated tubes which are directly buried in
the ground. Each tube consists of an outer aluminium alloy enclosure and an inner aluminium conductor. In
operation, thermal expansion and gas pressure generate the main forces acting on the enclosure.
Differential expansion between the inner and outer tubes is accommodated by the use of sliding contacts
already widely used in GIS. In addition, the enclosure is anchored in the soil because of the friction which
leads to high mechanical loads. The enclosure is also subjected to load bearing, soil pressure and traffic
loads. The GIL has to follow curvatures in vertical and horizontal directions (minimum bending radius
approximately 400 m), according to the terrain. Stresses for abrupt changes (for example elbows) in direction
are not dealt with in this study.

The mechanical design needs to take into account all the effects applied on the pipe listed below in general
order of the importance :

e thermal expansion,

» friction between the soil and the enclosure due thermal effect,
* internal pressure,

» bending resulting from the vertical and horizontal curvatures,
e soil pressure

» traffic loads,

» water pressure (if any)

* seismic loads (if any)

6.1.1.1 Thermal expansion ( thermo-mechanical stress )

The GIL is a thermal system with inner heat production by circulating of electrical current in both the
conductor and the enclosure. Two mechanical states can be found in buried GIL. The centre section
(anchored) is blocked solidly by friction with the soil, towards the extremities the enclosure may move unless
other constraints are applied. Heating causes a mechanical stress in the anchored parts in the longitudinal
direction of the enclosure. This thermomechanical stress is proportional to the thermal coefficient of the
material and the temperature difference between the operating and the laying temperature.

The thermomechanical stress causes a compressive force on the pipe in the axial direction (Figure 10).

For example with a diameter of the enclosure of 650 mm and thickness of 10 mm, the stress caused by a
temperature difference of 50 C is 86 N/mm?.

Soil

Figure 10: Schematic figure of the mechanical forces induced by thermal expansion and its possible
effect in bending/elbow if not taken into account in the path and GIL design.
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6.1.1.2 Internal pressure

The internal pressure induces on the enclosure 3 components of stress, hoop (tensile), axial (tensile) and
radial stress (compression) (Figure 11). The main stress to be considered for the dimension of the thickness
is the hoop stress. The axial stress reduces the axial stress caused by the thermo-mechanical stress.

-
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Figure 11: The hoop, axial and radial stress induced in the enclosure by the internal pression.

For example with a diameter of the enclosure of 650 mm and thickness of 10 mm, the hoop stress caused by
a pressure of 7 bar is 22.7 N/mm? and the axial stress is 7.3 N/mm?.

6.1.1.3 Bending

The bending stress results from the conditions of installation. It may be necessary to introduce curves in the
GIL to follow the terrain. Such bending will introduce a tensile stress on the outside of the bend and a
compressive stress on the internal side of the bend. These stresses are proportional to the stiffness of the
enclosure and inversely proportional to the bending radius.

For example with a diameter of the enclosure of 650 mm, the maximum stress tangential to the bend caused
by a bend radius of 500 m is 46.2 N/mm?.
6.1.1.4 Soil pressure

The weight of the soil exerts a vertical pressure on the enclosure. The enclosure has a tendency to become
oval and the soil reacts with a horizontal pressure on both sides. All these pressures depend on the buried
depth, the soil characteristics and the conditions of the laying. There is an evolution of lateral pressure with
time.

For example with a diameter of the enclosure of 650 mm, and thickness of 10 mm and burying depth of 1.5
m, the stress caused by soil pressure is 0.03 N/mm?®.

6.1.1.5 Traffic loads

It is necessary to pay attention to traffic loads which may be temporarily applied locally to the GIL.

For example with a diameter of the enclosure of 650 mm, and thickness of 10 mm and burying depth of 1.5
m, the stress due to soil and traffic loads are shown below.

Table 2
Vertical loads (N/mm2) Horizontal load (N/mm2)
h (m) Pe Pv Qv Qn ghsl ghsk
15 0.030 0.021 0.048 0.015 0.035 0.035

The vertical and horizontal Loads depend on the soil cover h

e Pg vertical soil load acting on the pipe

Py vertical traffic loads acting on the pipe resulting

 Qu vertical total load on the pipe

*  Qu lateral pressure on the pipe resulting from the soil pressure

» ghsl, ghsk lateral pressure from the pipe displacement ; | for long term, k for short term.
Lateral pressure on the pipe is the sum of Qy and ghsl/k.

6.1.1.6 Water pressure (if any)

Where the water table is at the same level or higher than the GIL there will be an upwards vertical force
applied to the enclosure (Archimedes' principle).
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6.1.1.7 Seismic loads (if any)

Seismic disturbances will usually effect the internal components of the GIL in terms of vibration in which case
natural frequencies have to be considered. The GIL cannot be designed to withstand the sheering effect of
an earthquake.

6.1.2 Enclosure design and factors important to the continued mechanical performance of the GIL

The mechanical design of the enclosure is an iterative process starting with the minimum wall thickness due
to internal pressure; after that first step, the thermo-mechanical stress and axial stability, vertical stability,
analysis of all stress combined, maximum allowable stresses and thermal loading history (fatigue) have to be
investgated for checking their influence on the enclosure design.

6.1.2.1 Minimum wall thickness due to the internal pressure

The first step in stress analysis is to calculate minimum wall thickness required to withstand the internal
pressure. While the diameter of the enclosure is generally determined by thermal and electrical engineering,
the thickness is determined by thermal and mechanical engineering in order to have operating temperatures
under the thermal limit and the stress under the allowable stress. For the calculation of the minimal thickness
all codes of pressure vessels and piping systems give approximately the same formula taking into account
the quality of welding. The minimal thickness depends on the pressure, the diameter of the enclosure and
the allowable stress of the material. The pressure must be the maximum operating pressure expected at the
location on the GIL under anticipated steady state operating conditions.

6.1.2.2 Thermo-mechanical stress and axial stability

Once the minimum wall thickness has been calculated, thermo-mechanical stresses must be calculated. The
second step is to examine the axial conditions as follows:

» the combination of axial stress due to internal pressure and thermo-mechanical stress results in a
compressive stress which must remain lower than the allowable stress of the enclosure material;

» the axial stability which is connected to the axial stress must then be calculated for buckling. With an
excessive heating of the pipe the compressive force may exceed the limits of the admissible force
and produce a buckling phenomena in the pipe. The stress which produces buckling depends on the
length, cross section, the moment of inertia and the E-Modulus of the material. For example, on one
hand, for an unburied GIL with 100 m length and with AT=50°C, the compressive force F,=1.154 MN
exceeds the critical buckling force (0.29 MN) and is therefore not stable. On the other hand, a buried
GIL with a minimum cover of soil of 1 m is stable. The buried GIL of 100 m length needs a larger
compressive force in the magnitude of 17 MN to pop out of the soil while the same line with AT =50
is only under a load compressive force of 1.65 MN. The main factors influencing the axial stability
are temperature difference between installation and operation, and the burying depth.

6.1.2.3 Vertical stability

The third step in the design of the GIL is to study the vertical stability depending mainly on the soil pressure
and traffic loading. There are other factors which influence the vertical stability such as the internal pressure,
the pressure of the water if any and the GIL weight. The determination of the normal forces and moments
applied over a cross section allows to calculate the stress and deformation on the GIL. This is the main step
of checking the mechanical design of the GIL in a vertical direction. These forces and moments are
generated by the non-uniform pressure distribution on the cross section of the enclosure. The results of the
calculation will be near to reality only if the loads, the laying conditions and the characteristics of the soil are
well known.

Various National standards give methods to calculate the soil pressure, traffic loads, the combined active
and passive vertical and horizontal loads acting on pipelines which may be adapted for GIL. All these loads
depend on the buried depth, the soil characteristics and the conditions of laying. The vertical soil pressure
and the traffic loads induce a lateral pressure resulting from the displacement of the pipe. The lateral
pressure is determined by two soil states. The first corresponds to the soil conditions immediately after
laying, the second to the soil conditions after years of operation.

An optimum burying depth must be found by comparing the soil pressure due to depth and the traffic load
pressure. The soil pressure increases with depth, and the traffic load pressure decreases with depth. In
burying the GIL at a depth of one metre there should be no problems of vertical stability.

6.1.2.4 Analysis of all stress combined

A heated pipe which is buried underground tends to expand and move. The experience from pipelines
system show that only the ends move and the big part, the middle one, is anchored in the soil which is
called the restraints portions. The active length, the moving part is proportional to the temperature
difference and inverse proportional to the friction coefficient between the soil and the enclosure, the buried
depth and the diameter of the pipe.
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All types of stress previously discussed are combined in the principal stress. For that, the von Mises
hypothesis can be used, but other methods can be chosen such as shear hypothesis. The calculated value
must be lower than the allowable stress to have an acceptable design of the GIL.

For example using the same GIL dimensions as above, at AT=50 °C, the axial stress is 86 N/mm?, von Mises
with a bending vertical or horizontal with a radius of 400 m is about 93 N/mm?. The variation of the principal
stress as a function of the AT is shown in the diagram below (Figure 12).
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Figure 12: von Mises stress for vertical (N/mm?)
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Figure 13  Principal stress for a buried GIL in case of free ends (U the friction coefficient soil/GIL)
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The Figure 13 shows the stress in the restraints portions and this is less in the moving portions (at the ends)
because of the relative movement of the pipe to the soil. This decrease proportionally from the anchoring
part to the free ends . In the case where the ends are blocked, the principal stress along the GIL will be
constant and equal to that in the anchored part.

6.1.2.5 Maximum allowable stresses

The maximum allowable stress can be determined from the characteristics of the enclosure material chosen
using the rules given in the national standards for pressure vessels and pipelines. Unfortunately none of the
existing codes are applicable in full to gas insulated lines (GIL):

» pressure vessel codes such as ASME VI, CODAP, EN 50064, .... do not take into account the
specificity of buried cross-country structures,

* pipelines codes such as ANSI B31.8, CSA codes, GAZ de FRANCE CCTP, ... do not take into
account the specificity of a structure carrying electricity.

CSA code Z169 for aluminium gas pipelines is the closest to the case of GIL as it is specific to buried cross-
country structures made of aluminium and is served by experience in Canada where there are several
kilometres of gas distribution buried aluminium pipelines. The code applies coefficients based on the
behaviour of gas under explosion, which are not applicable to insulating gas mixtures. Care must be taken to
apply the appropriate coefficients.

For calculation of allowable stresses and factors for changes in direction the US based, ASME standards or
the European EN 50 064 1989 “Wrought aluminium and aluminium alloy enclosures for gas-filled high-
voltage switchgear and controlgear” can be used.

6.1.2.6 Thermal loading history (fatigue)

For direct buried GIL the stress range becomes more important than the actual maximum stress. The
enclosure may vyield the first time the maximum temperature is reached. There will be significant stress
relaxation as the enclosure material approaches yield and depending on how long the maximum temperature
is maintained, some or all of these stresses will reappear as a tension load as the pipe cools. Thermal time
constants are long for direct buried GIL. Generally the time constants exceed the normal daily current cycling
for the line, so there should be only minimal changes in enclosure stresses and they should remain in the
elastic range. Annual changes in load profile will produce lower changes in pipe temperature than the full
delta T caused by going from no current to full rated current but may produce some plastic strain. Thus, the
design consideration becomes one of fatigue rather than maximum stress. To avoid the problem of fatigue
the GIL should be designed so that it remains in the elastic range.

6.2 Corrosion Protection of GIL

Efficient corrosion protection is essential to ensure design life of 40 years. Current experience with buried
aluminium pipes is very limited, nevertheless the experience already gained with steel pipes can be adapted
for the properties of aluminium.

Corrosion is always linked with the presence of electrical current circulation due to a potential difference.
This can be due to internal unbalanced chemical elements inside a metal which create an elementary battery
cell, or due to external influences such as a difference in pH between two points on a metallic surface or
circulation of vagabond currents through the metal.

Buried steel pipes have been used for the transport of water, gas and oil for many years. Two main types of
corrosion protection are employed, independently or together : cathodic protection and/or coatings.

Cathodic protection consists of applying a negative potential to the metal surface. This is easy for steel
because a negative polarity of only -0,8 V applied to the enclosure relative to the copper reference electrode,
installed in the surrounding soll, is sufficient for protection. This potential does not electrolyse the water
contained in the soil excessively. This negative polarity can be achieved using a Zinc anode. As the current
flowing is proportional to the enclosure surface in contact with the soil, the size and the number of Zinc
anodes distributed along the length may be quite large for a long steel pipes. In order to reduce the Zinc
anode size, an insulating coating must be applied around the pipe.

Steel is relatively easy to protect using only cathodic polarisation, but this is not the case for aluminium. For
aluminium complete immunity from corrosion could only be assured by applying a potential of -2,0V which
would highly electrolyse the water. The electrolysed water would become alkaline and would attack the
aluminium. Cathodic polarisation must therefore be limited to a value between -0,8 V and -1,0 V to avoid
electrolysation of the water. These values can be achieved with zinc reactive anodes or by a static
generator. This is not sufficient to assure an efficient protection against corrosion. To ensure that the
polarisation remains within the correct limits (-0,8 V and -1,0 V) monitoring system is required.
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For aluminium enclosures therefore the main method of corrosion protection is the use of a coating on the
aluminium to prevent direct contact with the surrounding soil. This protection may be complemented by the
use of the cathodic protection.

The coating must withstand chemical attack and mechanical damage. This is generally achieved by using
more than one layer of coating. The inner protective layer will normally be a thin layer of epoxy. This protects
against attacks from acids, alkalis and various salts. This layer needs to protected mechanically, however.
This mechanical protection will normally be polyethylene or polypropylene and will be quite thick. Because of
the difficulty of bonding PE or PP to epoxy an intermediate layer is sometimes used. Choice of PE or PP will
depend on factors such as temperature. The coating must be flexible enough to cope with thermal expansion
of the GIL without sheering the bonding between layers.

The coating has an impact on the heat dissipation of the GIL because of it's high thermal resistance (3.5
mK/W). For this reason, as well as cost, the thickness of coating needs to be limited. A thickness of between
3 mm and 6 mm appears to have only a moderate effect on heating.

Concrete is highly alkaline and attacks aluminium strongly. Where the GIL is to be blocked in concrete it is
necessary to thoroughly check the coating before pouring the concrete because it is difficult to repair the
coating afterwards.

The GIL enclosures will be delivered to site with the coating already applied. Because the GIL is welded on
site it must be possible to apply the coating over the welds on site.

Tests must be carried out to validate the coating but no standard specific for aluminium coatings exists, but
the tests for coating of steels may be employed.

As the earthing circuit is generally copper, care must be taken to avoid creating a natural cell between the
copper and aluminium which could lead to ionisation of the aluminium atoms. This may be achieved by
separating the connection between the two metals with the use of a polarisation cell.

Due to corrosion risks it is advisable to avoid acid or alkaline soils or areas of industrial contamination. Also
to be avoided are roads which are subjected to salt treatment for snow clearing during long winters. It is also
advised to avoid parallel paths with dc supplied railways as these can generate vagabond currents.

No protection is necessary for the inside of the GIL as the gas mixture is not aggressive for the aluminium.

6.3 Installation of direct buried GIL

The GIL installation is quite similar to the installation of gas or oil pipes, except that the enclosures are
aluminium and not steel, and an internal conductor is necessary for transmission of electricity .

The main difference is relative to the cleanliness, which must be the top priority in order to avoid the input of
particles inside the tubes as much as possible. Particles and particularly metal particles may be at the origin
of dielectric flashover.

The second difference is relative to the presence of a central conductor supported by spacer insulators. All
the GIL components must be handled and assembled with caution in order not to damage these insulators.

The people in charge of the assembly must pay special attention to the manufacturer instructions.

Before starting any work, it is necessary to make a complete study of the soil that will be crossed. Some soils
can present a danger for the GIL because of risk of corrosion and need at least deeper chemical analyses.

Compared to pipelines the GIL components must be handled with care because of the components inside
and the coating on the outside.

6.3.1 GIL assembly operation

The trench is prepared in accordance with the consistency of the soil. The extracted materials are stocked in
order to be used for back filling, as much as possible. The bottom of the trench is filled with sand on which
the GIL will be laid down.

Junction chambers along the GIL are used to fix the GIL, to allow access for monitoring, earthing and to
allow high voltage testing section by section. These vaults are prepared in appropriate positions in advance
of the GIL assembly. After the GIL installation the vaults are completed. Where anchorages are needed the
process is the same as for vaults.

After inspection, cleaning etc. the GIL is positioned and the sliding contacts of the conductors are carefully
fitted together. The two prepared enclosure extremities are then assembled and welded and tested in
accordance with local health and safety regulations.

After installation the welds must be protected from corrosion using a non conducting coating material similar
to that used for the rest of the enclosure. The coating then has to be tested for porosity using a "holiday
detector". Any weak points found have to be repaired.
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The trench is then ready for backfilling. Where necessary for thermal reasons and/or integrity of the coating
reasons because of rocky soil, the original soil directly against the GIL may be treated or simply replaced
with sand. The soil is compacted around the GIL during backfilling to avoid movement later. The rest of the
trench can be filled with the natural soil and progressively packed down. It may be necessary to check for
damage of the coating after backfilling.

In order to minimise the electromagnetic field, the 3 GIL enclosures are linked together and earthed at each
end, and in each vault. Earthing connections are made to an earth mat through a polarisation cell to avoid
circulation of corrosion currents. Any cathodic polarisation system will have to be installed before backfilling
and the monitoring installed in the vaults.

The SF6/nitrogen gas mixture assures the dielectric insulation withstand of the GIL and must be exempt of
impurities and moisture. For this reason gas handling is very important. The accurate mixing and separation
of gas mixtures is now well handled by gas suppliers.

Before being put into service the GIL willhave to be routine tested. Routine tests include weld inspection
(which will have to be carried out before the corrosion protection is applied), pressure testing, leak testing
and dielectric tests. These tests may be carried out during the continuous installation process depending on
GIL length and other practicalities.

The control system must also be installed. Each gas compartment must be monitored for gas density, with
alarms and lockout thresholds. Other fault detection systems may also be installed. A communication link will
have to be installed to connect all the transducers etc. with a central control unit.

6.3.2 Buried GIL Installation History

During the 1970’s and 80’s GIL produced several direct buried GIL installations at 145 kV and 242 kV. Run
lengths were usually less than a few hundred meters and all installations were equipped with active
corrosion protection. These early installations were not supported by detailed mechanical calculations,
however, most of the installations are still in service today. There have been 2 instances where the GIL line
was dug up to correct a problem. There was no evidence of corrosion or detectable deformation of the parts
examined during these repairs.

6.4 Final remarks

The mechanical stability of directly buried gas insulated transmission lines (GIL) in axial and vertical
directions as well as the forces, the deformation and the stresses during operation were investigated.. The
effects of the soil load, the traffic load and the inner pressure, the water pressure in the soil on the enclosure
were considered

From a corrosion point of view, the behaviour of buried aluminium is very different from that of steel. It is
impossible to secure cathodic protection and so it must be assured that the coating protection has no
imperfections which lead to expose aluminium.
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7 Environmental aspects

7.1 Environmental life cycle assessment

A standardised procedure for quantifying the environmental impact of a technology is the Environmental Life
Cycle Assessment (LCA), the procedural basis for which is documented in the international standard series
ISO 14040 [9].

An LCA has been outlined for the case of gas-insulated power equipment by CIGRE WG 23.02 [10]. The
approach is applicable to GIL and is described in the report in a simplified manner as being performed in 5
steps as follows:

» choice of a representative functional unit of the technology
» definition of the “horizon” (frame of reference) of the study
» establishment of a life cycle inventory

» derivation of a life cycle impact assessment

» derivation of life cycle interpretation

The functional unit chosen for the assessment might be a unit length of GIL with a given rated voltage and
current.

The horizon of the study includes the life cycle phases which are considered, the material production and
energy generation scenarios that are assumed, the types of environmental impact that are to be assessed
and the methodologies to be used.

The life cycle inventory (LCI) quantifies the relevant material and energy flows into the system and emissions
and waste flows out of it. In the case of GIL, the LCI will include the materials used and the energy
consumed in producing them, emissions and waste generated during production and manufacture, energy
losses generated during the operational lifetime of the equipment, and energy losses and emissions
associated with decommissioning and disposal or recycling.

The life cycle impact assessment (LCIA) derives quantitative environmental impacts from the LCI data.
The life cycle interpretation draws conclusions from the LCI and LCIA data.

A comparative assertion is a special type of LCA in which the environmental impacts of two systems of
equivalent performance are compared. The report illustrates the basic principles of a comparative assertion
for the case of SFg emissions from systems using pure SF¢ and a mixture of nitrogen and SFs.

Most of the materials used in GIL are easily recyclable at end of life

7.2 General environmental aspects

A comparison of overhead lines and underground cables, with particular reference to environmental effects,
has been reported by CIGRE Joint Working Group 21/22.01 [5]. Many of the arguments are applicable to
GIL. The environmental impact of transmission technologies including GIL has been reported by Jouaire [8].
Factors considered in the two reports are:

e visual impact
» electromagnetic fields
— magnetic fields
— electrostatic fields
» depreciation of property/land values
e restrictions on land use: buildings, air traffic, land cultivation
» audible noise
» electromagnetic interference (radio interference voltage)
» effects on forests and natural environment
»  risk of soil pollution

The present report will only deal with those factors where the use of GIL has a different impact to that of
conventional cables.
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7.3 Electromagnetic Fields

7.3.1 Electrostatic fields

The earthed, conducting enclosure of a GIL will provide complete screening against the power frequency
electrostatic field of the conductor at high voltage. The screening will remain effective under transient
conditions.

7.3.2 Magnetic fields

Where a GIL is of the single-phase enclosed design and the enclosures are solidly bonded at each end
(which will normally be the case), enclosure currents will circulate tending to reduce the magnetic field
external to the GIL. However, due to the spatial disposition of the three phases, screening is not complete.

Magnetic fields have been calculated for the overhead line, GIL and cable systems that were considered in
Paragraph 3.1. RMS values of the magnetic flux density at 1 m above ground and at different distances from
the central axis are shown in Table 3. The values correspond to a transmitted power of 2000 MW.

Table 3:
Magnetic flux density for 400 kV lines and 3000 A (see Table 1)
Distance from central axis (m)
B (uT)
0 10 20 30
Overhead line 42 36.5 21.0 10.8
GIL
Flat formation 5 0.25 0 0
XLPE cable
1 per phase 109 11 2.9 1.3
Flat formation
XLPE cable
2 per phase 13.2 0.74 0.19 0.08
Trefoil formation

The magnetic field of the GIL was generally lower than that of the overhead line and the cable system. The
magnetic field of the cable system with two cables per phase was generally lower than that of the overhead
line.

Where a GIL is of the single-phase enclosed design and the enclosures are bonded in such a way that
enclosure currents cannot circulate, e.g. where single point bonding is used, eddy currents will flow in the
enclosures but these will provide no effective magnetic screening. The magnetic field external to the GIL will
therefore be higher than in the case where the enclosures are solidly bonded. It is thought that such an
arrangement will seldom be used.

The magnetic field external to the GIL may be calculated analytically using Ampeére’s Theorem and Biot and
Savart’s Law. Alternatively, the magnetic field can be calculated using a numerical method, such as the finite
element method. An analysis of magnetic fields of underground cable systems has been reported by CIGRE
Joint Task Force 36-01/21 [12].

7.4 Global warming

A survey of the present situation concerning the environmental implications of SFg used in electric power
equipment is given in a paper by WG 23-02 [11]. As a consequence of its high global warming potential, SFe
was put on the list of greenhouse gases in the Kyoto protocol in 1997. According to the study, in 1999 the
share of “electric’ SFs in man-made greenhouse gas emissions was approximately 0.1%. With the
implementation of conservative SFg handling in the electricity industry, the share of the “electric” SFg
emission in relation to the total greenhouse gas emissions will reduce to about 0.04% by 2010. It is
concluded that “electric” SFs emissions, which are already now quantitatively insignificant, will become
irrelevant in the future despite the ongoing installation of SF4 insulated equipment.

Therefore when it is possible the environmental impact of SFs; can be further reduced by reducing the
quantity of it inuse . For GIL, the use of a mixture of nitrogen and SFg is a practical alternative to pure SFs. A
comparison of the environmental impact of emissions from a system using pure SFs and one using a mixture
of nitrogen and SF; is outlined in the report by CIGRE WG 23.02 [10].
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8 Overall Economic aspects

GIL is a means of transmitting electrical power at transmission voltages. It provides an alternative to cables
for the undergrounding of circuits. It has comparatively high ratings and is suitable for transmission over long
distances.

The comparison of overhead lines and underground cables reported by CIGRE Joint Working Group
21/.22.01 [5] commented on comparative costs. Again, many of the arguments are applicable to GIL. An
economic comparison of transmission technologies including GIL is included in the report by Jouaire [8].

On the basis of capital costs of the circuit, overhead lines are the most economic means of high voltage
transmission compared with cables and GIL.

The decision on whether to underground a circuit takes into account the need to transmit electricity at
minimum cost and the need to minimise the effects on the environment. Undergrounding is therefore applied
in situations where an overhead line would be impracticable or where amenity considerations are
overwhelming. Environmental concerns and public opposition to overhead lines are influential.

The time required in which to obtain planning permission from the relevant authorities is generally less where
a circuit is undergrounded. Difficulty in obtaining permission for an overhead line may lead to significant
costs due to late commissioning of a project and costs associated with the legal process.

The costs associated with rights of way depend on practices adopted in different countries. The land crossed
by a transmission circuit may be purchased by the utility or rented. The price of land in different locations will
vary significantly.

The cost of losses over the lifetime of an installed circuit can be significant. The losses depend on the actual
power transmitted and are highly variable. In the examples shown in Table 1, the losses were highest for the
overhead line. The losses for the grounded GIL and cross bonded cable system with comparable rating were
similar in level. For comparison with capital costs, the cost of losses incurred throughout the life of a circuit
can be converted to an equivalent capital sum at the time of purchase, or capitalised to the present worth.
The capital cost of losses will be specific to the particular project.

When comparing the costs of GIL with cables, it is difficult to state a clear boundary due to the large number
of variables that influence the economics, many of which depend on the particular project.

To match the ratings of some overhead lines, it is sometimes necessary to use two cables per phase, thus
increasing the cost per unit length of the cable option. GIL has a significantly higher rating than cable and it
may be possible to match the overhead line rating with a single GIL per phase.

The design of a GIL must satisfy dielectric, thermal and mechanical requirements. If the current rating for an
application is low, it does not follow that GIL dimensions may be reduced. GIL may therefore be less
competitive than conventional cables at lower ratings.

GIL terminations are less expensive than cable sealing ends. The costs of reactive compensation are less
for GIL than cables.

Indeed, as many of the factors that influence the costs will depend on the particular project. Each project will
require careful study. As guidelines, the following items should be at least considered but the list is far to be
exhaustive:

» Capital costs:
— equipment costs - voltage and current rating, length
— installation costs - costs of labour and materials for installation
- cost of land
— civil engineering - routing, direct burial/tunnel
— cost of reactive compensation
— cost of terminations, switchgear, protection

e Costs incurred throughout life of a project:

losses

maintenance/monitoring

land rental

spares

» Cost of decommissioning, recycling materials.
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9 State of the art

9.1 Actual installations

9.1.1 Experiences/references

Significant lengths of GIL have been installed above ground and in tunnels and have been in service for
years ([36] [36], [54]). However directly buried GIL has not been widely applied. Some applications are
reported ([39], [40], [41]). Recent full size trials of directly buried installations have been performed and will
be described below together with the last known GIL installations whatever are the laying conditions.

9.1.2 Shinmeika - Tokai GIL

Chubu Electric Power Co. Inc. has installed a 275 kV GIL in a tunnel between Shin-Nagoya Power Station
and Tokai Substation, a route length of 3.25 km. The project is well documented in the literature [44], [45],
[46], [47]. The GIL went into service in February 1998. It comprises two three-phase circuits with a present
transmission capacity of 1300 MW, rising to 2850 MW when forced cooling is implemented.

GIL was chosen due to its being a more economic alternative than XLPE cables, for which five circuits would
have been required.

Figure 14: View of the 275 kV Shinm.eik'a - Tokai GIL.

9.1.2.1 Ratings

The GIL ratings are summarised in Table 4. The two circuits of the GIL normally carry equal current, but
either can carry the rated current.

Table 4:
Shinmeika - Tokai GIL ratings

Rated voltage 275 kv
Lightning Impulse Withstand Voltage 1050 kV

Switching Impulse Withstand Voltage N/A
AC Withstand Voltage 460 kv

Frequency 60 Hz

Rated current 6300

Short time withstand current 50 kA for 2 second




2002 WG 23/21/33-15 CIGRE GIL Brochure : Main Part 36/48

9.1.2.2 Design

Sections of the line were supplied by three manufacturers. The basic structure and performance of the line
was standardised. The design is summarised in Table 5.

Table 5:
Design of Shinmeika-Tokai GIL

Outside diameter of enclosure 480 mm
Connection Method of enclosure Welded
Total circuit length 3.25 km

Transport length 14 m

Insulating gas SFs

Gas Pressure at 20°C 4.4 bar abs

Development testing included a long term accelerated field test, performed at the Yokosuka Research
Laboratory of CRIEPI on a full size 140 m length. A voltage of 235 kV was applied for half a year and a
current of 6300 A was applied in 50 cycles of 8 hours on and 16 hours off. The test demonstrated the
durability of the GIL for 50 years actual use.

The GIL was assembled from approximately 1500 factory built units of length 14m. The conductor lengths
were joined by plug-in contacts and the enclosure lengths were joined by on-site welding.

The GIL is anchored by fixed supports every 56 m; aluminium bellows in the enclosure and sliding contacts
in the conductor allow for thermal expansion, installation tolerances and displacement due to seismic activity.
Each 56 m length constitutes a gas zone.

The enclosures are solidly bonded at both ends of the line and earthed at every support structure.

9.1.2.3 Installation

The factory-built units were joined on site within a mobile clean room. The enclosures were welded by fully
automatic welding machine. Dimensional measurement and pinhole inspection were performed on all welded
joints.

A pressure test was performed at 0.57 MPa (1.25 times the maximum operating pressure) for 10 minutes.

9.1.2.4 Site tests

Site tests were performed including withstand voltage and partial discharge. Tests were performed on one
phase at a time. The voltage was applied in levels up to 230 kV for 10 minutes. Partial discharge activity was
monitored for at frequencies lower than 100 MHz using metallic foil electrode sensors and between 40 and
100 MHz using external antennas.

A load current test was performed in which a current of about 5100 A was applied in three cycles of 8 hours
on and 16 hours off. The surface temperature of the enclosure was monitored using an optic fibre sensor
with a resolution of 1°C, to detect possible temperature rise due to defective contact at the conductor joints.
Expansion and contraction of the bellows was measured to confirm smooth movement.

9.1.3 PP9

In a project at the PP9 Power Plant in Saudi Arabia, 420 kV GIL is used for connections between
transformers and a GIS substation [48]. The connections consist of eight three-phase circuits, totalling 17
km of single phase circuit. The project was completed in four stages, and was commissioned from May 1997
to March 2000

GIL was chosen as the only viable technical solution due to restrictions imposed by the route and the very
corrosive environment (due to plant emissions and sand storms). In addition the GIL solution allows highly
reliable transport of high powers with low losses.

The GIL was installed above ground at heights between 7 and 9 metres, to allow passage for transformer
transportation. The ambient temperature varies between -6°C and +55°C. The GIL is subject to winds of 120
km per hour with strong gusts of up to 150 km per hour.
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9.1.3.1 Ratings
The GIL ratings are summarised in Table 6.

Table 6:
Ratings for PP9 GIL

Figure 15: Views of the 420 kV PP9 GIL: erection and layout.

Rated voltage 420 kV
Lightning Impulse Withstand Voltage 1425 kv
Switching Impulse Withstand Voltage 1050 kV
AC Withstand Voltage 630 kv
Frequency 60 Hz
Rated current 1200 A at +55°C

Short time withstand current

50 kA for 1 second

9.1.3.2 Design
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Standard 420 kV GIS busbars, contacts, support insulators and adjustment and expansion bellows were
used. The enclosures were of standard dimensions, but formed by extrusion as imposed by the specification.
Pre-machined flanges were welded to the enclosures to allow bolted assembly at site. Unit lengths of
enclosures were equipped to form shipping units. Shipping units were transported to site in 12.2 m

containers.
The GIL design is summarised in Table 7.

Table 7:
Design of PP9 GIL

Outside diameter of enclosure 464 mm
Connection Method of enclosure Bolted flanges
Total circuit length 5.6 km
Transport length 109 m
Insulating gas SFg
Gas Pressure at 20°C 6.5 bar abs
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9.1.3.3 Installation

A clean workshop was created at site to prepare shipping units before assembly. In addition, a small shelter
was used to provide a dust free zone in which to remove end covers and join shipping units to form a sub-
assembly at ground level. A similar shelter was used when joining the sub-assembly to the previous GIL
section in final position. The GIL was installed in supports with rollers to allow free expansion due to
temperature. Bellows were used to absorb the expansion and positioning deviations.

9.1.3.4 Site tests

The GIL was energised using a conventional series resonant test set. The test was performed at 50 Hz,
allowing lengths of more than 300 m to be tested at a time. The voltage was applied in levels up to 504 kV
for 1 minute.

9.14 PALEXPO

A tunnel-installed GIL with two circuit lengths of 0.4 km has been installed in Geneva, where Energie Ouest
Suisse has replaced a section of double circuit 245 kV overhead line to allow extension of the Palexpo
exhibition centre. GIL was chosen since it offered similar operational characteristics to the overhead line and
also due to the negligible electromagnetic field at ground level.

Installation began in September 2000. The GIL was assembled on site from 14 m transport lengths. The
sections were welded at a foot of a shaft at one end of the tunnel in a temporarily installed assembly tent.
From there the GIL was subsequently pulled into the tunnel. The elastic bending of the GIL allowed the
curves of the tunnel to be followed without using elbow elements. Commissioning of the GIL took place in
January 2001, followed by operational use early in 2001.

Figure 16: View of he 245 kV PALEXPO GIL.

9.1.4.1 Ratings
The GIL ratings are summarised in Table 8.

Table 8:
Ratings for PALEXPO GIL
Rated voltage 230 kV

Lightning Impulse Withstand Voltage 1050 kv
Switching Impulse Withstand Voltage 850 kv

AC Withstand Voltage 460 kv
Frequency 50 Hz
Rated current 2000 A

Short time withstand current 50kA 3s
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9.1.4.2 Design
The GIL design is summarised in Table 9.

Table 9:
Design of PALEXPO GIL

Outside diameter of enclosure 512 mm

Connection Method of enclosure Welded
Total circuit length 430 mx 2

Transport length 14 m
Insulating gas 20% SFg/ 80% N,

Gas Pressure at 20°C 7.0 bar abs

9.1.5 SAINOI (Thailand)

From May to November 2001 a GIL for 550 kV, 4000 A rated current was installed near Bangkok, Thailand.
It is part of the extension of an existing substation. During the installation, the existing substation remained in
service. The GIL connects several bays of a GIS substation extension to outdoor busbars and overhead
lines. GIL was chosen because of the high rating requirements and the lack of space within the substation.
The total circuit length is approximately 1.2 km. The GIL was built of sections of up to 18 m length. Assembly
was performed in a temporary tent on site.

Figure 17: View of the SAI NOI 550 kV GIL.

9.1.5.1 Ratings
The GIL ratings are summarised in Table 10.

Table 10:
Ratings of SAI NOI GIL

Rated voltage 550 kV
Lightning impulse Withstand Voltage 1550 kv
Switching Impulse Withstand Voltage 1175 kv

AC Withstand Voltage 740 kV

Frequency 50 Hz

Rated current 4000 A
Short time withstand current 63kA1ls
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9.1.5.2 Design
The GIL design is summarised in Table 11.

Table 11:
Design of SAI NOI GIL
Outside diameter of enclosure 517 mm
Connection Method of enclosure Welded
Total circuit length 1.2 km
Transport length 18 m
Insulating gas 60% SFg/ 40% N,
Gas Pressure at 20°C 7.0 bar abs

9.1.6 Hams Hall

A contract has been awarded by National Grid for 545 metres of GIL in the UK at Hams Hall substation in the
Midlands. The GIL connects a conventional 400 kV substation to an overhead line. The configuration of the
substation is such that access is very difficult due to other incoming lines and cables. The GIL of fully welded
construction will be installed on supports above ground within the substation boundary. Outside the
substation the GIL will be installed in separate trenches. Expansion of the GIL is accommodated by
articulated bellows units which are situated at the mid-point. The GIL uses a gas mixture of 10% SFs and
90% N, as the insulating medium. Planned completion of installation is Summer 2003.

9.1.6.1 Ratings
The GIL ratings are summarised in Table 12.

Table 12:
Ratings of Hams Hall
Rated voltage 420 kV
Lightning impulse withstand voltage 1425 kV
AC withstand voltage 630 kV
Frequency 50 Hz
Switching impulse 1050 kv
Rated current 4000 A
Short time withstand current 63 KA for 1 second
9.1.6.2 Design of Hams Hall GIL
The GIL design is summarised in Table 13.
Table 13:
Design of Hams Hall
Outside diameter of enclosure 520 mm
Connection method of enclosure | Welded
Total circuit length 545 m
Transport length 115m
Insulating gas SFe/N;
Gas pressure at 20°C 10.3 bar abs

9.2 Full-size Trials

9.2.1 420kV GIL tests in Germany

At the IPH test laboratory in Berlin, tests have been performed on GIL designs for tunnel-installation and
direct burial in co-operation with Bewag and other leading German utilities. The GIL uses an insulating gas
mixture of 80% N, and 20% SF¢. Tests were performed to establish the reliability of all components, prove
the on-site installation methods and provide experience. In the course of the tests, it was required to simulate
the electrical and mechanical stresses that would occur over a 50 year life.
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Short circuit withstand tests up to 63 kA, 3 s were performed on GIL prototypes containing all essential
components. Internal arcing tests with 50 kA and 63 kA were performed on typical GIL arrangements.
9.2.1.1 Ratings

The GIL ratings are summarised in Table 14:

Table 14:
Ratings of 420 kV GIL tested in Germany

Rated voltage 420 kv

1300 kV tunnel
1425 kV buried

Lightning Impulse Withstand Voltage

Switching Impulse Withstand Voltage 1050 kv
AC Withstand Voltage 630 kV 1 min
Frequency 50 Hz
Rated current 2388 2 :)uur:ir:jl
Short time withstand current 63 kA for 3 second
The design for 420 kV GIL for tunnel is summarized in Table 15.
Table 15:
Design of 420 kV GIL for tunnel
Outside diameter of enclosure 520 mm
Connection Method of enclosure Welded
Total circuit length 70m
Transport length 11m
Insulating gas 20% SFs / 80% N,
Gas Pressure at 20°C 7.0 bar abs

The design for directly buried 420 kV GIL is summarized in Table 16.

Table 16:
Design for directly buried 420 kV GIL
Outside diameter of enclosure 600 mm
Connection Method of enclosure Welded
Total circuit length 100 m
Transport length 14 m
Insulating gas 20% SFs / 80% N,
Gas Pressure at 20°C 7.0 bar abs

9.2.1.2 Long term test on tunnel-installed GIL

Long term testing was performed in 1998 on a 70 m length including all major components of a typical GIL,
which was installed in a section of tunnel of 3 m diameter. The GIL was assembled from 11 m long sections
joined using a computer controlled, fully automated welding procedure. The test required the on-site welding
method, the repair method, compensation of thermal expansion and UHF partial discharge monitoring to be
demonstrated.

The test conditions are summarised in Table 17.
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Table 17:
Test conditions for tunnel-installed GIL
AC withstand te'st, '1 min with PD 630 kV
monitoring
Commissioning Lightning impulse test 1300 kV
Switching impulse test 1050 kV
7 hours heating 3200 A
Load cycles
5 hours cooling 480 kV cooling period only
Test duration 2500 hours
Intermediate tests T
every 480 h Switching impulse test 1050 kv

All tests were successful.

9.2.1.3 Long term test on directly buried GIL

Long term testing was performed in 1999 on a 100 m length of directly buried GIL including a curved section,
with the minimum permissible bending radius for the enclosures of 400 m, and an angle module. Realistic
laying procedures were used and a repair under real conditions was required to be demonstrated. Conductor
and enclosure temperatures and movement due to thermal expansion were recorded throughout the test.

The test conditions are summarised in Table 18.

Table 18:
Test conditions for directly buried GIL
AC withstand test, 10 s 550 kv
Commissioning AC withstand test, 1 min with PD 504 KV
monitoring
Lightning impulse test 1140 kV
8 hours heating 4000 A
Load cycles 4/16 hours cooling 480 kV cooling period
(time parameters change every 480 h) only
Test duration 2880 hours
Intermediate tests . I
every 480 h Lightning impulse test 1140 kv

All tests were successful.

9.2.2 EDF research programme

In 1993, EDF launched a comprehensive research programme with manufacturers to establish the feasibility
of underground power transmission at 420 kV by GIL [54]. The programme addresses directly buried GIL
with nitrogen based insulation. The aim is to have proven industrial technology available for use on the EDF
system. The programme comprised two stages: a feasibility study and a long term test on a 300 m long
directly buried GIL prototype.

9.2.2.1 Feasibility study and 420 kV GIL ratings

The feasibility study began in 1994 and was completed in 1997. Studies have been performed on
dimensioning for insulation, thermal behaviour, mechanical constraints and corrosion protection. Laboratory
tests have been performed on dielectric performance, short circuit performance, reliability studies, monitoring
and fault location systems. All tests were successful. It was concluded that the required GIL technologies
were accessible medium term.

The GIL ratings are summarised in Table 19.
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9.2.2.2

The GIL design is summarised in Table 20.

9.2.2.3

Table 19:
Ratings of EDF GIL
Rated voltage 420 kV
Lightning impulse Withstand Voltage 1425 kv
Switching Impulse Withstand Voltage 1050 kv
AC Withstand Voltage 620 kV
Frequency 50 Hz
Rated current 3000 A
Short time withstand current 63 kA
Table 20:
Design of EDF GIL
Outside diameter of enclosure 515 mm
Connection Method of enclosure Welding
Total circuit length 300 m single phase
Transport length 15m
Insulating gas 10% SFg/90% N,
Gas Pressure at 20°C 8.0 bars abs

Long term test on directly buried GIL
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The second stage of the programme began in 1998. A 300 m long prototype of a 2000 MVA GIL was
installed at Les Renardieres for long duration testing [57]. The installation includes all components of a
buried GIL. The test lasted for one year, simulating stresses equivalent to 50 years in service and including a

simulated repair.

For this purpose, the prototype was subjected to heating cycles with simultaneously 420 kV phase to ground
voltage application during 6000 hours. The objectives of the test were:

Table 21:

Validation of procedures for laying and repairing underground GILs;

Demonstration of the good long-term performance of the technology when stressed simultaneously
by both the thermal and voltage stresses;

First approach to the use of this type of link.

Test conditions for EDF directly buried 420 kV GIL

AC withstand test, 1 min with PD

ambient temperature

Commissioning o 570 kv
monitoring
1/ for 22 hr/day over a period of 3 to 4
Load cycles weeks, to raise the mean sheath 4000 A
temperature by at least 30 K
2/ for 10 to 15 days to bring the sheath
temperature back to the level of the 0

3/ resume of the cycle at step 1

420 kV phase to

underground GILs

monitoring

AC Voltage Permanently applied ground
Test duration 6000 hours
Dielectric test after validation . L
of procedures for repairing AC withstand test, 1 min with PD 570 kv




2002 WG 23/21/33-15 CIGRE GIL Brochure : Main Part 44/48

All the tests performed during the long term test were successful; but for economical reasons, the use of
GIL's is not planned for the moment.

V oltage and current
injection

Anchoring block A

Junction
chamber

Elbows

Straight section equiped with with strain

D injector gages and thermocouples

PD injector

X Anchoring block C
A nchoring block B

Figure 18: 300 m GIL prototype, 2000 MVA, constructed for the long duration tests. the concrete
anchoring blocks were designed to remain immobile during the test in order to maximize
the mechanical stresses in the enclosure elbows that concentrates the normal
compression stresses of the enclosure. For a real GIL link, these anchorings are only
used at the end of a link.

’ " : I T S v . ]
Figure 19: View of the elbows of the 300m GIL prototype and the thermally resistive backfill placed
close to the GIL prototype before to bury it for the long term test.

e,
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10 Annex: GIL electrical parameters

For single phase type GIL with the enclosures solidly bonded at both ends, each phase has series
inductance and shunt capacitance to earth. Coupling between phases is negligible.

The inductance L per unit length is:

:ﬂ”}g
2IT a

and the capacitance C per unit length is:

_ 27-[80

b
In—

a
where a is the outer diameter of the conductor and b is the inner diameter of the enclosure.
Note that where special bonding is used, as is frequently the case for conventional cables, the inductance
between phases will need to be considered as is also the case for overhead lines.
The resistance R per unit length depends not only on the conductor and enclosure dimensions and electrical
resistivities, but also on the skin and proximity effects and the conductor and enclosure temperatures. A
method for calculating the resistance is given in [13].
The shunt conductance G per unit length is not significant.

Assuming that R is less than the reactance of L, the surge impedance of the GIL is

C
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GIL Current Rating
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1. Introduction

The objectives of the Task Force (TF) were to study and recommend methods for the calculation of the
continuous and short time current ratings of gas insulated transmission line (GIL). The type of GIL installation
differs from that previously studied in published CIGRE work in that the GIL is laid direct in the ground and
employs a mixture of insulating gas. Much published work exists for a) SFs gas insulated busbar for in-air
applications above ground and b) flexible cables for laid direct applications. However, the laid-direct
application of GIL differs in the following respects:

- the GIL conductor is of larger diameter and is of annular geometry

- heat transfer through the primary insulation is by convection and radiation

- the insulation may comprise a mixture of gasses, such as N, and SFg

- the gas is contained within a metallic enclosure of large diameter and low electrical resistance

- the high electrical conductivity of the metallic enclosure permits it to be earthed at its ends by the
method of solid bonding and, although the circulating currents are of almost the same magnitude as
those in the primary conductors, the heat generation is small.

- the diameter of the metallic enclosure and the horizontal spacing between the adjacent phases is
large compared to the depth of burial, thereby influencing the calculation of heat dissipation through
the surrounding ground.

- the conductor and metallic enclosure have larger cross sectional areas and higher thermal
capacities, which are of benefit to short time overload ratings.

To determine the scope of work, the TF studied a) published rating methods for GIL and b) data on the
experimental thermal performance of GIL. Sensitivity studies were then performed to identify those
parameters having the greatest effect on continuous and short time ratings.

Annex A gives the recommended analytical formulae for continuous and short time rating followed by a brief
guide to numerical modelling.

The results of the sensitivity studies on continuous and short time ratings are summarised. Annex A refers to
the Appendices which give the source material for this work.

Recommendations for further work are given in Chapter 8.
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2. Thermal Models for Continuous Rating

2.1 Description of GIL and trench layout

The GIL designs in this report are the single phase type in which the conductor is held concentric within a
metallic, non-ferrous enclosure. The conductor is a solid cylindrical tube. The metallic enclosures are
covered with a corrosion resistant polymeric oversheath. The enclosures are solidly bonded together and
earthed at appropriate distances along the route. The advantages of solid bonding are a) that the induced
voltages in the enclosures are limited to low values thus reducing the risk of corrosion and b) it is
unnecessary to transpose either the metallic enclosures or the conductors. The disadvantage of solid
bonding is that large circulating currents occur. This report includes calculations of the heating effects of
circulating currents.

A typical trench cross section through a laid direct GIL circuit is shown in Figure 1. The depth of burial “L”
depends upon the regulations in each particular country for the particular location in the route. For example,
in farming land the depth has to be sufficient to avoid damage from agricultural ploughs. The centre line
spacing “S” is determined by the clearances necessary to assemble each section of GIL in situ. Typical
dimensions and material properties for the buried GIL are given in Appendix 1 and later in chapters 6 & 7 of
this report. The values used in calculations were selected by averaging the dimensions and parameters
employed by the TF members.
GEroaind Surlace
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Figure 1 Cross Section of GIL Laid Direct in the Ground

2.2 Thermal circuit

The thermal circuit for one phase of a laid direct GIL is shown in (Figure 2). Heat is generated in the
conductor by conduction losses. The heat is transferred from the conductor to the enclosure by radiation
and convection through the insulating gas mixture. Heat is generated in the enclosure by circulating current
conduction losses. The combined heat generation in the conductor and enclosure is transferred to the
surroundings by conduction through the oversheath and soil and by convection in air at the ground surface.
The soil is also heated by the two parallel GIL phases. Each phase has the same thermal circuit thus, as the
thermal losses in each GIL are of similar magnitude, Figure 1-2 can be taken to represent all three phases. A
mathematical adjustment of the components representing heat flow through the soil and to the surface air
allows for the mutual heating from the parallel phases.
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Conductor Enclosure
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Gas Convection
Radiation

Figure 2 Thermal Circuit for One Phase of a Laid Direct GIL Circuit

The temperature rise of each component is determined by the heat flow through the network of thermal
resistance and capacitance (short time rating only). The heat generated in the conductor and enclosure is
temperature dependent. The thermal resistances associated with radiation and convection are highly
temperature dependent. Thermal calculations are therefore normally performed in an iterative manner.

Rating calculations may be performed to determine either the magnitude of the current that can be sustained
without exceeding the temperature limits of either the conductor or the soil adjacent to the oversheath.
Alternatively the temperature of the conductor and soil can be calculated when the conductor carries a
specified current.

The GIL cross section and thermal diagrams represent only part of a GIL installation. The GIL is assembled
in comparatively short sections, at the ends of which sliding connectors are employed to join the conductors
together. The conductor is supported on insulators at regular intervals and the enclosures may be divided
into gas sections by barrier insulators. At some positions along the route, flanged connectors may be used to
join enclosures together. At other positions the GIL may divert from the horizontal to inclined and vertical
orientations. Concrete anchor blocks and foundations may be employed at selected positions along the route
for thermo-mechanical and buoyancy reasons. At the ends of the route the GIL will normally be terminated
into GIS switchgear or transformers. Each of the former items represent thermal discontinuities which may
result in a locally higher or lower operating temperature. The thermal model taken in this study represents
the majority of the route, i.e. the cross section containing the conductor and enclosure only, in which heat will
only flow radially. This may be sufficient to determine the general rating of the circuit. At points of
discontinuity the temperature is liable to differ and in consequence longitudinal heat flow in the conductor
and enclosure will occur. At such positions it is advisable for the rating to be studied in greater detail and
where necessary verified by experimental measurement.

Specifications for the continuous and short time maximum operating temperatures for GIL do not exists,
although IEC 694 does give a maximum temperature for connectors in GIS. In selecting operating
temperatures for buried GIL caution should be exercised as the depth of burial, spacing and soil thermal
resistivity is likely to vary along the route. It is therefore prudent to include a factor of safety when selecting
the maximum operating temperature.

A number of methods of calculating heat generation and thermal resistances applicable to GIL have been
published. These are summarised below and compared in Appendix 2:

« ltaka et al'™ studied heat transfer characteristics using scale model GILs. Formulae were given for
the heat transfer between conductor and enclosure by radiation, based on the Stefan-Boltzmann
Law, and convection, based on the work of McAdams'?.

* Minaguchi et al® studied heat transfer characteristics in full sized GILs. The Stefan-Boltzmann
formula for heat transfer by radiation was retained, but a new formula was proposed for the heat
transfer by convection between conductor and enclosure. Measured and calculated values of
temperature gave good agreement.

* A method for calculating the continuous rating of GIL in air was reported by CIGRE Working Group
21.12 in Electra 100™!. Formulae were given for conductor and enclosure losses, taking into account
skin and proximity effects, based on the work of Arnold®. A formula is given for heat transfer
between conductor and enclosure by radiation, based on that given by ltaka™. A formula is given for
heat transfer between conductor and enclosure by convection, based on the work of Vermeer®. A
formula is given for the thermal resistance of the corrosion resistant over-sheath. The effects of solar
radiation on GIL current ratings were reported by working group 21.12 in Electra 106"
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A report by Working Group 21.12 published in Electra 1258 provides a method of calculating the
continuous current ratings of three phase enclosed GIL, installed horizontally, both in still ambient air
and laid direct. In the report, a formula is given for the thermal resistance of the surrounding soil.
Since the diameter of the GIL is significant compared with the distance to the surface of the soail, the
surface of the soil cannot be considered as an isothermal plane. The formula therefore includes a
term to take into account the equivalent resistivity of the soil surface.

Published information on field trials was given in the work of Minaguchi[?’]. The members of the TF
provided unpublished experimental results.

IEC published a technical report IEC 61640 on the requirements for GIL in different applications,
including an example of the method for the calculation of the current rating. This study supersedes
giving the method of calculation in greater detail and provides recommendations for both continuous
and short time current ratings.

International Standard IEC 287-1-1"% makes recommendations for calculation of the current rating of
electric cables. Formulae are given for calculation of losses, taking into account skin and proximity
effects based on the work of Arnold ®!. IEC 287-2-1™ gives a formula for the thermal resistance of
the corrosion resistant over-sheath which is the same as that given in Electra 100, A formula is
given which represents the external thermal resistance, i.e. the thermal resistance associated with
conduction through the surrounding soil. This formula takes into consideration the mutual heating
effect of adjacent phases and is given as an equivalent thermal resistance. The formula is given for
the equivalent thermal resistance of the surrounding soil, based on the work of Kennelly (2,

The Japanese Cable Makers’ Association Standard 168-E makes recommendations for calculation
of the current rating of electric cables. Formulae are given for calculation of losses, taking into
account skin and proximity effects. A formula is given for the thermal resistance of the corrosion
resistant over-sheath, which is essentially the same as that given in Electra 100" and IEC 287-2-
1" A formula is given for the equivalent thermal resistance of the surrounding soil, based on the
work of Kennelly™?,

Review of Past Work

The review of past work identified that methodology needed to be developed for the following:

2.2.2

The convective heat transfer through the gas mixture of SFg and N,
The use of finite element analysis and computational fluid dynamics software programs
Conductors of large diameter (160mm or larger)

Heat dissipation through the external thermal resistance taking into account the effect of heat
transfer at the soil surface. This is needed as a result of the large diameter of the GIL when
compared to the depth of burial.

Heat transfer from large diameter GIL having a low heat flux, as affected by moisture migration and
soil drying out.

The short time rating of buried GIL.

Operating temperature limits for the constituent materials of a GIL
The rating of GIL inclined at an angle to the horizontal

Scope Selected for TF Work

The following key subjects were selected for study within the allocated time scale of the TF:

Laid direct, horizontal single-phase GIL

Comparison of methods for calculating ratings under continuous current loading;
- Recommended formulae for rating calculations

— Example calculation

— Sensitivity study to assess the effect of parameters on the continuous rating
Comparison of methods for calculating ratings under short time current loading;
— Recommended formulae for rating calculations

— Example calculation

— Sensitivity study to assess the effect of parameters on the short time rating
Recommended future work

Bibliography
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Insufficient published experimental information existed to justify the publication of new current rating
formulae a) for heat dissipation from large conductors and b) for the phenomenon of soil drying out adjacent
to large diameter enclosures.

After detailed study, the TF selected the use of a) proven and safe formulae for heat dissipation from smaller
diameter bus bars published in Electra and b) the maximum permissible soil temperatures for smaller
diameter flexible cables given in IEC 287.

2.3 References

' ltaka, K. Tomoo, A. Takushi, (Sept/Oct 1978) ‘Heat transfer characteristics of gas spacer cables’. IEEE
Transactions on Power Apparatus and Systems, Vol PAS-97, No. 5.

' McAdams, W H (1954), ‘Heat transmission’, McGraw-Hill, Chapter 7

s Minaguchi, D. Ginno, M. Itaka, K. Furukawa, H. Ninomiya, K. Hiyashi, T. (July 1985) ‘Heat transfer
characteristics of gas-insulated transmission lines’ IEEE/PES Summer Meeting, Vancouver, B.C., Canada,.
Y (May 1985) ‘Calculation of the Continuous Rating of Single Core, Rigid type, Compressed Gas Insulated
Cables in Still Air With No Solar Radiation.” Electra No. 100 pp 65-75.

B Arnold, A. H. M. (1936) ‘The alternating-current resistance of tubular conductors’, JI. IEE, vol 78, pp 580-
593.

© vermeer (March 1983) ‘A simple formula for the Calculation of the Convective Heat Transfer between
Conductor and Sheath in Compressed Gas Insulated Cables’ Electra No. 87 pp107-113.

Y (May 1986) “Calculation of the continuous rating of single core, rigid type, compressed gas insulated
cables in still air with solar radiation”. Electra No. 106 pp 23-31

[8](1989) ‘Calculation of the continuous rating of three-core, rigid type, compressed gas insulated cables in
still air and buried.” Electra No 125 pp 104-111

PlEC 61640: 1998, ‘Rigid high-voltage, gas-insulated transmission lines for rated voltage of 72,5 kV and
above. Lignes de transport rigides haute tension a isolation gaseuse de tension assignee egale ou
Ssuperieure a 72,5 kV’

1% |nternational Standard IEC 287-1-1 (1994) ‘Electric cables — Calculation of the current rating — Part 1:
Current rating equations and calculation of losses’ First Edition.

I International Standard IEC 287-2-1 (1994) ‘Electric cables — Calculation of the current rating — Part 2:
Thermal resistance’.

(2 Kennelly, A. E. (1893) ‘On the carrying capacity of electric cables submerged, buried or suspended in air’
Minutes of IX annual meeting of the Association of Edison Illluminating Companies, p 79.
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3. Recommended Formulae for Continuous Current Rating

The following formulae are recommended for the calculation of the continuous current rating of laid direct
horizontal GIL.

An example calculation using the recommended formulae is given in Appendix 5.

The formulae have been selected from previous Electra™ and IEC” publications and by documents. The
formulae were utilised for the calculations carried out in the sensitivity study.

3.1 Permissible Current Rating

The permissible current rating is calculated from the equation %2

Eq. 1 | = \/ 49
Re T, +(+ )T +7T,)
AD
=a-2 I_\/Rc iy + @+ A)dTs +7,)
where:
e | : [A] rms current in one conductor
c R : [Q/m] conductor ac resistance at maximum operating temperature
e T : [K.m/W] effective thermal resistance of the insulating gas
e T3 : [K.m/W] thermal resistance of the oversheath
e Ty : [K.m/W] thermal resistance of the surrounding soil, allowing for mutual heating and heat
transfer at the soil surface
e AD . [K] permissible temperature rise of the conductor above ambient
e A : loss factor due to the enclosure conduction losses.

3.2 Calculation of Losses
The ac resistance per unit length of the conductor and of the enclosure are given by:

Eq. 3 Conductor : R, =R, {l+y.) with R, =R, di+a, {9, -20)
Eq. 4 Enclosure : R, =Ry, {1+Yy,) with R,, =R, i+a, {9, -20)
where:
R. : [Q/m] conductor a.c. resistance at maximum operating temperature
Roc : [Q/m] conductor d.c. resistance at 20°C temperature
R oc : [Q/m] conductor d.c. resistance at maximum operating temperature
O¢ . [KY] temperature coefficient of conductor electrical resistivity at 20°C.
D¢ : [°C] conductor maximum operating temperature
Ve : conductor skin and proximity effect coefficient.
Re : [Q/m] enclosure a.c. resistance at its maximum operating temperature
Roe : [Q/m] enclosure d.c. resistance at 20°C temperature
R o : [Q/m] enclosure d.c. resistance at operating temperature
Oe : [K'l] temperature coefficient of enclosure electrical resistivity at 20°C.
De : [°C] enclosure maximum operating temperature
Ye : enclosure skin and proximity effect coefficient.

3.2.1 Calculation of the skin and proximity effect for conductor and enclosure

The skin and proximity effect for the conductor and enclosure can be calculated with the same expressions
by changing the index j to j=c for the conductor and j=e for the enclosure, given by:

20, _
Eq.5 Bj=—— j=c,e

d;
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Eq. 6 z gt o T g7 j-ce
R

where the symbols represent:

te, te :[m] the conductor and enclosure radial wall thickness,
de, de :[m] the conductor and enclosure external diameters
f :[Hz] frequency of mains supply
Mo =41107" : [H/m] magnetic permeability of free space
w=2mf : [s""] angular frequency of mains supply
for:
72
Eq. 7 z; <5 a(zj)= ! b(zj)= 56 =c,e
315 +3[? 211+2?
Z:
Eq. 8 z; >30 a(zj): ?' -1 b(zj):# j=c,e
\ 4z -5
8 , 8 . _
Eq. 9 557,530 alz)=Ya ! blz,)= 5 b, | j=ce
1=0 1=0

where the coefficients of the polynomial interpolation for Eq. 9 are shown in Table 1

Table 1 Coefficients of the polynomial interpolation

a; coefficients b; coefficients

a,= 1.97010 10" |by= 2.53560 10*
a;= - 1.56295 10 |b;=-2.1030734 10*
a,= 7.37960 10? |b,= 6.4955630 1072
as= - 9.02854 102 |bs=-1.0893730 10*
a,;= 6.27032 10* |b,= 1.0372874 107
as= - 2.69028 10> |bs= - 5.8238557 10°
ag= 7.06740 107 |be= 1.9109965 10°
a;= - 1.04301 10® |b,=-3.3893677 10®
ag= 6.62315 10" |bg= 2.5096220 10*°

Finally the skin and proximity effect for the conductor and enclosure are:

Ve =ale.)oA- B - p2 e, )
Ve =b(2e)%+%ﬁ

Eqg. 10

3.2.2 Calculation of the loss factor A due to induced currents circulating in the enclosure

10/121

Heat is generated in the enclosure by circulating currents and by eddy currents. The enclosures are
electrically bonded together at discrete lengths along the route this permits current to circulate between the
parallel enclosures. The heat generation due to localised eddy currents in the wall of the enclosure can be
disregarded because of the low electrical resistance of the aluminium alloy enclosure. The circulating current
losses are given as a fraction of the conductor losses. The fraction coefficient is named the loss factor A.
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The calculation of A first needs the calculation of the reactance X of the enclosure and also the mutual
reactance X, between the enclosure of an external GIL in the flat formation and the conductors of the other
two:

Eq. 11 X =@lit, (g E:mn[mo—?[nn 2 E
e ~le e ~te
Eq. 12 X, =0, (2)=4 @E 007 0n(2)
P=X+X,
Eq. 13 Q:X_me

where s :[m] is the centre line distance between two adjacent GILs.

2 p2
4
EQZ
__4
Eq. 14 &, > >
Re +Q
2R, [P X,

E3 =,\/§[ﬁ2§ +P2XR§+Q2)

The circulating currents in the three enclosures are of different values, these are given by the following loss
factors:

A11 Lagging phase GIL:

R
Eq. 15 My =08 +E, +E5)
RC
A1m Middle GIL:
R. 4
Eq. 16 Ay, = —= [+
q m =R 351

A1z Leading phase GIL:

R
Eq. 17 Ao =R—eE(El+Ez‘53)
C

3.3 Thermal Resistance Calculations

The formulae for the thermal resistances refer to a) the gas insulation within the GIL between the conductor
and the enclosure, b) the GIL oversheath and c) the surrounding soil and surface air.

3.3.1 Thermal resistance between conductor and enclosure
This is the equivalent thermal resistance representing heat transfer due to convection and radiation.

The thermal resistance depends on both the conductor and the enclosure temperatures, which are not
known before the calculation. A tentative value of the enclosure temperature must be assumed and an
iterative calculation undertaken to achieve the convergence of the gas thermal resistance and of the
enclosure temperature.

The thermal resistance of the gas insulation is the resultant of the equivalent convection resistance and the
equivalent radiation resistance connected in parallel:

Radiation heat transfer:
+273 +273
Eq. 18 W, =5.691d, %ﬁ H BS H L

100 100
£l 0 O 08, E& ~ 1%
dW e

Convection heat transfer formula recommended by the task force is published in Electra 100™ based on the
work of Vermeer®:
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0 d. o
-0
2 ‘ O dw|:|

Eq. 19 W, = Ko[pmﬁz]i E

where the symbols represent:
W,, W, : [W/m] heat transfer by radiation and convection
9. 9 [°C] the conductor and enclosure temperatures
€. € . the conductor and enclosure surface emissivities

AS : [K] temperature rise of the conductor above that of the enclosure
p : [bar] gas absolute pressure

Ko : convection coefficient

dw : [m] inner diameter of the enclosure

dc : [m] outer diameter of the conductor

The convection coefficients are taken as follows:

SFg gas Ko=11.3
N, gas Ko=5.83
For a mixture of SFg and N, gas with different volume percentages (Appendix 4):
Eq. 20 Ko =(Ver,)*™ sk, +(L=Vsr, ) > Koy,
where:
Vsg, : is the per unit volume of SF¢ gas
W, =(@=Veg,) . is the per unit volume N,
Koy Ko, : the convection coefficients for SFs and No.

The equivalent thermal resistances for radiation R, and convection R, are calculated from Eq. 18and Eq.
19, as follows:

Rr — '80 B Se
WI’
Eq. 21
19c B 19e
R; =
WC
and the resultant equivalent resistance Ty, from their parallel configuration, is:
9.-9
Eq. 22 T, = 1 =_¢ =
1,1 w+w,
Rr RC
3.3.2 Thermal resistance T; of the anti-corrosion oversheath
P3 -1
Eq. 23 Ty =—=.In(1-B3)
q 3 o7 3
where:

Ts : [K.m/W].thermal resistance of the oversheath
ps : [K.m/W] represents the thermal resistivity of the oversheath material,

2t . : .
By = d—3 Being t; and dj the thickness and the outer diameter of the oversheath [m].
3

3.3.3 Thermal resistance T,of the surrounding soil

The following calculations of T, are based on a uniform soil thermal resistivity. It is known that the
phenomenon of moisture migration and soil drying will significantly increase the thermal resistivity of the
adjacent soil. For conventional cables IEC286 records temperature limits for the soil at the interface with the
oversheath to prevent soil drying-out. In the absence of information for the larger diameter GIL enclosures, it
is recommended that these IEC 287 temperature limits be adopted.
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The calculation of T, uses the full Kenelly formula which makes allowance for the ground surface above the
GIL circuit being a non-isothermal plane (Appendix 3). This is necessary because the ratio of the depth of
burial to the diameter of the GIL oversheath is significantly less than 10:1, thus the mathematical
simplification of T, for smaller diameter conventional cables is not applicable to GIL.

Kenelly allows for the ground surface being non-isothermal by equating surface convection to a fictitious soil
over-thickness d[m] as given by:

Eq. 24 0= Br
Pr
where:
By =0.20 [Km?/W]is the equivalent thermal resistivity of the soil per unit surface, representing
convection?.
pr [Km/W] is the soil thermal resistivity.
The equivalent thermal resistance T, of the hottest of the three cables in flat formation, is given by:

Eq. 25 T, =%E§n@+w/u2 _1%,. L 0'5[()\11+>\12)Eﬂn(1+v2)a

A typical configuration of the buried GIL is shown in Figure 1.

where:
Eq. 26 u= M
d
v= 2(L +9)

s
L = depth of burial

ds = diameter over the oversheath
s = spacing between GIL

Eq. 25 for T, takes into account that since the three single core GIL cables are laid in flat formation with the
sheaths bonded together this affects the equivalent thermal resistance of the hottest cable®.

The formula is based on the centre cable being the hottest one, so that the value of loss factor to be used in
Eq. 2 is that of the centre cable, that is:

Eq. 27 Ay =Aq

Where Ay, is given in Eq. 16.

3.4 References

s (May 1995) ‘Calculation of the continuous rating of single core, rigid type, compressed gas insulated
cables in still air with no solar radiation’ Electra N°100.

@ (1989) ‘Calculation of the continuous rating of three core, rigid type, compressed gas insulated cables in
still air and buried’ Electra N°125.

BlEC 287 (1994) ‘Calculation of the continuous rating of cables (100% load factor)’ First Edition.
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4. Recommended Formulae For Short Time Current Rating

The calculation method takes into account the dependence of the gas thermal resistance on the conductor
and enclosure temperatures and employs a finite difference method based on that given in Electra 87", The
dependence of the thermal resistance of the gas mixture on the conductor and enclosure temperatures has
also been introduced. The thermal circuit for the short time rating is shown in Figure 3.

T1' T1'1 T:I T-i' T-l'. Tl:-.' T-lr
=L {1

()Wn JE: _91- WE()_EE Cha Qn (i _'Dln g,

Figure 3: Thermal Circuit for Short Time Rating

4.1 Symbols

Ay coefficient used in Chapter 4.3.5

Bj,i coefficient used in Chapter 4.3.5

Do [m] conductor inner diameter

D. [m] conductor outer diameter

Dg [M] enclosure inner diameter

D. [m] outer diameter of enclosure

Ds [m] outer diameter of the oversheath

Dy [m] boundary diameter in the soil at which a minimal temperature rise is set.
E; exponential integral function

Q; [J/K.m] thermal capacitance of an elementary layer between (j-1)’and j'.
Qo [J/K.m] thermal capacitance of the conductor

Qq; [J/K.m] thermal capacitance of the j elementary layer of the gas insulation
Qe [J/K.m] thermal capacitance of the enclosure

Qs [J/K.m] thermal capacitance of the anticorrosion sheath

Q. [J/K.m] thermal capacitance of the j elementary layer of the soil

T1 (34 ) [K.m/W] thermal resistance of the gas insulation, as a function of the temperature rise of the gas
T, [K.m/W] thermal resistance of an elementary layer between (j-1) and j.

W, [W/m] step change of total heat dissipation per unit length of GIL at max operating temperature
W, [W/m] heat generated by the conductor losses

W, [W/m] heat generated by enclosure losses

i suffix of time,

j suffix of space,

n number of elementary layers in the gas insulation,

ns number of elementary layers in the saill,

p [bar] absolute gas pressure

r [m] radius from GIL axis

r; [m] external radius of an elementary layer

r.1 [m] internal radius of an elementary layer

r. [m] conductor outer radius

re [m] outer radius of GIL enclosure

ry .[m] radius over the gas insulation — inner radius of the GIL enclosure

ro [m] inner radius of conductor
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rs [m] outer radius of the GIL oversheath

5 [m?/s] soil thermal diffusivity

Po [KM/W] thermal resistivity of the conductor material

Pe [KM/W] thermal resistivity of the enclosure material

ps [Km/W] thermal resistivity of the oversheath material

p: [Km/W] thermal resistivity of the soil

0o [J/K.m°] volumetric specific heat of the conductor material
Oe [J/K.ms] volumetric specific heat of the enclosure material
0s [J/K.m?] volumetric specific heat of the oversheath material
Osrs [J/K.me’] volumetric specific heat of SFg

Onz [J/K.m3] volumetric specific heat of N,

9m [°C] average temperature of the gas layer |

9; [°C] temperature of the elementary layer j

9, [K] limit temperature rise at maximum soil radius

AY;; [K] temperature rise of node j at elapsed time i

t [s] time elapsed from beginning of transient

AT [s] time step duration

AT; [s] time step duration at time i

4.2 General

Methods for calculating the transient temperature response of a GIL have not previously been published by
CIGRE.

The application of the IEC 853-2% method for the calculation of GIL transient response is not appropriate for
several reasons, a) the gas thermal resistance is temperature dependent b) the large diameter of the GIL
has a negative influence on the precision of the soil thermal transient resistance calculation and c) the
method is not appropriate for the calculation of the enclosure temperature.

A new method of calculation has been developed, taking into account the dependence of the gas thermal
resistance on the conductor and enclosure temperatures and calculating more correctly the soil transient
thermal resistance. The method is based on an adaptation of that given in Electra g7,

As in the Electra 87 method, the basic partial differential equations for transient heat transmission through
the GIL and the soil are solved by finite difference methods for both the time and space domains. In terms of
lumped constants this method describes the GIL and its surroundings by a network of thermal resistances in
series and capacitances in parallel (Figure 3).

Heat flow is assumed to be radial both inside and outside the GIL so that it is possible to divide both the GIL
and the soil into a number of concentric layers corresponding to lumped thermal elements within the network.

The radius of the soil into which heat disperses will increase with time. For practical purposes it is sufficient
to consider only that particular radius within which a sensibly small temperature rise occurs. Beyond this
radius there is no significant heat diffusion and the boundary of the cylinder formed by the radius can be
considered to be at constant temperature. A method is given for determining the radius of the boundary
cylinder as a function of transient duration and heat loss.

Unlike the Electra 87 method, the thermal properties of the gas insulation are temperature dependent and
thus vary with time. Formulae for the radial thermal resistances of the metallic conductor and enclosure are
given, but can be disregarded as being small.

4.3 Description of Method
4.3.1 Amount of soil to be considered for buried GIL

The soil thermal resistance in the transient calculation is taken to be a cylindrical layer, subdivided in a
certain number of lumped thermal resistances in such a way that the temperature increase at the external
surface of the cylindrical layer reaches a small preset value at the end of the duration. The temperature
increase is taken at 0.1°C. This particular cylinder then becomes the boundary layer for the termination of
that part of the calculation. This radius can be estimated from the exponential integral formula, which takes
the GIL as a line source of heat.
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W H -r?
Eq. 28 A3, . :4—;[Pt E”EIIE;E%

4.3.2 Selection of the number of divisions within the insulation and soil

The thermal resistance of the conductor T, and the enclosure T, can each be represented in a single
subdivision.

The gas insulation should be divided into at least two elementary layers.

The GIL oversheath is represented by one elementary layer.
The number, ng of elementary layers in the soil should fulfill the following condition

D, =D, <0.16

2 D,

where:
D; =2r is the diameter of the soil within which the temperature rise at
the end of the transient is approximately 0.1K. See the exponential
integral formula Eq. 28.
D diameter of the oversheath.
4.3.3 Division of the GIL and soil into elements and allocation of losses
The thermal resistances of the conductor T, and enclosure T4, if not disregarded as small, are given by:

_ Po H F
Eg. 29 T, = In
a 2T %%

_Ps He F
Eg. 30 T. ==1In
a ¢ 21 %i

The equivalent thermal resistance of the gas is discussed in Appendix 4. Each elementary layer has a
thermal resistance of the form:

Eq. 31 InH—E
21 Hiar

2T, (A8,

L

is the thermal resistivity representation of heat transfer. The thermal resistance of the gas layer, Tg(Aﬁg)

where:

Eq. 32 Pg =

[Km/W] depends on the temperature difference of the gas layer and must be calculated by recursion at each
step of the transient time.

The thermal resistance of the elementary layer of soil is given by:
I.
Eq. 33 T = P
2 4

The thermal capacitance of each layer is divided at the mid-layer radius and allocated to the nodes at the
inner and outer radii of the layer to give a 1t network for the equivalent circuit of each layer.

The thermal capacitance of the elementary gas layer is given by:

Eq. 34 Q, =mnlo, OIH 5 é Er‘ 12”55 j=1..n

Where &
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- 3rp2
Eq. 35 o, = U 3374 Vi .1037+ 0.10108,, + 1666 Ver |:§ZSO+ 1.879,—4.33010 ° @, m
P73+0, v 14 230+ 9, 133 .

Where Vy, and Vse  are the per unit fractions of nitrogen and SFe in the gas mixture.

Since the volumetric specific heat depends on the temperature of the gas layer it must be calculated by
recursion at each step of the transient time.

4.3.4 The thermal capacitances of the conductor and enclosure are represented by:

Eq. 36 Q, = nily, [[rf —r02]+7TETg %%g —rfé

Eq. 37 Q. =nlg [ﬁj —rj] +1D, Eu%f—HﬂgB+n[b5E%QG—rjg
B 0 2 DB @20 8

while the thermal capacitance of the anticorrosion oversheath is:

Eq. 38 Q, =T, Eu]2 H—ngM

E 2
where Qg is the thermal capacitance of the first half layer of soil.
The thermal capacitance of the elementary soil layer is given by:

. +I,
Eq. 39 Q, =mlo, ‘2 g E“lz EE j=n+1..n,

The gas insulation has zero dielectric losses.
4.3.5 Computation of temperature transient for a single GIL

The transient temperature rise of a single GIL can be computed from the system of equations corresponding
to its equivalent thermal network as described in Figure 3.

This thermal network corresponds to the case of a GIL where the duration of the transient is sufficiently short
that no adjacent GILs or heat transfer to the ground surface is involved. For transients of longer duration
reference should be made to Chapter 5.

The steps required to compute the transient from the thermal network are as follows:
1) Compute for each node

ey

beglnnmg at j=0 and going to j=n - 1, with
Ay =1

where

j = suffix representing the node j, see Figure 3

i = the suffix denoting a value at elapsed time t.
2) Compute initial values for each node of

) B.. [
Bii=ATu BNJ'J + Asi,i—l%Qj EJf =0
g T T, B

beginning at j=0 and going to j=n-1, with
B,=0

and W, is zero, at all nodes except at the node j=0, where W represents the conductor electric loss at time i
and at the node corresponding to the enclosure, where W represents the enclosure electric loss at time i.

3) Compute values of temperature rise
9y = (Ai,i + A’91+Li)+ B
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starting atj=n -1 and goingtoj=0

where

AY;; = temperature rise at node j and time i

A8, is always zero.

Repeat all the steps for as many times as is necessary to complete the transient

At = (Ti - Ti—l)

At each time step, recalculate the thermal resistance and capacitance of the gas.

4.4 Mutual Heating Between the Parallel Phases
4.4.1 General principles

Each phase of the GIL circuit will have its own equivalent thermal network for which the transient
temperature rise, caused by its own losses, is calculated. If the duration of the transient is sufficiently long for
mutual heating from other GILs, or heat transfer to the ground surface to be significant, then this must be
taken into account when calculating the true temperatures used to update GIL losses at each time step. Heat
transfer to the ground surface is taken into account by locating the reflected images of the heat sources on
the opposite side of the ground plane.

The true temperatures for each GIL are obtained at each time step by adding to its own temperature the
temperature rise at the location of that GIL in the thermal field of each other GIL and of each image source.
These thermal fields are computed from the equations corresponding to the equivalent networks being
centred on each GIL or image source. In each of these networks there are nodes corresponding to the axial
centre of other GILs and to the image sources. This process is carried out for all GILs and image sources in
the group. Note that the thermal network of an image source is identical to that of its corresponding GIL
except for the negative sign of its heat flux and temperature rise; separate networks for image sources are
not therefore needed.

The total transient temperature rise of a GIL at any time is the sum of the temperature rise due to its own
losses, given by its own network, and the temperature rise due to mutual heating given by the networks of
other GILs and image sources.

4.4.2 Simplification for the case of three GILs in flat formation spaced from each other

A convenient simplification of the above treatment which adapts well to GIL, is the case of a circuit of three
GlLs in flat formation, spaced apart from each other, and for which it is assumed that the losses are equal.

The equivalent networks of all three GILs are identical and only the mutual heating between the middle and
each outside GIL needs to be included. Thus it is only necessary to construct a network for the centre GIL.

The temperature rise in the centre GIL due to mutual heating from each outside GIL is given by the rise
calculated at the node which corresponds to the centres of the outside GILs. This rise is arithmetically added
at each time step to the temperature of the centre and outside GILs. This gives the true temperature of the
centre GIL for the purpose of correcting GIL losses.

This simplification errs on the safe side.
An example calculation using the above method is given is given in Appendix 6

4.5 References

M Electra 87 ‘Computer Method For The Calculation Of The Response Of Single Core GlLs To A Step
Function Thermal Transient’

@EC 853-2 (1989) ‘Cyclic Rating of Cables Greater Than 18/30 (36) kV And Emergency Ratings For Cables
of All Voltages’ First Edition

BlwG 21/23/33-15 Document N°12 JWG 23/21/33 Volumetric specific heat. (Private Communication)
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5. Guide To Numerical Modelling

Two types of software code were studied. Finite element analysis (FEA) divides the geometry into a number
of discrete elements. Computations calculate heat transfer by thermal conduction. The advantage of FEA is
that it can solve heat flow in complex asymmetrical and three dimensional geometries and can represent
material properties that are temperature dependent. FEA can also be used to model current distribution in
the conductor and enclosure and hence calculate the conduction losses. However, FEA cannot directly
model gas flow and convective heat transfer through the gas insulation. Some FEA programs include a user
sub-routine that calculates convective heat transfer through the insulating gas and at the ground surface.
However these calculations are based on mathematical simplifications and do not truly model convective
flow.

The second type of software, Computational Fluid Dynamics (CFD) directly models the convective
movement and heat flow in a gas. It provides a completely different approach to the more traditional
algorithms developed by Hitaka, Minaguchi and Vermeer. The success of the calculation is very dependent
on the selection of the fluid properties and the type of fluid flow in the model, (i.e. turbulent or laminar flow
conditions). Verification of the solution is required by practical measurement, or by comparison with
traditional algorithms and simple annular geometry. Further CFD advantages are that complex asymmetrical
and three dimensional geometries can be modelled with boundaries that are non-isothermal. For example
modelling is possible of inclined GIL, the proximity of the ground surface and the presence of other GIL
phases.

Important considerations when constructing the model are that boundary conditions should be sufficiently
remote such that small variations in the boundary position do not effect the solution. This was achieved in the
case of the buried GIL and cables studied in this work by placing the isothermal boundaries at a distance of
25m.

It is important that the GIL structure and the surrounding soil is modelled with sufficiently small elements of
suitable geometry to make the calculations accurately represent heat flow. Having selected the geometry
and set the initial boundary conditions of temperature and heat generation the computation is allowed to
proceed until the required convergence is achieved.

Whichever software is used it is essential that the method be validated against calculations obtained by
published formulae and experimental measurement.

5.1 The Application of FEA to Buried GIL

The FEA mesh accurately models both the distributed thermal resistances and the thermal capacitances of
the solid materials both within the GIL and the surrounding soil.

FEA has been applied to both continuous and short time ratings with a good level of agreement with
analytical methods. This would be expected as the same formulae were used to represent convection across
the insulating gas mixture in both the FEA and the analytical models. (Appendix 6).

5.2 Application of CFD to Buried GIL

The solution of heat flow from buried GIL is an unusual application for CFD as there is a large volume of
solid surrounding the gas filled enclosure. During the study it was necessary to adapt the CFD software to
model both gas convection and to include conduction through the solid materials.

Satisfactory solutions were obtained using the properties of pure N, and the selection of a laminar flow
convective model. The use of SFg properties and the selection of a turbulent gas model was unsuccessful as
convergence of the solution could not be achieved. The physical properties of the SFs-N, gas mixture had
not been published and so convection in the gas mixture could not be studied.

The CFD method has much promise for GIL modelling and warrants further work in particular to its
application to inclined and vertical GIL installations.
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6. Sensitivity Study On Rating Parameters For Continuous Current Rating
The detailed sensitivity study is given in Appendix 7.

This study applies the recommended formulae given in chapter 3 to an example GIL application and
assesses in detail the sensitivity of varying each of the key parameters by £50%. The example application is
for single phase GIL in flat formation under continuous loading. The purpose of this study is to rank the
parameters in the order of the largest to the smallest effect on the magnitude of the rating, with the objectives
of identifying:

1) The most important rating parameters when designing GIL for future applications.
2) The effect that inaccuracy in each design, installation or calculation parameter could have on the
final rating.

6.1 Parameters

The parameters employed in the sensitivity study were derived from the dimensions of one particular
hypothetical design of 400kV GIL. The list of parameters can be found in Appendix 7. The nominal target
current rating chosen was 3000 Amps continuous. The UK summer ambient rating temperature of 15°C,
with a soil thermal resistivity of 1.2Km/W was taken. The individual parameters were calculated by taking the
average values from those submitted by the Members of the Task Force, as used in their own Organisations
or Countries. The example GIL was insulated with a gas mixture of 90% N, and 10% SF4 at an absolute
pressure of 6.7 bar. A design stress of 2kV/mm was taken at the outer surface of the conductor, which
permitted a conductor diameter of 280mm to be selected in combination with an enclosure inner diameter of
630mm, these being close to the ‘e’ ratio, thereby giving a near optimum minimum enclosure diameter. The
tubular aluminium conductor of 280mm external diameter had a wall thickness of 16mm giving a cross
sectional area of 13270mm?. The cylindrical aluminium alloy enclosure of 630mm internal diameter had a
wall thickness of 10mm. An anticorrosion polyethylene oversheath of 3mm radial thickness was provided.
The three single phase GIL enclosures were solidly bonded to each other and to earth at each end of the
circuit to provide continuity for short circuit current. Thus circulating currents would flow in the enclosures
under normal operation.

The example GIL circuit was laid at the same minimum depth as conventional flexible cable crossing
farmland in the UK, i.e. 1050mm to the top of the anticorrosion oversheath. A nominal axial spacing of one
diameter, 1312mm, was selected both to give adequate room within the trench to lay the GIL in flat formation
and to connect longitudinal sections of GIL together.

The rating calculations were applied to yield the following results:

1) The resulting current ratings for either a range of selected maximum conductor operating
temperatures or maximum soil temperature limits (i.e. the soil adjacent to the oversheath).
2) The resulting maximum operating temperatures of the conductor or soil for a rating of 3000 Amps.

It should be noted that recommended operating temperatures for GIL do not exist for buried applications.
Recommended temperature limits exist for metalclad busbar installed in air with conductor connectors in
SFg, or a mixture of SFg [IEC694 Table 3][”. The maximum continuous operating temperatures for
connectors are given as 90°C for tinned coated contacts, 105°C for bare copper contacts and 105°C for
silver coated contacts. For the standard GIL dimensions studied, an arbitrary 71°C conductor temperature
resulted in a current rating of 3000 Amps.

Recommended limits exist for the maximum soil temperatures for conventional flexible cables to prevent
thermal instability by the progressive increase of soil thermal resistivity as a result of moisture migration. The
practices in each Country are listed in IEC287. For example the maximum permissible soil temperature in
the UK is taken as 50°C and the maximum temperature in France as 60°C. For the standard GIL dimensions
studied a 60°C soil emperature resulted in a current rating of 2886A. .

6.2 Conclusions on Continuous Rating Sensitivity Study

* The parameters that have the largest effect on the current rating are firstly the soil thermal resistivity
and secondly the diameter of the enclosure.

* The parameter that has the largest effect on the operating temperature of the conductor is firstly the
diameter of the enclosure and secondly the diameter of the conductor.

* The parameter that has the largest effect on the operating temperature of the enclosure is firstly the
diameter of the enclosure and secondly the soil thermal resistivity.

» Increasing the conductor cross sectional area by reducing the inner diameter has only a small effect
on the current rating and on reducing the operating temperatures, due to the adverse consequences
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of skin effect to the ac resistance. In contrast, increasing the conductor cross sectional area by
increasing the conductor diameter has a more significant benefit.

« As a first approximation the change in current rating is proportional to the square root of the change
in the particular parameter. Thus the effect of the change on current rating is reduced.

e Variations of +50% in the parameters involved with heat transfer within the gas have a minimal
effect. Thus, although the Electra 100 formulae® for convection and radiation within the gas were
chosen, the choice of alternative formulae will have a minimal effect on GIL ratings in buried
applications. This is not so for in-air tunnel applications, where the external thermal resistance is
small in comparison to the GIL internal resistance..

* At a constant current rating the effect of increasing the parameters on the operating temperature is
significantly greater. To a first approximation the rise in temperature is directly proportional to the
change in the parameter. In particular it is shown that a 50% increase in the soil thermal resistivity
increases the rise in conductor operating temperature by 52.7% and the rise of the maximum soil
temperature by 59.4%. Wide variations in the soil thermal resistivity can be experienced along the
length of a GIL circuit due to changes in soil type, compaction and moisture content. This
emphasises the importance of both accurate rating calculations and installation geometry, if
overheating of the GIL and thermal instability are to be avoided.

« At the target current rating of 3000 Amps the conductor temperature is calculated to be 71°C and the
soil temperature adjacent to the enclosure is calculated to be 65°C. Taking the recommended
maximum figures to prevent soil drying out of 50°C in the UK and 60°C in France would limit the
current rating to 2590 Amps and 2890 Amps respectively.

6.3 References

M |EC 694 (1996) ‘Common Specifications for High Voltage Switchgear and Control Gear Standards’ Table
3

@ |ec 287 (1994) ‘Electric Cables. Calculation of Current Rating. Part 1. Current Rating Equations (100%
load factor) and Calculation of Losses.’

Bl Electra 100 (May 1985) ‘Calculation of the Continuous Rating of Single Core, Rigid Type, Compressed
Gas Insulated Cables in Still Air with No Solar Radiation’



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex A — Current Rating 22/121

7. Sensitivity Study On Rating Parameters For Short Time Current Rating
The detailed sensitivity study is given in Appendix 8.

7.1 Introduction

The sensitivity study on the short time rating of GIL is given in Appendix 7. The objectives of the study are to
identify:

1) The most important rating parameters for prospective future GIL applications.

2) The effect that inaccuracy in each design, installation or calculation parameter could have on the
short time rating.

The parameters employed in the sensitivity study were those of the 400kV GIL used for the continuous rating
study, given in Appendix 6. The values of thermal heat capacities are recorded in Appendix 7.

A continuous 100% full load current rating of 3000 Amps was selected. The starting conditions for the short
term rating were a) no previous current loading (0% preload) and b) 85% of full load current. A short term
maximum operating temperature of 95°C was selected for the conductor. The UK summer ambient rating
temperature of 15°C, with a soil thermal resistivity of 1.2Km/W were taken. The rating conditions are
summarised in Table 2.

Table 2 Sensitivity Study Conditions

Conductor short time temperature limit 95 °C
Pre-load starting current 0% and 85%
Duration of short time load 20minand 12 h

7.2 Conclusions on Short Term Rating Sensitivity Study

* The GIL reference design was shown to have high short time ratings. In particular for the 12 hour
period, the GIL was able to carry over twice the continuous load of 3000A starting from a 85%
preload condition.

Table 3
Time [Sort time rating / Continuous rating]
85% preload current 0% preload current
20 mins 6.39 9.06
12 hours 2.43 3.28

e The parameter that has the largest effect on the 20 minute short time rating is the volumetric specific
heat of the conductor. An increase of 50% in the volumetric specific heat increased the short time
rating by 19%, whereas a decrease, reduced the short time rating by 23%. These high ratings show
the importance of performing current loading tests to verify the short time ratings, especially for the
connectors, which may have a different thermal capacity and electrical resistance to the conductor.

* The other five parameters each had a small effect on the 20 minute short time rating indicating that
the temperature rise of the conductor was almost adiabatic. The next most significant parameter was
the convective parameter producing a current rating variation of less than 2%.

* The parameter that had the largest effect for the 12 hour period was K,, the convection parameter
for the gas mixture. A 50% increase in Kq increased the short time rating by 6%. A 50% decrease,
reduced it by 10~11%. This shows the importance of experimental verification of the short time rating
as the properties of the mixture and the transient behaviour of the changing convection patterns are
likely to have a significant effect.

» The parameter that had the second most significant effect on the 12 hour period was the soil thermal
resistivity. An increase of 50% decreased the rating by 4~5% and a 50% decrease, increased the
rating by 8~9%. This indicates that the thermal capacitances of the conductor and enclosure had
become saturated within 12 hours.

» The study showed the sensitivity of the current rating to the thermal capacity of the conductor for the
20 minute rating and to the convection parameter K, for the 12 hour rating. If it is intended to employ
these large short time ratings in a GIL application, it is recommended that:

0 A factor of safety is included to reduce the risk of overheating the conductor and connectors.
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0 The temperature is verified by experimental measurement. A factor of safety could be built
into the selection of the maximum permissible conductor temperature. For this study an
arbitrary value of 95°C was chosen.
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8. Recommendations for Future Work
e The rating of GIL inclined at an angle to the horizontal.

The majority of GIL circuits of long route length will include substantial
lengths of GIL that are not horizontal. The work of Minaguchi et alt™ gives
experimental results for GIL containing SFs gas installed in air. This shows
that angles up to 15 degrees to the horizontal have little effect. Thus the
effect of greater angles needs to be studied for laid direct applications.
Three dimensional CFD methods can be applied to calculate the current
rating, subject to the comments below:

e The use of CFD software programs

Further work is required to provide input data and to validate the simulation
of convection in SFg and N, gas mixtures.

e Convection from conductors of large diameter (160mm or larger)

The work of Minaguchi” in comparison to the work of Vermeer! selected in
this report, gives a slightly improved heat transfer in pure SFs. The results
of full size experiments on laid direct GIL containing SFe and N, mixtures
have yet to be published, when these become available the convection
formulae can be reviewed. However the sensitivity study has shown that
the formulae will have little effect for buried GIL.

e Maximum operating temperatures

Maximum operating temperatures for flexible cables are given in IEC 287,
based on the safe working temperature of different types of insulation and
conductor connections under continuous loading and short circuit
conditions. It is recommended that similar values be studied for GIL.

*  Soil drying out.
The 60°C maximum soil temperature employed in this report, to prevent
moisture migration, was taken from IEC 287 as being the practice in
France for laid direct cable installations. When experimental results are

published for laid direct GIL, it is suggested that the applicability of the IEC
287 approach be reviewed.

8.1 References

s Minaguchi, D. Ginno, M. lItaka, K. Furukawa, H. Ninomiya, K. Hayashi, T. (1985) “Heat Transfer
Characteristics of Gas-Insulated Transmission Lines” IEEE 85 SM 301-7
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1 Appendix 1: Reference Parameters

The GIL geometry shown in this report is given in Figure 1-1

Crnt et
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Figure 1-1: GIL Cross Section

The parameters employed in the sensitivity study were derived from the dimensions of one particular
hypothetical design of 400kV GIL. The nominal target current rating chosen was 3000 Amps continuous.
The UK summer ambient rating temperature of 15°C with a soil thermal resistivity of 1.2Km/W was taken.
The individual parameters were calculated by taking the average values from those submitted by the
Members of the Task Force, as used in their own Organisations or Countries. The example GIL was
insulated with a gas mixture of 90% N, and 10% SF4 at an absolute pressure of 6.7 bar. A design stress of
2kV/mm was taken at the outer surface of the conductor, which permitted a conductor diameter of 280mm to
be selected in combination with an enclosure inner diameter of 630mm, these being close to the ‘e’ ratio,
thereby giving a near optimum minimum enclosure diameter. The tubular aluminium conductor of 280mm
external diameter had a wall thickness of 16mm. The cylindrical aluminium alloy enclosure of 630mm
internal diameter had a wall thickness of 10mm. An anticorrosion polyethylene sheath of 3mm radial
thickness was provided. The three single phase GIL enclosures were solidly bonded to each other and to
earth at each end of the circuit to provide continuity for short circuit current, thereby permitting circulating
currents to flow under normal operation.

The example GIL circuit was laid at the same minimum depth as conventional flexible cable crossing
farmland in the UK, i.e. 1050mm to the top of the anticorrosion sheath. A nominal axial spacing of two
diameters, 1312mm, was selected both to give adequate room within the trench to lay the GIL in flat
formation and to connect longitudinal sections of GIL together.

Table 1-1 GIL Parameters

Parameter Symbol | Standard

value Unit
Axial Spacing S 1312 mm
Burial depth (top of the anticorrosion L 1050 mm
sheath)
Conductor diameter Dc 280 mm
Conductor thickness sC 16 mm
Enclosure diameter De 650 mm
Enclosure thickness se 10 mm
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Soil surface thermal resistivity beta 0.2 K.m?/w
Soil thermal resistivity Rs 1.2 K.m/W
Conductor and enclosure thermal emissivity | sigma 0.2

Gas mixture pressure p 6.7 Bar abs.
SF thermal convection constant K1 11.3

N, thermal convection constant K2 5.83

SF¢ Volume content Ve 10 %
Conductor electric resistivity Cr 3.45.10°® Qm
Enclosure electric resistivity Er 5.9.10°® Qm

Groaand Level

7 T 7 ——— 7 P -
NNy rer |
Chvarshnath
Surnunding o
Ercicsung Sl | @ 80 i L
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Gas Mixiure
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Figure 1-2: GIL Installation Arrangement
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2 Appendix 2: Comparison of Methods and Measurements

A comparison was performed of methods for calculating ratings for laid direct, horizontal single phase GIL
under continuous loading. The following methods of calculation were used:

2.1 Analytical methods:

21.1 IEC 287"

The formula given for the thermal resistance of the surrounding soil was used. The formula assumes that
the soil surface is an isothermal plane, which is valid provided the GIL enclosure diameter is small compared
with the distance to the surface (i.e. at least ten times less).

2.1.2 Japanese Cable Makers’ Association Standard 168-E 1995 4

The formulae given for conductor and enclosure losses and the formula given for the thermal resistance of
the surrounding soil were used. As above, the formula for thermal resistance of the surrounding soil
assumes that the soil surface is an isothermal plane.

2.1.3 ltaka et al™

The formula given for convective heat transfer between conductor and enclosure was used.

2.1.4 Minaguchi et al”

The formula given for convective heat transfer between conductor and enclosure was used.

2.1.5 Electra 100®

The formulae given for conductor and enclosure losses and the formula given for convective heat transfer
between conductor and enclosure were used.

2.1.6 Electra 125

The correction applied to the formula for thermal resistance of the surrounding soil to take into account heat
transfer at the soil surface was used. The formula therefore remains valid where the GIL diameter is not
small compared with the distance to the surface.

2.1.7 Heat transfer at the soil surface as represented by an effective thermal resistivity

The formula proposed in the present document for heat transfer at the soil surface as represented by an
effective thermal layer was used. The formula remains valid where the GIL diameter is not small compared
with the distance to the surface.

The formula for radiative heat transfer between conductor and enclosure given by Itaka, Minaguchi and
Electra 100 was used. The formula was the same in each case where a formula was given.

The formula for the thermal resistance of the corrosion resistant over-sheath given by IEC 287, The
Japanese Cable Makers’ Association Standard 168-E and Electra 100 was used. The formula was the same
in each case where a formula was given.

2.2 Numerical Methods

2.2.1 Computational Fluid Dynamics (CFD)

A computational fluid dynamics model was used to model fluid flow and heat transfer. The model simulated
heat transfer between conductor and enclosure by radiation and turbulent convection and heat transfer
through the oversheath and soil by conduction.

2.2.2 Finite Element Method (FEM)

A finite element model was used to simulate the heat transfer through the oversheath and soil by conduction
and the heat transfer by convection at the soil surface.
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Calculations were performed for a GIL with the geometry, material properties and laying conditions specified
in Appendix 1. Two depths of laying were considered; 1050 mm and 1350 mm from the surface of the soil to
the top of the corrosion resistant oversheath. The 1050 mm depth is specified in the UK for urban
installation of cable. The 1350 mm depth is specified in the UK for rural installation through ploughed
farmland. Calculations were performed both with the soil surface assumed to be an isothermal plane and
with a correction applied to take into account the heat transfer at the soil surface.

Initially, calculations were performed with a continuous current of 3000 A, this being a typical Summer
continuous rating for overhead line circuits. Calculations were then performed to determine the continuous
currents giving rise to a maximum soil temperature of 60°C, this being the maximum temperature permitted
in France to avoid drying out of the soil.

The formulae for heat transfer by convection between conductor and enclosure all include a constant that is
dependent on gas properties. The formula of Itaka et al® includes a constant Ko, the value of which was
determined by experiment. The value is given as 24.4 for SFg and 14.9 for N,. The formula of Minaguchi et
al includes a constant K1, the value of which was given as 4.40 for SFs. The formula of Electra 100
includes a constant K,, the value of which was derived from the physical properties of the gases by
Vermeer” and is given as 11.3 for SFs and 5.83 for N,. In the calculations, a value was taken to represent a
nitrogen based gas mixture. The values given for N, and SFs were weighted in the ratio 19:1 and averaged.

2.3 Calculation Methods
Calculations were performed using the combinations of methods shown in Table 2-1

Table 2-1 Calculation methods

Calculation Conductor and Thermal resistances
enclosure losses Conductor to Surrounding soll Surface of soil
enclosure

Electra 100 Electra 100 IEC 287 Electra 125
B Electra 100 Itaka et al IEC 287 Electra 125
C Minaguchi et al Japanese Cable -

Makers’ Association

D Electra 100 Electra 100 IEC 287 -
E Electra 100 Electra 100 IEC 287 Equivalent layer
F CFD CFD
G IEC 287 Electra 87 FEM FEM

2.4 Comparison of results

The results of calculations for the GIL with continuous current of 3000 A are shown in Table 2-2 and Table
2-3 for calculations where the soil surface was taken as an isothermal plane and in Table 2-4 and Table 2-5
for calculations where the heat transfer at the soil surface was taken into account.

Where the soil surface was taken as an isothermal plane, the mean values of conductor temperature were
64.0°C for a depth of 1050 mm and 71.5°C for a depth of 1350 mm. There was a significant difference of
10% between the maximum and minimum calculated temperature rise. The Computational Fluid Dynamics
model gave a lower result for conductor temperature rise than the Finite Element Method and the analytical
methods. The conductor temperature rises calculated by the analytical methods were in agreement to within
4%.

For all methods of calculation, the temperature difference between conductor and enclosure was small (of
the order of SOC) compared with the temperature difference through the soil. However, the variation in
temperature difference was large (of the order of +/- 16%) between the different methods.

The losses for the centre phase GIL were in agreement to +1%/-2%.

Where the heat transfer at the soil surface was taken into account, the results showed generally similar
trends. The conductor and enclosure temperatures were significantly higher (of the order of 5°C) compared
with the results for the isothermal soil surface. The calculated values of soil thermal resistance were
correspondingly higher.
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Results showing the continuous current for a maximum soil temperature of 60°C are shown in Table 2-5 and
Table 2-6 for calculations where the soil surface was taken as isothermal and in Table 2-7 and Table 2-8 for
calculations where the heat transfer at the soil surface was taken into account.

Where the soil surface was taken as an isothermal plane, the mean value of the continuous current for a
60°C maximum soil temperature was 3042 A for a depth of 1050 mm and 2851 A for a depth of 1350 mm.
At each depth of laying, the current values agreed to within 2.3%.

Where the heat transfer at the soil surface was taken into account, the continuous current was reduced by
about 3% compared with the results for the isothermal soil surface. The mean value of continuous current
was 2925 A for a depth of 1050 mm and 2765 A for a depth of 1350 mm. At each depth of laying, the
current values agreed to within 5%.

Table 2-2: Temperature calculation for 1050 mm depth with ground surface isothermal 15°C

A B C D E F G Mean

value

Current 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 3000
depth of laying (mm) 1050 1050 1050 1050 1050 1050 1050 1050
conductor temperature 65.1 63.6 64.6 65.0 65.2 60.3 64.1 64.0
enclosure temperature 59.4 59.0 59.5 59.0 59.2 56.0 58.2 58.6

maximum soil temperature 59.1 58.7 59.1 58.7 58.9 54.5 57.9 58.1

conductor losses (Wm'l) 29.6 29.1 29.9 29.2 29.2 28.3 30.7 29.4
enclosure losses (Wm'l) 30.9 30.8 30.6 30.7 31.3 30.3 29.2 30.5
total losses 60.5 59.9 60.5 59.9 60.6 58.6 59.8 60.0
gas thermal resistance 0.192 | 0.158 | 0.171 | 0.204 | 0.204 | 0.152 | 0.191 | 0.182

external thermal resistance 0.730 | 0.730 | 0.729 | 0.729 | 0.725 | 0.674 | 0.717 | 0.719

Table 2-3: Temperature calculation for 1350 mm depth with ground surface isothermal 15°C

A B Cc D E F G Mean

Value

Current 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 3000
depth of laying (mm) 1350 | 1350 | 1350 | 1350 | 1350 | 1350 | 1350 | 1350
conductor temperature 72.4 70.9 70.5 72.2 72.4 68.5 73.4 71.5
enclosure temperature 66.7 66.2 66.2 66.2 66.4 63.0 67.6 66.0
Maximum soil temperature 66.4 65.9 65.9 65.9 66.1 61.4 67.3 65.6
conductor losses (Wm™) 30.2 29.7 30.3 29.8 29.8 29.1 31.3 30.0
Enclosure losses (Wm™) 31.6 31.6 31.3 315 32.1 31.0 29.6 31.2
total losses 61.8 61.2 61.6 61.3 61.9 60.1 60.9 61.3
gas thermal resistance 0.189 | 0.158 | 0.139 | 0.201 | 0.201 | 0.189 | 0.186 | 0.18
External thermal resistance 0.832 | 0.830 | 0.826 | 0.831 | 0.825 | 0.772 | 0.859 | 0.825
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Table 2-4: Temperature calculation for 1050 mm depth with ground surface heat transfer coefficient

A B E F G Mean

value
Current 3000 |3000 |[3000 (3000 (3000 |3000
depth of laying (mm) 1050 |[1050 |1050 (1050 |1050 | 1050
Conductor temperature 70.5 65.4 69.3 65.3 69.6 68.0
Enclosure temperature 64.8 60.7 63.3 60.6 63.8 62.6

Maximum soil temperature | 64.4 60.4 63.0 59.0 63.5 62.1

conductor losses (Wm™) 30.0 29.2 29.6 28.8 30.8 29.7

Enclosure losses (Wm'l) 31.4 31.0 31.8 30.8 28.7 30.7

total losses 61.4 60.2 61.4 59.6 58.8 60.3

gas thermal resistance 0.191 | 0.159 |0.202 |0.163 |[0.195 | 0.182

External thermal resistance | 0.805 | 0.755 [ 0.782 | 0.738 | 0.825 | 0.781

Table 2-5: Temperature calculation for 1350 mm depth with ground surface heat transfer coefficient

A B E F G Mean

Value

Current 3000 3000 3000 3000 3000 3000
depth of laying (mm) 1350 | 1350 | 1350 | 1350 | 1350 | 1350
Conductor temperature 76.9 72.3 78.1 71.2 76.3 75.0
enclosure temperature 71.2 67.7 72.1 66.8 70.5 69.7
Maximum soil temperature 70.9 67.3 71.8 61.4 70.2 68.3
conductor losses (Wm™) 30.5 29.8 30.2 29.4 30.5 30.1
enclosure losses (Wm™) 32.1 31.7 32.7 31.4 29.1 31.4
total losses 62.6 61.5 62.9 60.8 59.5 61.5
gas thermal resistance 0.186 | 0.156 | 0.199 | 0.150 | 0.192 | 0.177
external thermal resistance 0.892 | 0.851 | 0.903 | 0.763 | 0.928 | 0.867

Table 2-6: Current rating calculation for 1050 mm depth, soil max 60°C, ground surface isothermal

15°C

A B C D E G Mean
value
Current 3025. | 3039. | 3028. | 3037. | 3028. | 3092. | 3041.

0 7 0 7 7 0 9
depth of laying (mm) 1050 | 1050 | 1050 | 1050 | 1050 10(&)30. 1050
Conductor temperature 65.7 65.1 65.2 66.3 66.4 66.3 65.8
enclosure temperature 60.3 60.3 60.4 60.4 60.3 60.3 60.3
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maximum soil temperature 60.0 60.0 60.0 60.0 60.0 60.0 60.0
conductor losses (Wm™) 30.2 30.0 30.5 30.1 29.9 31.8 30.4
enclosure losses (Wm™) 31.5 31.7 31.3 31.6 32.1 30.2 31.4
total losses 61.7 61.7 61.8 61.7 61.9 62.0 61.8
gas thermal resistance 0.179 | 0.160 | 0.159 | 0.202 | 0.202 | 0.194 | 0.183
external thermal resistance | 0.730 | 0.729 | 0.728 | 0.729 | 0.727 | 0.730 | 0.729

Table 2-7 Current rating calculation for 1350 mm depth, soil max 60°C, ground surface isothermal

A B C D E G Mean
Value
Current 2835.0 | 2847.0 | 2841.0 | 2846.0 | 2838.1 | 2897.6 | 2850.8
depth of laying (mm) 1350 1350 1350 1350 1350 1350 1350
conductor temperature 65.5 64.5 64.7 65.7 65.7 65.7 65.3
enclosure temperature 60.3 60.3 60.3 60.3 60.3 60.3 60.3
maximum soil temperature 60.0 60.0 60.0 60.0 60.0 60.0 60
conductor losses (Wm™) 26.5 26.3 26.8 26.3 26.2 27.8 26.7
enclosure losses (Wm'l) 27.7 27.9 27.5 27.8 28.1 26.5 27.6
total losses 54.1 54.2 54.3 54.1 54.3 54.4 54.2
gas thermal resistance 0.197 | 0.160 | 0.162 | 0.208 | 0.208 | 0.200 | 0.189
external thermal resistance 0.832 | 0.830 | 0.829 | 0.831 | 0.828 | 0.832 | 0.830

Table 2-8 Current rating calculation for 1050 mm depth, soil max 60°C, ground surface heat transfer

coefficient
A B E G Mean
value
Current 2882.0 | 2988.4 | 2918.4 | 2911.0 | 2924.9
depth of laying (mm) 1050 1050 1050 1050 1050
conductor temperature 65.6 64.9 66.0 65.1 65.1
enclosure temperature 60.3 60.3 60.3 60.3 60.3
maximum soil temperature 60.0 60.0 60.0 60.0 60.0
conductor losses (Wm™) 27.4 29.0 27.7 28.0 28.0
enclosure losses (Wm™) 28.6 30.7 29.8 26.6 28.9
total losses 55.9 59.7 57.5 54.6 56.9
gas thermal resistance 0.194 | 0.159 | 0.206 | 0.171 | 0.183
external thermal resistance | 0.804 | 0.754 | 0.783 | 0.824 | 0.791
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Table 2-9 Current rating calculation for 1350 mm depth, soil max 60°C, ground surface heat transfer

coefficient
A B E G Mean
Value
Current 2739.0 | 2813.6 | 2760.5 | 2745.5 | 2764.5
depth of laying (mm) 1350 1350 1350 1350 1350
conductor temperature 65.1 64.4 65.5 64.7 64.9
enclosure temperature 60.3 60.3 60.3 60.3 60.3

maximum soil temperature 60.0 60.0 60.0 60.0 60.0

conductor losses (Wm™) 24.7 25.7 24.8 24.9 25.0
enclosure losses (Wm™) 25.8 27.2 26.6 23.7 25.8
total losses 50.5 52.9 51.4 48.6 50.9
gas thermal resistance 0.194 | 0.161 | 0.211 | 0.176 | 0.186

external thermal resistance 0.891 0.851 0.875 0.926 0.886

2.5 Comments

Although there was general agreement in the values of conductor temperature at 3000 A and in the values of
current for a maximum soil temperature of 60°C, there were significant variations. There are a number of
areas where errors may be incurred.

2.5.1 Analytical methods

The analytical methods may be subject to errors resulting from assumptions made in derivation of the
formulae used.

The formula used in IEC 287 for the thermal resistance of the soil is valid where the enclosure diameter is at
least 10 times less than the depth of laying. This condition is not met in either of the two installation
geometries considered, and some error in the calculated values of temperature is to be expected.

The method of Electra 100 allows losses in each of the three phases to be calculated, taking into account the
skin and proximity effects. However, the method does not take into account the lower temperatures of the
outer phases compared with the centre phase. Hence, the calculated losses for the outer phases are likely
to be greater than the actual losses.

The formulae used for convective heat transfer between conductor and enclosure are empirical in nature and
their use may entail some error in the value of thermal resistance for the gas. The variation in results
obtained using the different formulae merits investigating by comparison with experimental results.

2.5.2 Numerical methods

Where numerical methods are used, the distance to the boundary of the model and the boundary condition
imposed may have a significant effect on the results obtained.

Calculations were performed using a finite element method where the limit of the area modelled was varied
and three different boundary conditions were imposed. The boundary conditions were (i) a constant
temperature of 15°C, (i) a zero temperature gradient and (jii) a simulated condition for a boundary at infinity.
The geometry modelled was as defined in Appendix 1, with a depth of laying of 1050 mm and a continuous
current of 3000 A.

Results of calculated temperature of the GIL external surface as the limit of the area modelled was varied
are shown in for each of the boundary conditions.
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Figure 2-1: Temperature of the GIL external surface as the limit of the area modelled

The temperature calculated using the formula of IEC 287 is shown for comparison. In general, the finite
element method gave a lower temperature than that of the IEC 287 formula. This may be due to limitations
in the range of applicability of the formula, as discussed above. Of the finite element calculations, the
imposed temperature boundary condition gave the lowest calculated temperatures. The imposed gradient
boundary condition gave the highest temperatures. Results calculated for all three boundary conditions
tended to converge as the limit of the area modelled was increased to about 30 m, approximately an order of
magnitude greater than the GIL depth and spacing.

2.5.3 Heat transfer by convection at soil surface

Taking into account the heat transfer by convection at the soil surface had a significant effect on the
calculated values of conductor temperature at 3000 A and values of current for a maximum soil temperature
of 60°C. Current ratings for horizontal, laid direct gas-insulated transmission lines under continuous loading:
Calculation of thermal resistance.

2.6 Comparison of formulae for thermal resistance

The published methods for calculating the thermal resistances are compared

2.6.1 Thermal resistance between conductor and enclosure

Heat is transferred between conductor and enclosure of the GIL by radiation and convection.

2.6.2 Heat transfer by radiation

Formulae for the heat transfer by radiation are given by ltaka et al and Minaguchi et al and Electra 100.
There is general agreement that the heat transfer by radiation is described by the Stefan-Boltzmann Law and
may be expressed as follows:

1
w; =o(g¢-62)rDy
T
& D' [Ew
where
D, = outer diameter of conductor

D, = inner diameter of enclosure
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6 = temperature of conductor [K]

6o = temperature of enclosure [K]

o = Stefan-Boltzmann constant = 5.67 x 10 [W/(m*K%)]
&4 = emissivity coefficient of conductor

1o = emissivity coefficient of enclosure

2.6.3 Heat transfer by convection

A number of formulae have been published for the heat transfer by convection.

2.6.3.1 Method of Itaka et af®

KoP*°Dg"” (9i _90)1'25

W, =
o DD o, .6|j25
ﬁn%J% aDE1+EJ []
0 ODx H D' =
where
a = aconstant determined experimentally

Ko, = a constant depending on the physical properties of the gas

P = absolute gas pressure (in kg/cm?)

2.6.3.2 Method of Minaguchi et af*

According to Minaguchi et af*, the heat transfer by convection is described by the following relationship:

— X . .25
We = K. P°* D" (9,-6,)
where
K; = convection constant between conductor and enclosure

P = absolute gas pressure (in kg/cm?)

2.6.3.3 Method of Electra 100™

|:| . .167|:|
Ko Dy %_g“é Dpom (9i _90)1.33

where
Ko = constant depending on the gas

P = absolute gas pressure (in bar)

2.7 Comparison of methods for calculation of thermal resistances of the gas

In all three methods, the convective heat transfer is expressed as the product of four terms: A constant K,
which is dependent on gas properties, a term which is dependent on the conductor and enclosure
dimensions (‘form factor’), pressure to the power n and temperature difference to the power m.

The value of K in the formula of Itaka et al was determined by experiment. The value is given as 24.4 for
SFg and 14.9 for N,. In the formula of Minaguchi et al, the value of K; is given as 4.40 for SFs and 2.69 for
N,. The value of K, in the formula of Electra 100 is given as 11.3 for SFg and 5.83 for N,. The values are
derived from the physical properties of the gases by Vermeer!’.
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The formulae of Itaka et al, Minaguchi et al and Electra 100 differ in the way that the form factors are
expressed. However, the conductor and enclosure diameters encountered in practice will fall within a limited
range. In Figure 2-2, the form factors of the three formulae are shown for a geometry where the inner
diameter of the enclosure is constant at 630 mm and the outer diameter of the conductor is varied across the
range 150 — 300 mm. The form factors have been normalised with respect to their values for a conductor
diameter of 280 mm. For all three formulae, the form factors show similar variation across the range of
conductor diameters of interest. It would appear that, effectively, the three form factors vary only by a scale
factor.

1.1 1

—Itaka
= = = Minaguchi
= = Electra 100

Normalised form factor
o
(=]
L

150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300
Conductor diameter [mm]

Figure 2-2: Normalised Form Factor Variation with Conductor Diameter

In all three formulae, convective heat transfer varies with pressure to the power n, where n varies from 0.6 in
the formula of Itaka et al to 0.67 in the formula of Electra 100. In practice, the pressures used are likely to
fall within a limited range and the value of nis unlikely to be significant.

In the formulae of Itaka et a/ and Minaguchi et al, the convective heat transfer varies with temperature
difference to the power 1.25, while in the formula of Electra 100, it varies with temperature difference to the
power 1.33. A discrepancy between the formulae of a few percent is to be expected across the temperature
range of interest.

The convective heat transfer as a function of temperature difference between conductor and enclosure as
calculated using each of the three methods is shown in Figure 2-3 for a GIL the geometry of which is given
below:

Conductor outer diameter 280 mm
Enclosure inner diameter 630 mm
Gas pressure 670 kPa

Gas composition 95% N, , 5% SF4
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Figure 2-3: Convective Heat Transfer between Conductor and Enclosure

The corresponding thermal resistances between conductor and enclosure due to convective heat transfer
are shown in Figure 2-4. The convective heat transfer calculated by the three methods showed significant
differences. The method of Electra 100 gave a convective heat transfer that was below the average for the
three methods by 16 — 32% across the temperature range, while the method of Minaguchi et al gave a value
that was higher than the average by 13 — 21%. The method of Itaka et al gave a value that was higher than
the average by 3 — 11%. The percentage differences between the three methods were greatest at lower
temperatures.
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Figure 2-4: Convective heat transfer thermal resistance variation with temperature difference

The total heat transfer between conductor and enclosure was calculated by adding the radiated component,
where an emissivity constant for the conductor and enclosure surfaces of 0.2 and an enclosure temperature
of 60°C were assumed. The results are shown in Figure 2-5. The corresponding thermal resistances
between conductor and enclosure are shown in Figure 2-6. The methods used to calculate the convective
component of heat transfer account for significant differences in the total heat transfer.
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Figure 2-5: Combined Radiative and Convective Heat Transfer between Conductor and Enclosure as
a Function of Temperature Difference

The lack of agreement between the methods used to calculate the heat transfer by convection merits further
investigation by comparison with experimental results. It is, however, unlikely to have a significant influence
on the ratings of directly buried GIL: In practice, the temperature difference, under continuous loading,
between the conductor and enclosure is likely to be small compared with the temperature difference through
the surrounding soil. Moreover, ratings are most likely to be limited by the enclosure temperature.
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Figure 2-6: Effective Thermal Resistance Between Conductor and Enclosure as a Function of
Temperature Difference

2.8 Thermal resistance of corrosion protective oversheath

Formulae for the thermal resistance of the corrosion protective oversheath are given in Electra 100®, the
Japanese Cable Makers Association Standard 168-E 1995 and IEC 287-2-1: 1994™. There is general
agreement that the thermal resistance is given by:
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T,=Pjn De
2T Dy
where
D, = Outer diameter of corrosion protective oversheath
D,, = Outer diameter of enclosure
A, = thermal resistivity of the oversheath material

2.9 Thermal resistance of surrounding soil

Formulae for the thermal resistance of the surrounding soil are given in the Japanese Cable Makers
Association Standard 168-E 1995 and IEC 287.

2.10 Method of Japanese Cable Makers Association Standard JCS 168-E 1995

The thermal resistance of the surrounding soil, for the central cable, is given as:

2
=P %n%ﬁﬁ-«ln 4% +1%
~2mg e s

where

L = axial depth of laying
s; = axial separation between phases

A7 =thermal resistivity of surrounding soil

2.11 Method of IEC 287

Two formulae are given for the thermal resistivity of the surrounding soil, for the central cable. Where the
losses in each phase are approximately equal, the thermal resistance is given as:

_Pry 40
T 277@ HDe De +InEL+1%

Where the losses are unequal, the thermal resistance is given as:

P HZ_L / H'_D-+05()\11+/\12a E‘lLZ
T4 zngnHDe e H H 1+A1m " Sf +1

where

A'2; = loss factor for outer phase, lagging phase angle
N'im = loss factor for centre phase
A2 = loss factor for outer phase, leading phase angle

It may be seen that where the loss factors are equal, the two formulae become the same.

2.12 Comparison of methods

Assuming the loss factors are approximately equal, it ma ay be be seen that the formulae of the Japanese Cable
Makers Association and IEC 287 are equivalent when 4L°/D,>>>1. For a geometry where the outer diameter
of the GIL is 0.656 m, the axial separation between phases is 1.3 m and the axial depth of laying is 1.38 m
(1.05 m to the top of the corrosion protective oversheath), the values of thermal resistance calculated using
the two methods differ by 0.38%. When the axial depth of laying is increased to 1.68 m (1.35 m to the top of
the corrosion protective oversheath), the difference reduces to 0.22%. The effect on the calculated rating of
such a difference will be insignificant.
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In the derivation of the above formulae, the soil surface is assumed to be isothermal. In practice, the
assumption is not true and the actual value of the thermal resistance of the surrounding soil will be higher.

2.13 Conclusions

Published methods for calculating the thermal resistances of components applicable to directly buried GIL
have been compared.

There is agreement that the heat transfer by radiation from conductor to enclosure is described by the
Stefan-Boltzmann Law.

Three methods for calculating the heat transfer by convection from conductor to enclosure have been
compared for a typical GIL geometry over a range of temperatures. The differences between the results
obtained using the three methods were significant. However, for directly buried GIL, the convective heat
transfer between conductor and enclosure is unlikely to have a critical influence on ratings.

There is agreement regarding the formula for conduction through the corrosion protective oversheath.

Two methods for calculating conduction through the surrounding soil were compared. The difference
between the results obtained using the two methods was not significant.
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3 Appendix 3: Heat Transfer from the Ground Surface to Air - Method Employing
an Equivalent Soil Layer

3.1 Introduction

The determination of the soil thermal resistivity for a group of equally load cables is a complex problem that
has been worked out in the known terms by considering some simplifying mathematical hypotheses. The two
most important are:

» the surfaces of the cables are isothermal
» the cables are buried at a suitable depth, quantified by recommending that 2%.]' >10

where:
* L is the burial depth

* D is the external cable diameter

When the cables are not buried deeply, that is % <10, the hypothesis of isothermicity of the soil surface

can produce a sensible error in the soil thermal resistance evaluation, since the thermal resistance of the
soil must take into account also the heat transfer from the soil surface to the surrounding air. GILs suffer from
the effect of this additional thermal term, due to their large external diameter that reduces the ratio 2L/D,
(generally the burial depth does not exceed the value of 1.5m).

In the past, for a three-core GIL™, it has been worked out a formula for the evaluation of the thermal
resistance additional term to take into account said heat transfer.

In the present document said formula is extended to a three single core cables in flat formation.

3.2 Method using the superimposition of the effects

In Neher @ the problem to determine the thermal resistance of the soil for a single cable close to the surface
(2L/D<10) has been analytically resolved for a single core cable, and an additional term to the classic
Kennelly formula, has been carried out.

By using the symbols of Figure 3-1 the thermal resistance of the soil is summarised by the sum of the:

Kennelly term:

2 _~2 [
L +y4m? -D*H

H D H

Additional term, to take into account of the soil surface heat transfer:

Eqg. 3-1 T,

P {n
21

‘ 0 0
Eq.32 T, =P moe ™%

2n o pl@ O

where:

B is the soil surface thermal resistivity expressed in K.m?/W,
p is the soil thermal resistivity expressed in K.m/W,

9 is the angular position of the isotherm of the reference cable,
and the other terms have the meaning shown in Figure 3-1

In Eq. 3-2, looking to Figure 3-1, d’ is the distance between the two thermal charges which are not in the
cable centres, due to the thermal proximity effect. In a first approximation, by disregarding the terms of
inferior order, it is possible to write:
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where :

D2
8 = —
1Tl

is the displacement of the thermal charge from the cable geometric centre Figure 3-1

Inserting d’ in Eqg. 3-2, taking the point P as reference, and hence 3§ = 0, the additional thermal resistance
results:

O
O
1
Eq. 3-3 Ty :—%_
2n g O
2L -
H o
When three single core cables in flat formation are considered, the thermal resistance of the hottest cable,
that is the central one, is carried out with superimposition principle, which states that the thermal resistance

is the sum of the Kennelly term referred to the central cable, plus two terms of mutual heating each with the
following expression:

. O/a1 2 42
Eq. 3-4 T, - P D\/E

O
g
an. H s H

and three terms of soil surface resistance with formal expressions like those of Electra 125" and King et al®
that is:

EQ.35 Ty =2 9

where, for each of the other two cables, d’ can be approximated with a good precision by Figure 3-2:

Eq. 3-6 d Ov4IL2+ s?
Moreover taking into account that with a good approximation
2L

V42 +¢7

the sum of the additional terms of mutual heating, by inserting in Eq. 3-5 the Eqg. 3-6 and Eqg. 3-7, and
doubling, is

0
! 1 2L
Eq 3-8 T4a = E % ﬁBi_FSH

In conclusion the additional term due to the soil surface thermal resistance is expressed by the sum of Eq.
3-3 and Eq. 3-8.

Eq. 3-7 cog(d) =

3.3 Method using an Equivalent Layer

In order to verify the additional thermal term previously defined, a method using an equivalent layer is
adopted Using this method, the heat transfer g at the soil surface is assumed as:

(’9 s 9 a)

Eqg. 3-9 g=
B

where 9 and 9 ,the soil and air temperatures respectively, while the others terms have known meaning.
This term takes into account the convection and the radiation heath transfer.
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The main assumptions in the approach are:
1) there is on the soil surface a very thin layer over which the temperature is isothermal,

2) the thickness of this layer is evaluated in such a way that its equivalent thermal resistivity is equal to
that of the soill

3) the thickness - & - of the layer is such that & <<L, so that it is possible to assume a temperature
linear variation in it.

Due to this last assumption it is possible to write along the normal to the surface of the soil:
Eg. 3-10 q=——=

where the symbols have the known meaning.
Equating Eq. 3-9 and Eq. 3-10:

Eq. 3-11 _B
p

The thermal resistance of the soil can be written, by using the symbols of Figure 3-3, as follows:
O 2 20 2,2
[h, +4/4HZ -D hi +s
Eq. 3-12 T, =2£E%n E‘z ! D ! Ui omn l—ED
1S S
5 1 8 s H

The aim of this document is to show that this approach gives the same results of that considered in the
previous paragraph.

By inserting in Eq. 3-12 the expression of h; (see Figure 3-3), it is possible to write:

=£@§mw+ﬁ£@_ﬁgmﬁ@£at§%
2m D

The first term of the T, can be rewritten after some algebraic passages and developments in series (see
paragraph 3.5), as follows:

P goRL+V4R’-D?H 25 3
Zn HH D E Jan?-p? 5
Inserting the expression of o from Eq. 3-11 the additional term which accounts for the soil surface thermal
resistance (second term in square bracket) is written as:
1 2B
Tsa =5

—_
2T \J4? -D?
2

which, by the development in series of 4% -D? =2L —IZ—L, gives the same term (Eq. 3-3), apart from

Eq. 3-13

Eq.3-14 T, =

the value 2 in place of the value 1.9;

g
t

- []
Eq 3-15 T4 :Z_J;T@EDBT]
0 L]

PL-—
H o a4

The second term in T, of Eqg. 3-13 is the mutual thermal resistance due to the two adjacent cables and, after
some algebraic passages and developments in series (see Appendix 1), can be written as follows:

I

O Ofj2 <20 0
Eq. 3-16 T;lazziEE?[[h AL" +s7 0,5 290 g
Tt S
0B H

2 2]
40° +s 0
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The second term in square bracket accounts for the additional soil surface thermal resistance due to the two
adjacent cables. Inserting in it the Eq. 3-11 it can be written as:

.1 _ 2B
EQ.317 Tz -Bio

which is, apart from the value 2 in place of the value 1.9, the same as Eq. 3-8.

3.4 Conclusions

The thermal resistance of three single core cables buried in flat formation and equally loaded, has been
written taking into account of the additional thermal resistance due to the heat exchange at the soil surface.
This formula applies to cables not deeply buried, namely to GIL.

The development has been obtained starting from two different approach that, in any case, give the same
practical results.

For calculation purposes the formula for the additional thermal resistance due to the soil surface thermal
resistivity given in Electra 125!, that is:

3.8* B,

DE&Q—la

0O Ds

Ty=—

has been determined as a sum of three terms equal to that related to the central cable (Eq. 3-3).

Here a new formula here recommended for its simplicity since it takes into account the thermal resistance of
the sail in its globality, is (Eq. 3-12) one, namely

i Bzm +,/gm2 D2 H L o an H,/h2+s %

Ho o)

- P
Ta= 21

where:

h, :2%+EE

L is the burial depth [m]
B is the soil surface thermal resistivity [m*K/W]
p is the soil thermal resistivity [mMK/W]

The formula has been verified by using a FEM method and its validity has been checked for a range of
thickness o of:

0<05m

that, assuming a soil thermal resistivity of conduction of 1.2 mK/W gives:

K [n?

B<0.6

3.5 Mathematical Developments

The first term in Eq. 3-13 is expressed in the argument:

2@ +p+4@ +¥ D =2 (L + +/4L2 +8L5+45 - D?

where & can be disregarded being of second order. By following with the development it is:

20fL +38) +4/4L% +8L5-D? =2 [fL +J) J(4L2 )@ w80 oo +5)+ )+/(4? -D?)

412 - T
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and by developing in series the last square row being %«1 it is:
2 2 8Ld 2 2 415 7 2 415
20(L +3)+,/(4L2 -D q/ i DZQ 20(L +3) +/(42 -D ) [@ TE s Q 20L +3) + /(42 -D?) +W

After some algebraic passage, this last is rewritten in;

%Eﬂ_+\/ﬂ%[% \/T

Inserting this expression in the logarithm of Eq. 3-13 it is, by applying the log rules:

O 2_p20 O H
T, =P in 2 +440%-D H+In§ 25
2 ' H D H V42 -D?
and by developing in series the last log, possible since % <<1 the Eg. 3-14 is obtained.
41° -D

The second term in Eq. 3-13 is expressed in the argument:

JAL +3)° +5? =y/4L% +8L5 +8 +52

where & can be disregarded being of second order. By following with the development it is:

JaL? +8L5 +<2 :\/(4L2 +s? [@ 8L5 @ J(a2 +?) 8LS

412 +¢? 4L2 +s°

N . . . 8Lo o
By developing in series the last square row, possible, since v <<1itis:

L2 2
oz +s) @0 F
4% +5°

+s
Inserting this expression in the logarithm of Eq. 3-13 it is, by applying the log rules:

0 D@Z4EIL2+SZD Q L3
2n H 402 +s?

and by developing in series the last log, possible since 4Ld

171 <<1 the Egq. 3-16 is obtained.
+s
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p:soil resistivity

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

p :soil resistivity

Figure 3-2: Three cables and their images
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hy = 2x(L +29)
- 2 2
" ny = ax(L+ )2 +5
hy
equivalent soil surface
equivalent layerin the image space / ] /

oItn

equivalent layer

/ -
A(al soil surface
O :

Figure 3-3: Method using an equivalent layer
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4 Appendix 4: Properties of the Gas Mixture

4.1 Free Convection Thermal Resistance of the Gas Mixture

Following the development carried out by Vermeer™ a new formulation for the convective heat transfer
between conductor and sheath in GIL has been reported in the present document.

The hypotheses for the new development, verified with extensive measurements by Lis et al @ are:
The development of Vermeer™, well represented by formula (10)™, holds both for SFs, N, and their mixtures.

In the range of temperature rise on the gas mixture prevaillng for the GIL, the thermal resistivity of SF¢ and
N, are very insensitive to the pressure and pressure variationt

The coefficient C =c [K (represented by the coefficient KO in the previous CIGRE works®!, for example) is
sensibly constant and fairly independent on the pressure and temperature rise of the gas mixture.

From equations (11), (14) and (18) of Vermeer'™
C =0.1638 [F(p =1t)

and by equation (13)™:

A% &
Eq.41 C=0.1638 déw":l)z P

5 n

the expression of “C” :

o Lo

Since from the hypotheses 1, 2 and 3 the coefficient C in Eq. 4-1 is fairly independent on the partial
pressures of the gas mixture, it is possible to draw out from Eq. 4-1 an equivalent expression by substituting
its parameters by their sum, weighted in volume content.

Assuming a mixture of the two gases SFg and N,, and indicating for simplicity L_)= p|p:l, the constant C,,,

representing C for the gas mixture, is:

=0.1638 @E(BSFG Vsrs * P D/Nz)z [ ses Vseg + Anp ) EﬁcpSFG Vsre + Cpne D/Nz)

Eq.42  C,.
Nste Vsre + Nz Va2

D005, -

D
where

Vg and V,, indicate the percentage content in volume of the two gases
Taking into account that Vg4 +V, =1, itis also:
Eqg. 4-3 V2 =1- Vg

Eqg. 4-2 is a cumbersome expression, but a very good approximation is carried out by the following linear
combination, that works for every volume content in the case of mixtures of gases SFg and N..

0

Mgre [E
Eq.4-4  C_ =0.1638 [%vSF6 o-7o 35 — SF6
H Nsre
@

On the basis of the development by Vermeer!™

2

2
N2 D‘Nz m:pmz

H N2

1
pSF6 S + (VNz )0.75
H

Mo,
0 0 O

, since it is:
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2 2 D
.1638 EI%SFG Psre” [Cosrs 0 =11.3
H r]SFG
1

.1638 mg ~5.83
E H N2 H

the Eq. 4-4 can be rewritten by:
C,, =(Vge " 11.3+(V,,)" " 5.83

Eq. 4-5

oomEoo

and introducing the Eq. 4-3

Eq.46  C, =(Vgre )" M1.3+(1- Vg, )" 5.83

52/121

Since, as already outlined the coefficient C is in different CIGRE papers indicated by the coefficient K, the

Eqg. 4-6 is rewritten by using this notation from now on.
Then itis:

Eq.47 K, =(Vge ) M1.3+(1- V., )" 5.83

The Figure 4-1 shows the behaviour of the Eqg. 4-7, compared with the Eqg. 4-2 and with a linear
approximation represented by an equivalent expression given by a weighted average of the volume content
of the two gases. This formula used in previous reports has the same structure of the of the Eq. 4-7, but the

exponent of the percentage in volume is equal to 1 instead of 0.75, that is:

Eq. 48 K, =(Vge ) 11.3 +(1- Vg, )(5.83

Gas mixture constant KO
75
70
| — —
65
60 / /
55
o
X 5 —
45 / /
“ W/
35
30
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
SF6 volume content percentage

—Eq.1-2
—EqQg.1-8
—Eq.1-7

Figure 4-1: Method using an equivalent layer

As the Figure 4-1 shows the Eq. 4-7 fits the Eq. 4-8 with an error less than 3% everywhere, but with a better

approximation in the interval of SF6 content up to 30% centred on the 20%.

In order to verify the formula Eq. 4-7, against the Eq. 4-8 chosen in previous documents, the same

[4

calculations reported in document™ now followed.

Table 4-1 lists the data used in the calculations.
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Table 4-1 Parameters, assumed in the calculations.

Quantity Value Unit
Conductor outside diameter 180.0 mm
Conductor thickness 11.0 mm
Conductor Electric Resistivity 3.010% Q.m
Conductor outer surface thermal emissivity 0.2

Enclosure outside diameter 520.0 mm
Enclosure thickness 10 mm
Enclosure Electric Resistivity 3.510°® Q.m
Enclosure inner surface thermal emissivity 0.2

Anticorrosion external sheath thickness 0 mm
Gas mixture volume content 90% N, + 10% Sk

Absolute pressure of the gas mixture 9.0 bar
Ambient temperature 195 °C
Burial depth at the top of the anticorrosion | 1000 mm
sheath

Axial spacing 1120 mm

The GIL is in air, insulated with a layer of wool rock of 100 mm wound on the enclosure.

Since the enclosure temperature has been measured, in the calculations an equivalent external thermal
resistivity suitable to find said enclosure temperature, is considered. Then, the enclosure temperature is
assumed as reference value and the conductor temperature is calculated.

In calculations the following hypotheses have been applied:

The thermal resistance of the gas mixture insulation are carried out by using whether the Vermeer formula™

or that of Itaka®.

The convection coefficient KO of the gas mixture is assumed as average, in volume content, of the
coefficients of the two gases.

Table 4-2 shows the results obtained by using the old formula (Eq. 4-8), while Table 4-3 contains the results
carried out with the new formula (Eqg. 4-7).

Table 4-2 420 kV GIL.: Temperatures Measured and Calculated with the formula Eq. 4-8

Measured Calculated

Vermeer | ltaka | Vermeer | Itaka | Vermeer Itaka
Equivalent Thermal resistivity 0.8 0.8 0.85 0.85 1 1
Current (A) 3000 3000 3000 3000 3000 3000 3000
Thermal resistivity eq. 0.8 0.8 0.85 0.85 1 1
Conductor losses (W/m) 56.8 56.5 57.3 56.9 58.7 58.3
Enclosure losses (W/m) 22.9 22.9 23.1 23.1 23.7 23.6
Total losses 79.7 79.4 80.4 80 81.4 81.9
Conductor temperature 67.3 66.1 63.9 68.7 66.4 76.5 74.3
Enclosure temperature 56.4 54.6 54.4 57.1 56.8 64.8 64.6
Temperature rise 10.9 115 9.5 11.6 9.6 11.7 9.7
Equivalent T4 (K.m/W) 0.44 0.44 0.467 0.467 0.55 0.55
T1 (W/m) 0.203 0.169 0.202 0.168 0.200 0.166
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Table 4-3 420 kV GIL.: Temperatures Measured and Calculated with the formula Eq. 4-7

Measured Calculated

Vermeer |ltaka |Vermeer |ltaka |Vermeer |ltaka
Equivalent Thermal resistivity 0.8 0.8 0.85 0.85 1 1
Current (A) 3000 3000 | 3000 3000 3000 3000 3000
Thermal resistivity eq. 0.8 0.8 0.85 0.85 1 1
Conductor losses (W/m) 56.8 56.5 57.3 56.9 58.7 58.3
Enclosure losses (W/m) 22.9 22.9 23.1 23.1 23.7 23.6
Total losses 79.7 79.4 80.4 80 81.4 81.9
Conductor temperature 67.3 66.3 64.0 68.8 66.6 76.7 74.4
Enclosure temperature 56.4 54.6 54.4 57.1 56.9 64.8 64.6
Temperature rise 10.9 115 9.5 11.6 9.6 11.7 9.7
Equivalent T4 (K.m/W) 0.44 0.44 0.467 0.467 0.55 0.55
T1 (W/m) 0.206 | 0.170 0.205 0.169 0.202 0.168

Looking at the results, the new formula Eq. 4-7 shows:
66.3-66.1

* amaximum increase of the conductor temperatures in about T =0.3%,
» the same enclosure temperature,
. . : _ , 0.205-0.202
* amaximum increase of the gas mixture thermal resistance in about 202 =1.5%:

4.2 Conclusion

A method of calculating the convection coefficient for a mixture of gases has been developed. following the
suggestions reported in Vermeer'™ and Lis et al®®.

The gas mixture convection coefficient, Ko, can be expressed by Eq. 4-7. This is consistent with the
“similarity principle’ used to calculate heat transmission by convection.

4.3 Volumetric Specific Heat

Values of volumetric specific heats that may be useful in GIL overload calculations are given in Table 4-4,
together with the thermal resistivity and electric resistivity at 20 °C.

Table 4-4 Thermal and electric parameters for overload calculations

Material Thermal resistivity | Volumetric specific heat Electric Resisistivity
[K.m /W] [/ m*K] at 20 °C [Q.m]

Copper - 3.45 10° 1.7241 10°
Aluminium - 2.510° 2.8264 10°
Lead or Lead alloy - 1.45 10° 21.410°
Steel - 3.810° 13.810°
Stainless Steel - 3.810° 7010°
Bronze - 3.410° 3.510°
Paper oil filled 5.0 2.0 10° -
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PE 35 2.4 10° -
XLPE 35 2.410° -
PVC 6.0 1.7 10° -
EPR 5.0 2.0 10° -
Rubber 5.0 2.010° -
Butyl Rubber 5.0 2.010° -
Concrete 1.0 1.9 10° -
Fibre for duct 4.8 2.010° -
Earthenware 1.2 1.7 10° -

Concerning to the insulating gas specific heat the following considerations apply:

from Vermeer™ the nitrogen (N,) physical characteristics, within the operating ranges:
10 < pn2 (pressure) < 30 bar

30 °C <t (temperature) < 90°C

are:
; 337.4 kg
Eq. 4-9 density p= R
p 573 + 1 (P2 m3
Eq.4-10  specific heat at constant pressure c, =1037 +0.101rt J

K kg
and for SF4 gas, within the operating ranges:

2 < psre (pressure) < 6 bar
30 °C <t (temperature) < 90°C

Eq.4-11  density o= _1066 kg
P 230 +1 P sre m3
Eq.4-12  specific heat at constant pressure ¢, =630 +1.87 - 4.33[10° [¥* ﬁ
g

In the thermal transient calculation the specific heat must be taken at constant volume, so that the following
formulae applies for the two gases:

Eq. 413 ¢, = Cpkm KJ .
m

Where ‘K’ is the ratio between the specific heats at constant pressure and constant volume.

The values of k are:
N, gas k=14
SFs gas k=1.33

In gas mixtures the volumetric specific heat is given by:

Eq. 4-14 Cy = Zp| |1vi
T

being
pi the partial pressure of each gas
c.i the volumetric specific heat of each gas

Indicating with V; the volume ratio of the two gases, that is
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VN2 =95%
Vsre = 5%
the partial pressures of each gas is given by
Eq. 4-15 Prn2 = Vno P
Psre = Vsre [P
being p the total pressure of the mixture.
Inserting the Eq. 4-15 in Eq. 4-9 and Eq. 4-11, and using the Eq. 4-13 together with Eq. 4-10 and Eq. 4-12 ,

the volumetric specific heat of the mixture is carried out with the Eq. 4-14:

O
_ 3374 vV

037 +.1010 1666 $30+.1.87t-4.33 o2 ? 0
73+t v v a

Eq.416 ¢
q 14 230+t ' 5F° 133 :

\ N2

Figure 4-2 shows the Eq. 4-16 evaluated for different mixture pressure and as a function of the temperature.
The temperature range has been extrapolated up to 120 °C; the suitability of that extrapolation must be
carefully discussed in the next meeting.

1.2E+04

1.0E+04

8.0E+03

—p=2 bar
) p=4 bar
‘5 6.0E+03 —=—— —p=6bar
—— - — p=8 bar
© 4.0E+03 p=10 bar

2.0E+03

Volumetric specific heat [J/K/m3]

0.0E+00

20 30 40 50 60 7O 80 90 100 110 120 130
Temperature [°C]

Figure 4-2: Example of volumetric specific heat Gas Mixture with volumetric ratio 95% N2 + 5% SF6
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5 Appendix 5: Example of Continuous Rating Calculation

The results of continuous current ratings for a GIL having the dimensions given in Appendices 1 and 7 are
shown below.

Table 5-1 shows the calculated maximum current rating to be 2886A where the maximum soil temperature is
limited to 60°C.

Table 5-2 shows the calculated maximum soil temperature to be 64°C when the GIL is carrying 3000A.

Table 5-1 First calculation maximum soil temperature equal to 60°C

Current rating 2885.84 (A)

C.c Conductor resistance at the maximum temperature 3.08E-06 (Q/m)
Conductor skin effect 1.21E-01

C.a Conductor resistance at the maximum temperature 3.45E-06 (Q/m)
C.c Enclosure resistance at the maximum temperature 3.41E-06 (Q/m)
Enclosure skin effect 7.45E-03

Loss factor due to current in the enclosure 9.93E-01

C.a Enclosure resistance at the maximum temperature 3.44E-06 (€/m)
Convection heat losses between conductor and enclosure 2.24E+01 (W/m)
Radiation heat losses between conductor and enclosure 6.41E+00 (W/m)
Total power losses (conductor-enclosure) 2.88E+01 (W/m)
Thermal resistence between conductor and enclosure 1.99E-01 (K.m/W)
Thermal resistance of the surrounding soil 7.85E-01 (K.m/W)
Thermal resistance of outer serving 5.12E-03 (K.m/W)
Conductor losses 28.76 (W/m)
Enclosure losses 28.56 (W/m)
Current circulating in the eclosure 2882.75 (A)
Conductor temperature 66 (°C)
Enclosure temperature 60.29 (°C)
Maximum soil temperature (on outer serving) 60 (°C)

Table 5-2 Second calculation current rating equal to 3000A

Current rating 3000.0 (A)
C.c Conductor resistance at the maximum temperature 3.13E-06 (Q/m)
Conductor skin effect 1.17E-01

C.a Conductor resistance at the maximum temperature 3.5E-06 (Q/m)
C.c Enclosure resistance at the maximum temperature 3.46E-06 (€/m)
Enclosure skin effect 7.24E-03

Loss factor due to current in the enclosure 9.95E-01

C.a Enclosure resistance at the maximum temperature 3.49E-06 (Q/m)
Convection heat losses between conductor and enclosure 2.44E+01 (W/m)
Radiation heat losses between conductor and enclosure 7.12E+00 (W/m)
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Total power losses (conductor-enclosure) 31.48E+00 | (W/m)
Thermal resistance between conductor and enclosure 1.94E-01 (K.m/W)
Thermal resistance of the surrounding soil 7.85E-01 (K.m/W)
Thermal resistance of outer serving 5.12E-03 (K.m/W)
Conductor losses 31.48 (W/m)
Enclosure losses 31.31 (W/m)
Current circulating in the enclosure 2996.69 (A)
Conductor temperature 70.71 (°C)
Enclosure temperature 64.62 (°C)
Maximum soil temperature 64.30 (°C)
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6 Appendix 6: Short Time Current Rating

The results of short time current ratings for a GIL having the dimensions given in Appendices 1 and 8 are
given below using the method recommended in Section 3, which is based on Electra 87. The starting
conditions for each of the following three cases is 100% full load (3000A) with a conductor temperature of
70.5°C and enclosure temperature of 65°C.

The data assumed for the calculations are the standard one and are reported in Table 6-1

Table 6-1 Parameters and values in GIL assumed as reference

Quantity Value Unit
Line Voltage 400 kV
Frequency 50 Hz
Current Rating 100% of the load factor 3000 A
Conductor outside diameter 280 Mm
Conductor thickness 16 Mm
Conductor Electric Resistivity 3.45.10°® Q.m
Conductor outer surface emissivity 0.2
Enclosure outside diameter 650 Mm
Enclosure thickness 10 Mm
Enclosure Electric Resistivity 5.9.10° Q.m
Enclosure inner surface emissivity 0.2
Anticorrosion external sheath diameter 656 Mm
Anticorrosion external sheath thickness 3 Mm
Anticorrosion sheath thermal resistivity 3.5 K.m/W
Dielectric (Gas mixture) 90% N, + 10% SFg
Absolute pressure of the gas mixture 6.7 Bar
Soil and stabilised backfill thermal resistivity 1.2 K.m/W
Soil surface thermal resistivity 0.20 K.m%wW
Soil ambient temperature 15 °C
Burial depth at the top of the anticorrosion sheath 1050 Mm
Conductor volumetric specific heat 2.510° JIK/m?®
Enclosure volumetric specific heat 2.510° JIKIm®
Anticorrosion sheath volumetric specific heat 2.410° JIKIm®
Soil thermal diffusivity 0.410° m°/s
Earthing Enclosure solid bonded
Axial spacing 1312 Mm

Figure 6-1 applies a 33% overload (4000A). The temperatures after 50hrs are 80.5°C on the conductor and
71°C on the enclosure.

Figure 6-2 applies a 166% overload (8000A). The temperatures after 8hrs are 115°C on the conductor and
87°C on the enclosure.

Figure 6-3 applies a 300% overload (12000A). The temperatures after 2.5hrs are 129°C on the conductor
and 87°C on the enclosure.

The results are compared with calculations using the finite element method. The formulae par. 3.1 (Eq. 17,
18 & 19) were programmed, where necessary as user subroutines within the computational code, to
represent the heat transfer by convection and radiation.

The Figure 6-1 to Figure 6-3 show the comparison between the two methods.
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Fig. 1 Preload 100% (3000A) - Overload 33% (4000 A) for 50 h.
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Figure 6-1: Preload 100% (3000A) — Overload 33% (4000A) for 50h
Fig. 2 Preload 100% (3000A) Overload 166% (8000A) for 8 h
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Figure 6-2: Preload 100% (3000A) — Overload 166% (8000A) for 8h
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Fig. 3 Preload 100% (3000A) Overload 300% (12000A) for 2.5 h.
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Figure 6-3: Preload 100% (3000A) — Overload 300% (12000A) for 2.5
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7 Appendix 7: Continuous Rating Sensitivity Study

7.1 GIL Rating Parameter Sensitivity Study

This study applies the recommended formulae for continuous rating (given in Part A Section 2) to an
example GIL application. The study assesses the sensitivity of the GIL current rating to variations in the
value of each of its key parameters.

The example application is for single phase GIL in flat formation under continuous loading. The purpose of
this study is to rank the parameters in the order of the largest to the smallest effect on the magnitude of the
rating, with the objectives of identifying:

1) The most important rating parameters for prospective future GIL applications.
2) The effect that inaccuracy in each design, installation or calculation parameter could have on the
final rating.

The rating calculations were applied to yield the following results:

1) The resulting current ratings for either a range of selected maximum conductor operating
temperatures or maximum soil temperature limits (i.e. the soil adjacent to the sheath).

2) The resulting maximum operating temperature of the conductor or soil for a rating of 3000 Amps.

It should be noted that recommended operating temperatures for GIL do not exist for buried applications.
Recommended temperature limits exist for the conductor connectors in SFg, or a mixture of SFg [IEC694
Table 3][”. The maximum continuous operating temperatures for connectors are given as 90°C for tinned
coated contacts, 105°C for bare copper contacts and 105°C for silver coated contacts. For the standard GIL
dimensions studied, an arbitrary 75°C conductor temperature resulted in a current rating of 3098 Amps.

Recommended limits exist for the maximum soil temperatures for conventional cables to prevent thermal
instability by the progressive increase of soil thermal resistivity as a result of moisture migration. The
practices in each Country are listed in IEC287 . For example the maximum permissible soil temperature in
the UK is taken as 50°C and the maximum temperature in France as 60°C. For the standard GIL dimensions
studied a 60°C soil temperature resulted in a current rating of 2886A.

Table 7-1: Reference parameters and values taken for the GIL sensitivity study

Quantity Value Unit

Conductor outside diameter 280 mm
Conductor thickness 16 mm
Conductor electric resistivity 3.4510° Q.m
Conductor outer surface emissivity 0.2

Enclosure outside diameter 650 mm
Enclosure thickness 10 mm
Enclosure electric resistivity 5.9.10° Q.m
Enclosure inner surface emissivity 0.2

Anticorrosion external sheath diameter 656 mm
Anticorrosion external sheath thickness 3 mm
Anticorrosion sheath thermal resistivity 35 K.m/W
Dielectric (gas mixture) 90% N, + 10% SF¢

Absolute pressure of the gas mixture 6.7 bar
Soil and stabilised backfill thermal resistivity 1.2 K.m/W
Soil surface thermal resistivity 0.20 K.m?/W
Soil ambient temperature 15 °C
Burial depth to the top of the anticorrosion sheath 1050 mm
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Earthing Enclosure solid bonded

Axial spacing 1312 mm

The individual parameters are listed in Table 7-1. In the sensitivity study, the magnitude of each parameter
was changed by +£50%. The resulting effect on either current rating or operating temperature was then
calculated as a percentage variation, with the convention: ‘+’ increasing and ‘-* decreasing.

It should be noted that this sensitivity study is not meant to give either the optimum GIL dimensions,
installation dimensions, operating temperatures or current ratings. These are best left to the designer for
each particular application.

Table 7-2 shows the parameters taken into consideration in the sensitivity study with the main values and
their identifying symbols. The central column of the table shows the standard value of each parameter. Note
that the axial spacing of 656 mm corresponds to a ‘just touching’ cable situation. Also the +25% variation of
each parameter is considered in the calculations in order to check that the rate of change is the same as for
+50%.

Table 7-2: Interval of variation of the parameters in the sensitivity study

Parameter Symbol -50% of Standard +50% of
the standard value the standard Unit
value value

Axial Spacing AS 656 1312 1968 mm
Burial depth (top of the anticorrosion sheath) L 525 1050 1575 mm
Conductor diameter Dc 140 280 420 mm
Conductor thickness sc 8 16 24 mm
Enclosure diameter De 325 650 975 mm
Enclosure thickness se 5 10 15 mm
Soil surface thermal resistivity beta 0.1 0.2 0.3 K.m?/W
Soil thermal resistivity Rs 0.6 1.2 1.8 K.m/W
Conductor and enclosure thermal emissivity | sigma 0.1 0.2 0.3
Gas mixture pressure p 3.35 6.7 10.05 Bar abs.
SFg thermal convection constant K1 5.65 11.3 16.95
N, thermal convection constant K2 2.915 5.83 8.745
SFs Volume content Vc 5 10 15 %
Conductor electric resistivity Cr 1.725.10° | 3.45.10° 5.175.10° om
Enclosure electric resistivity Er 2.95.10° 5.9.10® 8.85.10°® om

7.2 Sensitivity study on Current Rating for Selected Maximum Conductor or Soil
Temperature Limits

The Tables and Figures from 1 to 30 show the current rating calculated at the parameter values of Table 7-2
and their intermediate values. The current rating calculations are referred to the maximum soil temperature
(temperature at the anticorrosion sheath and soil interface) and to the conductor temperature respectively.

In the last two columns of each table the percentage variations of the current rating, for the assumed +50%
variation of the parameter, are shown, calculated as in the following expression:

Crpv(£50%) = 1(£50%) -1
I(std)

where:
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Crpv(x50%) is the current rating percent variation for the £50% parameter variation,
I(std) is the current rating calculated at the parameter standard value
1(x50%) is the current rating calculated at the parameter variations.

The average value of the current rating variations are assessed and shown in the last two cells of each table.

7.2.1 Parameterised quantity: spacing between adjacent enclosures

Starting from the conditions of Table 7-1the spacing between adjacent GIL enclosures has been assumed to
vary, with different pitches, starting from the space between enclosures equal to a ‘just touching’ condition (-
50%) GIL diameter, up to +50% on GIL diameter. The current ratings have been reported in Table 7-3, Table
7-4 and Figure 7-1 Figure 7-2.

Table 7-3: Current rating (A) as a function of the GIL axial spacing and of the maximum soil

temperature
Max soil | AS=656 | AS=984 | AS= |AS=1640|AS=1968
temr()f(r:?ture [mm] [mm] [1rﬁr1n2] [mm] [mm] Crpv(-50%)| Crpv(+50%)

40 1948 2099 2223 2328 2417 -12.4% 8.7%
50 2267 2442 2587 2708 2812 -12.4% 8.7%
60 2530 2725 2886 3021 3137 -12.3% 8.7%
70 2753 2966 3141 3288 3413 -12.3% 8.7%
80 2949 3175 3362 3520 3654 -12.3% 8.7%
90 3121 3361 3559 3725 3867 -12.3% 8.7%
100 3276 3527 3734 3909 4057 -12.3% 8.6%

Average =| -12.3% 8.7%

Table 7-4 Current rating (A) as a function of the GIL axial spacing and of the conductor temperature

Conductor | AS=656 | AS=984 |AS= 1312(AS= 1640|AS= 1968
tem;zoe(r::;lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%) | Crpv(+50%)
45 2007 2149 2263 2359 2439 -11.3% 7.7%
55 2292 2455 2587 2697 2789 -11.4% 7.8%
65 2533 2714 2861 2983 3086 -11.5% 7.9%
75 2742 2938 3098 3231 3343 -11.5% 7.9%
85 2926 3136 3308 3451 3571 -11.5% 8.0%
95 3091 3314 3496 3647 3775 -11.6% 8.0%
105 3240 3474 3665 3825 3959 -11.6% 8.0%
Average=| -11.5% 7.9%
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Figure 7-1: Current rating vs. Maximum soil temperature. Variable dimension: Axial Spacing (As)
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Figure 7-2: Current rating vs. Conductor temperature. Variable dimension: Axial Spacing. V=400 kV

From the Table 7-3 and Table 7-4 it is possible to see that the current rating variation at a given maximum

soil temperature is of the order 15% for a variation in axial spacing of +50%.

7.2.2

Parameterised Quantity: Burial Depth

Starting from the value of 1050 mm, measured at the top of the anticorrosion sheath, the burial depth
increases with suitable pitches from 525mm to 1575mm.

The current ratings have been reported in Table 7-5 Table 7-6 and Figure 7-3 Figure 7-4. The last column
shows the current rating variation for a variation burial depth of between +50%.
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Table 7-5: Current rating (A) as a function of the burial depth and of the maximum soil temperature

Maxsoil | L=525 | L=787.5 | L=1050 |L=1312.5| L =1575
temr(’fgt“re mm] | [mm] mm] | [mm] | [mm] |Crpv(-50%)| Crpv(+50%)

40 o588 | 2371 | 2223 | 2115 | 2032 | 16.4% -8.6%
50 3010 | 2758 | 2587 | 2461 | 2365 | 16.4% 8.6%
60 3358 | 3077 | 2886 | 2746 | 2638 | 16.3% 8.6%
70 3653 | 3348 | 3141 | 2080 | 2872 | 16.3% 8.6%
80 3911 | 3584 | 3362 | 3200 | 3075 | 16.3% 8.6%
90 4139 | 3793 | 3550 | 3387 | 3254 | 16.3% -8.6%
100 4342 | 3980 | 3734 | 3554 | 3415 | 16.3% -8.5%

Average=[ 16.3% -8.6%

Table 7-6 Current rating (A) as a function of the burial depth and of the conductor temperature

Conductor | L=525 | L=787.5| L=1050 |L=1312.5| L =1575
temp()?é?ture [mm] [mm] [mm] [mm] [mm] | Crpv(-50%) |Crpv(+50%)
45 2589 2397 2263 2164 2087 14.4% -7.8%
55 2963 2741 2587 2472 2383 14.6% -7.9%
65 3280 3032 2861 2733 2634 14.7% -7.9%
75 3556 3285 3098 2959 2851 14.8% -8.0%
85 3799 3509 3308 3159 3043 14.9% -8.0%
95 4017 3709 3496 3338 3215 14.9% -8.0%
105 4215 3890 3665 3499 3370 15.0% -8.1%
Average= 14.7% -7.9%
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Figure 7-3: Current rating vs. Conductor temperature. Variable dimension: Axial Spacing. V=400 kV
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Figure 7-4 Current rating vs. Conductor temperature. Variable dimension: Burial depth. V=400 kV

7.2.3

The conductor thickness was kept constant at 16 mm.

Parameterised Quantity: Conductor Diameter

Table 7-7: Current rating (A) as a function of the conductor diameter and of the maximum soil

temperature
Max soll Dc=140 | Dc=210 | Dc=280 | Dc=350 | Dc=420
tem;z?cr:z;\ture [mm] [mm] [mm] [mm] [mm] Crpv(-50%)| Crpv(+50%)

40 1774 2045 2223 2351 2447 -20.2% 10.1%
50 2062 2379 2587 2735 2847 -20.3% 10.1%
60 2300 2654 2886 3051 3176 -20.3% 10.0%
70 2501 2888 3141 3320 3455 -20.4% 10.0%
80 2677 3092 3362 3555 3699 -20.4% 10.0%
90 2833 3272 3559 3762 3915 -20.4% 10.0%
100 2972 3434 3734 3948 4108 -20.4% 10.0%

Average=| -20.3% 10.0%

Table 7-8: Current rating (A) as a function of the conductor diameter and of the conductor

temperature
Conductor | Dc=140 | Dc=210 | Dc=280 | Dc=350 | Dc=420
temp()fcr:?ture [mm] [mm] [mm] [mm] [mm] Crpv(-50%)| Crpv(+50%)
45 1704 2044 2263 2415 2523 -24.7% 11.5%
55 1956 2340 2587 2758 2880 -24.4% 11.3%
65 2171 2590 2861 3048 3182 -24.1% 11.2%
75 2358 2808 3098 3299 3443 -23.9% 11.1%
85 2524 3001 3308 3521 3674 -23.7% 11.1%
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95 2673 3174 3496 3719 3880 -23.5% 11.0%
105 2809 3330 3665 3898 4066 -23.4% 10.9%
Average=| -24.0% 11.2%
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Figure 7-5 Current rating vs. Maximum soil temperature. Variable dimension: Conductor diameter.
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Figure 7-6: Current rating vs. Conductor temperature. Variable dimension: Conductor diameter.
V=400 kV

7.2.4

Parameterised Quantity: Conductor Thickness

The conductor outer diameter was kept constant at 280 mm.
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Table 7-9: Current rating (A) as a function of the conductor thickness and of the maximum soil

g v 0l emiperad v [T

temperature
Max soil sc=8 sc=12 sc=16 sc=20 sc=24
tem?(?cr::;lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%)| Crpv(+50%)
40(1903 2115 2223 2263 2262 -14.4% 1.8%
50(2208 2458 2587 2637 2640 -14.6% 2.1%
60(2458 2738 2886 2946 2953 -14.8% 2.3%
70(2670 2976 3141 3211 3222 -15.0% 2.6%
80(2854 3183 3362 3442 3459 -15.1% 2.9%
90|3015 3365 3559 3648 3669 -15.3% 3.1%
100|3160 3528 3734 3832 3859 -15.4% 3.3%
Average = -14.9% 2.6%
Table 7-10: Current rating (A) as a function of the conductor thickness and of the conductor
temperature
Conductor sc=8 sc=12 sc=16 sc=20 sc=24
tem;zoecr:r;lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%)| Crpv(+50%)
45|1914 2144 2263 2308 2308 -15.4% 2.0%
55(2185 2448 2587 2642 2645 -15.6% 2.2%
65(2413 2704 2861 2925 2932 -15.7% 2.5%
75(2610 2926 3098 3172 3184 -15.8% 2.8%
85|2783 3121 3308 3391 3407 -15.9% 3.0%
95|2938 3296 3496 3588 3609 -15.9% 3.2%
105(3078 3454 3665 3766 3793 -16.0% 3.5%
Average= -15.7% 2.7%
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Figure 7-7: Current rating vs. Maximum soil temperatureVariable dimension: Conductor thickness.

V=400 kV
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Figure 7-8: Current rating vs. Conductor temperature. Variable dimension: Conductor thickness.
V=400 kV

7.2.5

Parameterised Quantity: Enclosure Diameter.

The enclosure thickness was kept constant at 10 mm.

Table 7-11: Current rating (A) as a function of the enclosure diameter and of the maximum soil

temperature
Max soil De=325 [De=487.5| De=650 |De=812.5| De=975
tem?oecr::;lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%)| Crpv(+50%)

40|1671 1988 2223 2411 2569 -24.9% 15.5%

50(1942 2312 2587 2806 2989 -24.9% 15.6%

60(2165 2579 2886 3131 3335 -25.0% 15.6%

70(2355 2806 3141 3407 3630 -25.0% 15.6%

80|2520 3004 3362 3648 3887 -25.0% 15.6%

90|2666 3179 3559 3862 4115 -25.1% 15.6%
100|2797 3336 3734 4053 4318 -25.1% 15.6%
Average= -25.0% 15.6%

Table 7-12: Current rating (A) as a function of the enclosure diameter and of the conductor

temperature
Conductor De=325 [De=487.5| De=650 |De=812.5| De=975
tem?(?cr::;lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%) | Crpv(+50%)
45|1619 2024 2263 2445 2592 -28.5% 14.5%
55(1857 2312 2587 2796 2966 -28.2% 14.6%
65(2061 2557 2861 3093 3282 -27.9% 14.7%
75(2239 2768 3098 3351 3557 -27.7% 14.8%
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85|2398 2956 3308 3579 3800 -27.5% 14.9%
95|2541 3123 3496 3783 4018 -27.3% 14.9%
105(2671 3274 3665 3968 4215 -27.1% 15.0%
Average= -27.8% 14.8%
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Figure 7-9: Current rating vs. Maximum soil temperature, Variable dimension: Enclosure diameter.
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Figure 7-10: Current rating vs. Conductor temperature. Variable dimension: Enclosure diameter.
V=400 kV
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7.2.6 Parameterised Quantity: Enclosure Thickness
The enclosure outer diameter was kept constant at 650mm.

Table 7-13: Current rating (A) as a function of the enclosure thickness and of the maximum soil

temperature.
Max soil se=5 se=7.5 se=10 | Se=12.5| se=15
temrzfcr:e)lture [mm] [mm] [mm] [mm] [mm] Crpv(-50%) | Crpv(+50%)
40 1830.71| 2066.39| 2223.24| 2333.33] 2411.8 -17.7% 8.5%
50 2129.22| 2403.76| 2586.79| 2715.49| 2807.71 -17.7% 8.5%
60( 2374.59| 2681.2] 2885.86| 3030.14| 3133.95 -17.7% 8.6%
70( 2583.41| 2917.38| 3140.61| 3298.32| 3412.23 -17.7% 8.6%
80 2765.15| 3122.97| 3362.47| 3532.01] 3654.9 -17.8% 8.7%
90| 2925.82| 3304.77| 3558.74| 3738.85| 3869.83 -17.8% 8.7%
100 3069.55| 3467.43| 3734.4| 3924.06| 4062.39 -17.8% 8.8%
Average= -17.7% 8.6%
Table 7-14: Current rating (A) as a function of the enclosure diameter and of the conductor
temperature.
Conductor se=5 se=7.5 se=10 | Se=12.5| se=15
temr()oecr:z)iture [mm] [mm] [mm] [mm] [mm] Crpv(-50%) | Crpv(+50%)
45| 1894.47( 2118.05| 2263.47| 2363.72| 2434.21 -16.3% 7.5%
55 2161.2| 2418.82| 2586.97| 2703.33| 2785.6 -16.5% 7.7%
65| 2386.14| 2672.85| 2860.55| 2990.88| 3083.46 -16.6% 7.8%
75| 2580.92| 2893.12( 3098.05| 3240.77| 3342.58 -16.7% 7.9%
85| 2752.65| 3087.53| 3307.87| 3461.74| 3571.95 -16.8% 8.0%
95| 2906.03| 3261.33| 3495.62| 3659.65| 3777.56 -16.9% 8.1%
105 3044.39| 3418.24| 3665.27| 3838.62| 3963.64 -16.9% 8.1%
Average= -16.7% 7.9%
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Figure 7-11: Current rating vs. Maximum soil temperature. Variable dimension: Enclosure thickness.
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Figure 7-12: Current rating vs. Conductor temperature.Variable dimension: Enclosure thickness
V=400 kV

7.2.7 Parameterised Quantity: Heat Transfer At The Soil Surface, As Represented By An Effective

Thermal Resistivity

[? K [n?

The soil surface thermal resistivity varies from 0.1 to 0.3 , with a pitch of 0.05

. The current

ratings have been reported in Table 7-15 Table 7-16 and Figure 7-13 Figure 7-14
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Table 7-15: Current rating (A) as a function of soil surface thermal resistivity and of the maximum soil

temperature

Max soil beta=0.1 | beta=0.15 | beta=0.2 | beta=0.25 | beta=0.3
tem[zoecr:?ture [K.m&W] [ [K.m3/W] [K.m2/W] [K.m&/W] | [K.m3/W] Crpv(-50%) | Crpv(+50%)
40( 2264.79 2243.51 2223.24 2203.98 2185.61 1.9% -1.7%
50| 2635.03 2610.3 2586.79 2564.4| 2543.05 1.9% -1.7%
60| 2939.62 2912.06 2885.86 2860.91| 2837.12 1.9% -1.7%
70| 3199.05 3169.09 3140.61 3113.48| 3087.61 1.9% -1.7%
80| 3424.99 3392.94 3362.47 3333.45| 3305.78 1.9% -1.7%
90| 3624.85 3590.96 3558.74 3528.05| 3498.78 1.9% -1.7%
100| 3803.74 3768.19 37344 3702.21| 3671.52 1.9% -1.7%
Average = 1.9% -1.7%

Table 7-16: Current rating (A) as a function of soil surface thermal resistivity and of the conductor

temperature

Conductor | beta=0.1 | beta=0.15 | beta=0.2 | beta=0.25 | beta=0.3
tem;zoecr:?ture [K.m&W] [ [K.m3/W] [K.m2/W] [K.m&/W] | [K.m3/W] Crpv(-50%) | Crpv(+50%)
45| 2301.35 2281.95 2263.47 2245.82 2228.95 1.7% -1.5%
55| 2630.66 2608.29 2586.97 2566.62| 2547.18 1.7% -1.5%
65 2909.2 2884.29 2860.55 2837.9( 2816.26 1.7% -1.5%
75| 3151.04 3123.9 3098.05 3073.38| 3049.81 1.7% -1.6%
85| 3364.73 3335.61 3307.87 3281.41| 3256.13 1.7% -1.6%
95| 3555.96 3525.05 3495.62 3467.54| 3440.73 1.7% -1.6%
105 3728.77 3696.25 3665.27 3635.72| 3607.51 1.7% -1.6%
Average= 1.7% -1.6%
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Figure 7-13: Current rating vs. Maximum soil temperature. Variable dimension: Soil surface thermal
resistivity (beta).V=400 kV
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Figure 7-14: Current rating vs. Conductor temperature. Variable dimension: Soil surface thermal
resistivity (beta). V=400 kV

7.2.8 Parameterised Quantity: Soil Thermal Resistivity

The soil resistivity has been assumed varying from 0.6 to 1.8 %with different pitches, in order to consider

characteristic values. The current ratings have been reported in Table 7-17, Table 7-18, Figure 7-15 and
Figure 7-16.
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Table 7-17: Current rating (A) as a function of the soil thermal resistivity and of the maximum soil

temperature
Max soll rs =0.6 rs=0.9 rs=1.2 rs=1.5 rs=1.8
tem?fcr:f;\ture [K.m/W] | [Km/W] | [Km/W] [ [K.m/W] | [K.m/W] Crpv(-50%) | Crpv(+50%)

40| 3036.08| 2535.87| 2223.24| 2003.94| 1839.08 36.6% -17.3%

50| 3530.69| 2949.94| 2586.79| 2331.86| 2140.17 36.5% -17.3%

60| 3937.16| 3290.48| 2885.86| 2601.73| 2388.03 36.4% -17.3%

70| 4283.05| 3580.45| 3140.61| 2831.65| 2599.23 36.4% -17.2%

80| 4584.04| 3832.92| 3362.47| 3031.93| 2783.23 36.3% -17.2%

90| 4850.13| 4056.2| 3558.74| 3209.14| 2946.04 36.3% -17.2%

100| 5088.16 4256 3734.4| 3367.76] 3091.8 36.3% -17.2%
Average= 36.4% -17.2%

Table 7-18: Current rating (A) as a function of the soil thermal resistivity and of the conductor
temperature

Conductor | rs=0.6 rs=0.9 rs=1.2 rs=1.5 rs=1.8
tem?fé?ture [K.m/W] | [Km/W] | [Km/W] [ [K.m/W] | [K.m/W] Crpv(-50%) | Crpv(+50%)

45 2969.7 2544 2263.47| 2060.16| 1903.89 31.2% -15.9%

55 3404.45| 2910.92| 2586.97| 2352.77| 2173.08 31.6% -16.0%

65| 3773.39| 3221.63| 2860.55| 2600.02| 2400.38 31.9% -16.1%

75| 4094.61| 3491.66( 3098.05| 2814.49| 2597.45 32.2% -16.2%

85| 4379.15| 3730.45( 3307.87| 3003.84| 2771.35 32.4% -16.2%

95| 4634.37| 3944.32| 3495.62| 3173.18] 2926.8 32.6% -16.3%

105| 4865.49| 4137.73| 3665.27 3326.1] 3067.12 32.7% -16.3%
Average= 32.1% -16.1%
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Figure 7-15:; Current rating vs. Maximum soil temperature. Variable dimension: Soil thermal
resistivity (rs).V=400kV.
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Figure 7-16 Current rating vs. Conductor temperature.Variable dimension: Soil thermal resistivity
(rs).v=400 kV

7.2.9 Parameterised Quantity: Thermal Emissivity Of The Conductor And Enclosure Surfaces

The conductor outer surface thermal emissivity has been assumed equal to that of the enclosure inner
surface. Their values vary between 0.1 to 0.3

The current ratings calculated as a function of said emissivity are shown in Table 7-19, Table 7-20, Figure
7-17 and Figure 7-18.
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Table 7-19: Current rating (A) as a function of the conductor and enclosure surfaces emissivity and
of the maximum soil temperature

Max soll sigma= | sigma= | sigma= | sigma= | sigma=
tem?fcr:?ture 0.1 0.15 0.2 0.25 0.3 Crpv(-50%) |Crpv(+50%)
40( 2222.71 2223 2223.24| 2223.51| 2223.77 -0.02% 0.02%
50| 2585.96| 2586.38| 2586.79| 2587.17| 2587.51 -0.03% 0.03%
60| 2884.74| 2885.31| 2885.86| 2886.38| 2886.87 -0.04% 0.03%
70( 3139.19| 3139.92] 3140.61] 3141.26| 3141.88 -0.05% 0.04%
80| 3360.73| 3361.62| 3362.47| 3363.27| 3364.02 -0.05% 0.05%
90| 3556.66| 3557.73| 3558.74| 3559.68| 3560.57 -0.06% 0.05%
100| 3731.97| 3733.22 37344 3735.5| 3736.52 -0.07% 0.06%
Average= -0.05% 0.04%

Table 7-20: Current rating (A) as a function of the conductor and enclosure surfaces emissivity and of
the conductor temperature

Conductor sigma= |sigma= |sigma= [sigma= |sigma=
'Eggperature 0.1 0.15 0.2 0.25 0.3 Crpv(-50%) |Crpv(+50%)
45 2250.05 2256.9| 2263.47| 2269.77| 2275.83 -0.6% 0.5%
55| 2572.67| 2579.97| 2586.97| 2593.68| 2600.11 -0.6% 0.5%
65 2845.41| 2853.15| 2860.55| 2867.63| 2874.41 -0.5% 0.5%
75| 3082.09| 3090.26| 3098.05| 3105.48| 3112.57 -0.5% 0.5%
85| 3291.12| 3299.7| 3307.87| 3315.63| 3323.01 -0.5% 0.5%
95| 3478.09| 3487.09| 3495.62| 3503.7| 3511.36 -0.5% 0.5%
105 3646.98| 3656.39| 3665.27| 3673.65| 3681.57 -0.5% 0.4%
Average= -0.5% 0.5%
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Figure 7-17: Current rating vs. Maximum soil temperature. Variable dimension: Emissivity of
conductor and enclosure surfaces (sigma). V=400 kV
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Figure 7-18: Current rating vs. Conductor temperature. Variable dimension: Emissivity of conductor
and enclosure surfaces (sigma).V=400

7.2.10 Parameterised Quantity: Gas Mixture Pressure
The absolute pressure of gas mixture has been assumed between 3.35 to 10.05 bar.

The current ratings calculated as a function of the gas pressure are shown in Table 7-21, Table 7-22, Figure
7-19, Figure 7-20.
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Table 7-21: Current rating (A) as a function of the gas pressure and of the maximum soil temperature

Max soil p=3.35 | p=5.03 | p=6.7 | p=8.38 | p=10.05
tem??é?ture [bar abs] | [bar abs] | [bar abs] | [bar abs] | [bar abs] Crpv(-50%) |Crpv(+50%)
40| 2221.37| 2222.54| 2223.24| 2223.79 2224.2 -0.08% 0.04%
50( 2584.03| 2585.71| 2586.79| 2587.53| 2588.12 -0.11% 0.05%
60| 2882.3| 2884.47| 2885.86| 2886.86| 2887.59 -0.12% 0.06%
70( 3136.31| 3138.93| 3140.61| 3141.82| 3142.74 -0.14% 0.07%
80| 3357.51| 3360.53| 3362.47 3363.88| 3364.95 -0.15% 0.07%
90| 3553.17| 3556.55| 3558.74| 3560.32| 3561.53 -0.16% 0.08%
100| 3728.31 3732 3734.4( 3736.14| 3737.48 -0.16% 0.08%
Average= -0.13% 0.07%

Table 7-22 Current rating (A) as a function of the gas mixture pressure and of the conductor
temperature.

Conductor p=3.35 | p=5.03 | p=6.7 | p=8.38 | p=10.05
temr(Joe(r:?ture [bar abs] | [bar abs] | [bar abs] | [bar abs] | [bar abs] Crpv(-50%) | Crpv(+50%)

45 2218.73| 2245.85| 2263.47 2276.3 2286.12 -2.0% 1.0%

55| 2540.01| 2568.5| 2586.97| 2600.4 2610.68 -1.8% 0.9%

65 2812.46| 2841.64| 2860.55 2874.3 2884.81 -1.7% 0.8%

75| 3049.54| 3078.97| 3098.05| 3111.92 3122.53 -1.6% 0.8%

85| 3259.45| 3288.81| 3307.87| 3321.74 3332.35 -1.5% 0.7%

95| 3447.65| 3476.73| 3495.62| 3509.39 3519.94 -1.4% 0.7%

105| 3618.01| 3646.63| 3665.27| 3678.87 3689.29 -1.3% 0.7%
Average= -1.6% 0.8%
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Figure 7-19 Current rating vs. Maximum soil temperature Variable dimension: Gas mixture absolute
pressure (p). V=400 kV
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Figure 7-20 Current rating vs. Conductor temperature. Variable dimension:Gas mixture absolute
pressure (p). V=400 kV
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7.2.11 Parametrised Quantity: Thermal Convection Constant Of The SFg
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Table 7-23: Current rating (A) as a function of the SFs convection constant and of the maximum soil

tem peratu re.
Maxsoil | K1=5.65 | K1=8.48 | K1=11.3 | K1=14.13 | K1=16.95
temr(’?gt“re Crpv(-50%) | Crpv(+50%)

40| 222203 2223.11| 222324] 222341 222356 -0.01% 0.01%

50| 2586.28| 2586.54| 2586.79] 2587.02| 2587.23 -0.02% 0.02%

60|  2885.2| 288554 2885.86| 2886.16| 2886.44 -0.02% 0.02%

70| 3139.81| 3140.22| 314061 3140.97| 314131 -0.03% 0.02%

80| 3361.55 3362.02| 3362.47| 3362.89| 3363.28 -0.03% 0.02%

oo  3557.7| 3558.23| 3558.74| 3550.21 3559.65 -0.03% 0.03%

100| 3733.26| 373385 3734.4] 3734.92| 3735.41 -0.03% 0.03%
Average = -0.02% 0.02%

Table 7-24 Current rating (A) as a function of the SF6 convection constant and of the conductor

tem peratu re.
Conductor | K1=5.65 | K1=8.48 | K1=11.3 | K1=14.13 | K1=16.95
temr(’fé?t“re Crpv(-50%) | Crpv(+50%)

45|  2255.08| 2259.41| 226347 2267.20] 2270.87 -0.4% 0.3%

55| 2578.18| 2582.72| 2586.97] 2590.97] 2504.72 -0.3% 0.3%

65| 2851.55| 2856.21 2860.55| 2864.64] 2868.48 -0.3% 0.3%

75|  3088.97| 309366 309805 310218 3106.05 0.3% 0.3%

85|  3208.8| 330349 3307.87 3312| 3315.87 -0.3% 0.2%

o5| 3486.62| 3491.27| 349562| 3499.72] 350356 0.3% 0.2%

105 3656.39| 3660.98| 3665.27| 3669.31 3673.11 -0.2% 0.2%

Average = -0.3% 0.3%
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Figure 7-21 Current rating vs. Maximum soil temperature. Variable dimension: Thermal convection

constant of the SF6 (K1). V=400 kV.
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Figure 7-22 Current rating vs. Conductor temperature. Variable dimension: Thermal convection

constant of the SF6 (K1). V=400 kV



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex A — Current Rating / Appendixes 84/121

7.2.12 Parameterised Quantity: Thermal Convection Constant Of The N,

Table 7-25 Current rating (A) as a function of the N, convection constant and of the maximum soil

tem peratu re
Max  soilK2=2.92 |K2=4.37 |k2=5.83 |k2=7.29 |k2=8.75

Efg‘)perat“re Crov(-50%) | Crpv(+50%)
40| 2221.06| 222237 2223.24| 2223.92| 2224.44 10.10% 0.05%
50| 2583.50| 2585.48| 2586.79| 2587.72| 2588.47 0.12% 0.06%
60| 2881.73| 2884.17| 2885.86| 2887.1 2888.04 -0.14% 0.07%
70| 3135.63| 3138.56| 3140.61 3142.12| 3143.26 10.16% 0.08%
go| 3356.72| 3360.1 3362.47| 3364.22| 336556 0.17% 0.09%
90| 3552.3| 3556.08| 3558.74| 3560.71| 3562.23 10.18% 0.10%
100| 3727.36| 3731.48| 3734.4| 3736.57| 3738.25 -0.19% 0.10%
Average = -0.15% 0.08%

Table 7-26 Current rating (A) as a function of the N, convection constant and of the conductor

tem peratu re.
Conductor | K2=2.92 | K2=4.37 | K2=5.83 | K2=7.29 | K2=8.75
temr(’fg;‘t“re Crpv(-50%) | Crpv(+50%)

45| 221160 2242.04| 2263.47| 2279.45| 2209191 -2.3% 1.3%

55| 253261 2564.5| 2586.97| 2603.7| 2616.73 2.1% 1.2%

65| 2804.88| 2837.55| 2860.55| 2877.68| 2891.01 -1.9% 1.1%

75| 3041.80| 3074.84| 3098.05| 3115.33| 3128.79 -1.8% 1.0%

85| 3251.82| 3284.69| 3307.87| 3325.15| 3338.61 1.7% 0.9%

95| 3440.11| 3472.64| 349562 3512.78| 3526.16 -1.6% 0.9%

105| 3610.6| 3642.61| 3665.27| 3682.22| 3695.45 -1.5% 0.8%
Average = -1.85% 1.0%
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Figure 7-23 Current rating vs. Maximum soil temperature. Variable dimension: Thermal convection
constant of the N2 (K2).vV=400 kV.
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Figure 7-24 Current rating vs. Conductor temperature. Variable dimension: Thermal convection
constant of the N, (K2). V=400 kV



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex A — Current Rating / Appendixes

7.2.13 Parameterised Quantity: Volumetric Percentage Of SFg In The Gas Mixture
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Table 7-27 Current rating (A) as a function of the SFs volume content in gas mixture and of the
maximum soil temperature.

Maxsoil | Vc=5 | Vc=7.5 | Vc=10 | Vc=12.5 | Vc=15
temr(’?g;‘t“re [%] [%] [%] [%] [%] | Crpv(-50%) |Crpv(+50%)
a0| 222311 22032 200324 222332 22234  -0.01%|  0.01%
50| 2586.55| 2586.67| 2586.79| 25869 2587.01]  -0.01%|  0.01%
60| 288555 288571 2885.86| 2886.01] 2886.15]  -0.01%|  0.01%
70| 3140.23| 314042 314061 314078 3140.96]  -001%|  0.01%
80| 3362.04| 3362.26| 3362.47| 3362.68| 3362.88]  -0.01%|  0.01%
00| 3558.25| 3558.5| 3558.74| 3558.97| 3559.19]  -0.01%|  0.01%
100] 3733.87| 3734.14| 37344 373465 37349  -001%|  0.01%
Average= -0.01% 0.01%

Table 7-28 Current rating (A) as a function of the SF6 volume content in gas mixture and of the
conductor temperature

Conductor Ve=5 Ve=7.5 Ve=10 | Vc=12.5| Vc=15
0, 0,
temr(’?g;‘t“re [%] [%] (%] [%] [%] | Crpv(-50%) |Crpv(+50%)
45 2259.54| 2261.53| 2263.47| 2265.34| 2267.16 -0.2% 0.2%
55 2582.85| 2584.94| 2586.97| 2588.93| 2590.84 -0.2% 0.1%
65| 2856.34| 2858.48| 2860.55| 2862.56| 2864.51 -0.1% 0.1%
75| 3093.8] 3095.95| 3098.05/ 3100.07| 3102.04 -0.1% 0.1%
85| 3303.62| 3305.78| 3307.87| 3309.9] 3311.86 -0.1% 0.1%
95| 3491.41| 3493.55| 3495.62| 3497.63| 3499.58 -0.1% 0.1%
105/ 3661.11| 3663.22| 3665.27| 3667.25| 3669.18 -0.1% 0.1%
Average = -0.1% 0.1%
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Figure 7-25 Current rating vs. Maximum soil temperature. Variable dimension: SF6 Volume content

(Vc). V=400 kV.
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Figure 7-26 Current rating vs. Conductor temperature. Variable dimension: SF6 Volume content (Vc).

V=400 kV
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7.2.14 Parameterised Quantity: Conductor Electric Resistivity

Table 7-29 Current rating (A) as a function of the electric resistivity of the conductor and of the
maximum soil temperature.

Max soll Cr= Cr= Cr= Cr= Cr=
tem?fcr:z)iture 1.[;?:?]-8 2.[522951-8 3.[21)5151-8 4.[215]-8 5.[ BSnE]-S Crpv(-50%) | Crpv(+50%)

40 2453.31| 2335.64| 2223.24| 2120.22| 2026.36 10.3% -8.8%

50| 2860.09 2720 2586.79| 2465.19| 2354.86 10.5% -8.9%

60| 3197.15| 3037.04| 2885.86| 2748.52| 2624.31 10.8% -9.0%

70| 3485.34| 3307.67| 3140.61| 2989.49| 2853.22 10.9% -9.1%

80| 3737.56| 3543.84 3362.47| 3199.08| 3052.14 11.1% -9.2%

90| 3961.69| 3753.13| 3558.74| 3384.26| 3227.75 11.3% -9.3%

100| 4163.14| 3940.75 3734.4| 3549.84| 3384.66 11.4% -9.3%

Average = 10.9% -9.1%

Table 7-30 Current rating (A) as a function of the electric resistivity of the conductor and of the
conductor temperature.

Conductor Cr= Cr= Cr= Cr= Cr=
'EE: g perature | 1 .[ZBrE]-S 2 .[Z9nf]-8 3.[212551-8 4.[2 15]-8 5 .[%285]-8 Crpv(-50%) | Crpv(+50%)
45 2524.96( 2389.93| 2263.47 2149.4| 2046.91 11.5% -9.5%
55 2888.85| 2732.74| 2586.97| 2455.92| 2338.44 11.6% -9.6%
65 3198.44| 3023.18| 2860.55| 2714.84| 2584.52 11.8% -9.6%
75| 3467.78| 3275.71] 3098.05| 2939.39| 2797.77 11.9% -9.7%
85| 3706.65| 3499.15| 3307.87| 3137.58| 2985.89 12.0% -9.7%
95| 3921.15| 3699.36| 3495.62| 3314.79| 3154.01 12.1% -9.7%
105 4115.61| 3880.47| 3665.27| 3474.81| 3305.75 12.2% -9.8%
Average = 11.9% -9.7%
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Figure 7-27 Current rating vs. Maximum soil temperature. Variable dimension: Conductor electric
resistivity [Cr]. V=400 kV
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Figure 7-28 Current rating vs. Conductor temperature. Variable dimension: Conductor electric
resistivity [Cr]. V=400 kV
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7.2.15 Parameterised Quantity: Enclosure Electric Resistivity

Table 7-31: Current rating (A) as a function of the electric resistivity of the enclosure and of the
maximum soil temperature.

Max soil Er= Er= Er= Er= Er=
temr(’fé?t“re 2.95E-8 | 4.43E-8 | 5.9E-8 | 7.38E-8 | 8.85E-8 | Crpv(-50%) | Crpv(+50%)
[Q.m] [Q.m] [Q.m] [Q.m] [Q.m]

40| 2550.51| 2370.45| 2223.24| 2099.33| 1994.7 14.7% -10.3%

50| 2968.86| 2758.51| 2586.79| 2442.26| 2320.31 14.8% -10.3%

60| 3313.55| 3077.96| 2885.86| 2724.33| 2588.04 14.8% -10.3%

70| 3607.53| 3350.2| 3140.61| 2964.48| 2815.96 14.9% -10.3%

80| 3863.87| 3587.41| 3362.47| 3173.57| 3014.36 14.9% -10.4%

90| 4090.88| 3797.34| 3558.74| 3358.48| 3189.79 15.0% -10.4%

100| 4294.28| 3985.31| 3734.4| 3523.94| 3346.75 15.0% -10.4%
Average = 14.9% -10.3%

Table 7-32 Current rating (A) as a function of the electric resistivity of the enclosure and of the
conductor temperature.

Conductor Er= Er= Er= Er= Er=
tem?fé?t“re 2.95E-8 | 4.43E-8 | 5.9E-8 | 7.38E-8 | 8.85E-8 | Crpv(-50%) | Crpv(+50%)
[Q.m] [Q.m] [Q.m] [Q.m] [Q.m]

45| 2559.01| 2397.82| 2263.47| 2148.56| 2050.28 13.1% -9.4%

55| 2920.71| 2742.55| 2586.97| 2454.16| 2340.77 13.2% -9.5%

65| 3244.1| 3034.43| 2860.55| 2712.37| 2586.02 13.4% -9.6%

75| 3517.72| 3288.09| 3098.05| 2936.33| 2798.6 13.5% -9.7%

85| 3760.02| 3512.41| 3307.87| 3134.05| 2986.17 13.7% -9.7%

95| 3977.31| 3713.32| 3495.62| 3310.85| 3153.81 13.8% -9.8%

105| 4174.03| 3895.01| 3665.27| 3470.51| 3305.13 13.9% -9.8%
Average= 13.5% -9.6%
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Figure 7-29 Current rating vs. Maximum soil temperature. Variable dimension: Enclosure electric
resistivity [Er]. V=400 kV
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Figure 7-30 Current rating vs. Conductor temperature. Variable dimension: Enclosure electric
resistivity [Er]. V=400 kV

7.2.16 Resultant Percentage Variations In Current Rating For A +50% Change In Each Parameter

Table 7-33 Table 7-34 show the percentage variations of the current rating for the +50% range of the
numerical value of the reference parameters. The results of Table 7-33 take as reference the maximum soil
temperature, while Table 7-34 takes as reference the conductor temperature.

Figure 7-31 and Figure 7-32 show the results in graphic form.
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Table 7-33 Current rating percentage variation for a £50% of variation of the parameter values, related
to the maximum soil temperature.

Parameters Parameter variation | Parameter variation | Total abs.
= -50% = +50% values

Soil thermal resistivity 36.4% -17.2% 53.6%
Enclosure diameter -25.0% 15.6% 40.6%
Conductor diameter -20.3% 10.0% 30.4%
Enclosure thickness -17.7% 8.6% 26.4%
Enclosure electric resistivity 14.9% -10.3% 25.2%
Burial depth 16.3% -8.6% 24.9%
Axial Spacing -12.3% 8.7% 21.0%
Conductor electric resistivity 10.9% -9.1% 20.1%
Conductor thickness -14.9% 2.6% 17.5%
Soil surface thermal resistivity 1.9% -1.7% 3.5%
K2 Constant of N2 thermal convection -0.15% 0.08% 0.23%
Gas mixture pressure -0.13% 0.07% 0.20%
Conductor and enclosure thermal emissivity -0.05% 0.04% 0.09%
K1 Constant SF6 thermal convection -0.02% 0.02% 0.05%
SF6 Volume content -0.01% 0.01% 0.02%

Table 7-34 Current rating percentage variation for a £50% of variation of the parameter values,
related to the conductor temperature

Parameters Parameter variation =| Parameter variation | Total abs.
-50% = +50% values

Soil thermal resistivity 32.1% -16.1% 48.2%
Enclosure diameter -27.8% 14.8% 42.6%
Conductor diameter -24.0% 11.2% 35.1%
Enclosure thickness -16.7% 7.9% 24.5%
Enclosure electric resistivity 13.5% -9.6% 23.2%
Burial depth 14.7% -7.9% 22.7%
Conductor electric resistivity 11.9% -9.7% 21.6%
Axial Spacing -11.5% 7.9% 19.4%
Conductor thickness -15.7% 2.7% 18.5%
Soil surface thermal resistivity 1.7% -1.6% 3.3%
K2 Constant of N2 thermal convection -1.8% 1.0% 2.9%
Gas mixture pressure -1.6% 0.8% 2.4%
Conductor and enclosure thermal emissivity -0.5% 0.5% 1.0%
K1 Constant SF6 convection -0.3% 0.3% 0.6%
SF6 Volume content -0.1% 0.1% 0.3%
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Figure 7-31 Current rating variation for -50% and +50% of the design parameters increase. Maximum
soil temperature. V=400kV
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Figure 7-32 Current rating percentage variation for -50% and +50% of the design parameters
increase. Conductor temperature. V=400kV

7.3 Sensitivity Study On Conductor And Maximum Soil Temperatures At Constant Current
Rating

In the previous paragraph the sensitivity study has been carried out with the aim to analyse the effect of the
different GIL design parameters on the current rating. In the present chapter the sensitivity study considers
the effect of the different GIL design parameters on the conductor temperature and on the maximum soil
temperature, at a constant current rating, equal to 3000A.

The tables and Figures from 33 to 47 show the maximum soil temperatures and the conductor temperatures
calculated at the parameter values of Table 7-2 and their intermediate values. In the last two rows of each
Table the percentage variations of the maximum soil and conductor temperatures respectively are shown, for
the assumed +50% variation of the parameter. They are calculated as in the following expression:
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9(+50%) -9 ,
S(std) -9,

Tpv(£50%) =

where:

Tpv(£50%) is the temperature rise to the ambient temperature percentage variation for the
+50% parameter variation,

19(150%) -39 a IS the temperature rise to the ambient temperature,
calculated at the parameter variations

19(Std) -3, isthe temperature rise to the ambient temperature,
calculated at the standard value

7.3.1 Parameterised Quantity: Axial Spacing Between Adjacent Enclosures

Table 7-35 Maximum soil and conductor temperature as a function of the axial spacing at a current
rating of 3000A

Axial Spacing | Conductor Temperature | Max.Soil Temperature
(mm) (°C) (°C)
656 89.3 82.9
984 78.0 71.6
1312 70.7 64.3
1640 65.7 59.3
1968 62.0 55.6
Tpv(-50%) = 33.4% 37.6%
Tpv(+50% = -15.7% -17.7%
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Figure 7-33 Conductor and maximum soil temperature vs. axial spacing. I=3000A,V=400kV
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7.3.2

Parameterised Quantity: Depth Of Burial

95/121

Table 7-36 Maximum soil and conductor temperature as a function of the burial depth at a current

rating of 3000A.

Burial depth | Conductor Temperature | Max.Soil Temperature
(mm) (°C) (°C)
525.0 56.1 49.7
787.5 63.8 57.4
1050.0 70.7 64.3
1312.5 76.9 70.5
1575.0 82.6 76.2
Tpv(-50%) = -26.3% -29.5%
Tpv(+50% = 21.4% 24.1%
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Figure 7-34 Conductor and Maximum soil temperature vs. Burial depth. 1=3000A V=400kV

7.3.3

Parameterised quantity: Conductor diameter

Table 7-37 Maximum soil and conductor temperature as a function of the conductor diameter at a
current rating of 3000A.

Conductor diameter | Conductor Temperature [ Max.Soil Temperature
(mm) C) °C)
140 120.9 102.2
210 85.0 75.3
280 70.7 64.3
350 63.2 58.3
420 58.8 54.4
Tpv(-50%) = 90.0% 76.8%
Tpv(+50% = -21.4% -20.0%
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Figure 7-35 Conductor and Maximum soil temperature vs. Conductor diameter. I=3000A V=400kV

7.3.4 Parameterised Quantity: Conductor Radial Thickness

Table 7-38 Maximum soil and conductor temperature as a function of the conductor thickness at a
current rating of 3000A.

Conductor thickness

Conductor Temperature

Max.Soil Temperature

(mm) C) C)

8 99.3 89.0

12 78.7 71.1

16 70.7 64.3

20 67.9 61.9

24 67.6 61.6

Tpv(-50%) = 51.3% 50.1%
Tpv(+50% = -5.6% -5.4%
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Figure 7-36 Conductor and Maximum soil temperature vs. Conductor thickness. 1=3000A V=400kV

7.3.5

Parameterised Quantity: Enclosure Diameter

Table 7-39 Maximum soil and conductor temperature as a function of the enclosure diameter at a

current rating of 3000A.

Enclosure diameter | Conductor Temperature | Max.Soil Temperature
(mm) 0 4

325 135.1 117.9

487.5 87.6 79.8

650 70.7 64.3

812.5 61.7 55.8

975 56.0 50.3

Tpv(-50%) = 115.0% 109.0%
Tpv(+50% = -26.4% -28.4%
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Figure 7-37 Conductor and Maximum soil temperature vs. Enclosure Diameter. I=3000A V=400kV

7.3.6 Parameterised Quantity: Enclosure Thickness

Table 7-40 Maximum soil and conductor temperature as a function of the enclosure thickness at a

current rating of 3000A.

Enclosure thickness | Conductor Temperature | Max.Soil Temperature
(mm) 0 (°C)
5 101.7 95.0
7.5 80.4 73.9
10 70.7 64.3
125 65.3 59.0
15 62.1 55.7
Tpv(-50%) = 55.6% 62.3%
Tpv(+50% = -15.6% -17.5%
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Figure 7-38 Conductor and Maximum soil temperature vs. Enclosure thickness. I=3000A V=400kV

7.3.7 Parameterised Quantity: Heat Transfer At The Soil Surface, As Represented By An Effective
Thermal Resistivity

Table 7-41 Maximum soil and conductor temperature as a function of the soil surface thermal
resistivity at a current rating of 3000A.

Soil surface thermal resistivity | Conductor Temperature | Max.Soil Temperature
(K.m2IW) (°C) °C)

0.1 68.6 62.2

0.15 69.7 63.3

0.2 70.7 64.3

0.25 71.7 65.3

0.3 72.8 66.3

Tpv(-50%) = -3.8% -4.3%
Tpv(+50% = 3.7% 4.1%
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Figure 7-39 Conductor and Maximum soil temperature vs. Soil surface thermal resistivity (beta).

1=3000A V=400kV

7.3.8 Parameterised Quantity: Soil Thermal Resistivity

Table 7-42 Maximum soil and conductor temperature as a function of the soil thermal resistivity at a
current rating of 3000A.

Soil thermal resistivity | Conductor Temperature | Max.Soil Temperature
(K.m/W) °C) C)
0.6 45.6 39.4
0.9 57.7 514
1.2 70.7 64.3
1.5 84.8 78.3
1.8 100.1 93.6
Tpv(-50%) = -45.0% -50.6%
Tpv(+50% = 52.7% 59.4%
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Figure 7-40 Conductor and Maximum soil temperature vs. Soil thermal resistivity. I=3000A V=400kV

7.3.9 Parameterised Quantity: Conductor And Enclosure Emissivity

Table 7-43 Maximum soil and conductor temperature as a function of the conductor and enclosure
emissivity at a current rating of 3000A.

Emissivity of conductor and enclosure Conductor Temperature | Max.Soil Temperature
surfaces (°C) (°C)

0.1 71.4 64.4

0.15 71.0 64.3

0.2 70.7 64.3

0.25 70.4 64.3

0.3 70.1 64.3

Tpv(-50%) = 1.2% 0.1%

Tpv(+50% = -1.1% -0.1%
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Figure 7-41 Conductor and Maximum soil temperature vs. Emissivity of conductor and enclosure

surfaces. I=3000A V=400kV

7.3.10 Parameterised Quantity: Gas Mixture Pressure

Table 7-44 Maximum soil and conductor temperature as a function of the gas mixture pressure at a
current rating of 3000A.

Gas mixture absolute pressure

Conductor Temperature

Max.Soil Temperature

(bar abs.) € °C)
3.35 72.8 64.5
5.03 715 64.4
6.7 70.7 64.3
8.38 70.1 64.3
10.05 69.7 64.2
Tpv(-50%) = 3.8% 0.3%
Tpv(+50% = -1.9% -0.2%
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Figure 7-42 Conductor and Maximum soil temperature vs. Gas mixture absolute pressure. I=3000A

V=400kV

7.3.11 Parameterised Quantity: Thermal Convection Constant Of The SFg

Table 7-45 Maximum soil and conductor temperature as a function of the thermal convection
constant of the SF¢ at a current rating of 3000A.

Thermal convection constant of the SFg | Conductor Temperature | Max.Soil Temperature
(°C) (°C)

5.65 71.1 64.3

8.48 70.9 64.3

11.3 70.7 64.3

14.13 70.5 64.3

16.95 70.4 64.3

Tpv(-50%) = 0.7% 0.06%
Tpv(+50% = -0.6% -0.05%
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Figure 7-43 Conductor and Maximum soil temperature vs. Thermal convection constant of the SF6.
I=3000A V=400kV

7.3.12 Parameterised Quantity: Thermal Convection Constant Of The N,

Table 7-46 Maximum soil and conductor temperature as a function of the thermal convection
constant of the N; at a current rating of 3000A.

Thermal convection constant of the N2 [Conductor Temperature| Max.Soil Temperature
(°C) (°C)

2.92 73.1 64.5

4.37 71.7 64.4

5.83 70.7 64.3

7.29 70.0 64.3

8.75 69.4 64.2

Tpv(-50%) = 4.4% 0.4%
Tpv(+50% = -2.3% -0.2%
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Figure 7-44 Conductor and Maximum soil temperature vs. Thermal convection constant of the N2.

I=3000A V=400kV

7.3.13 Parameterised Quantity: SFs Percent Of Volume Content In Gas Mixture

Table 7-47 Maximum soil and conductor temperature as a function of the SF¢ percent of volume
content in gas mixture at a current rating of 3000A.

SF6 Volume content

Conductor Temperature (°C)

Max.Soil Temperature (°C)

(%)
5 70.9 64.3
7.5 70.8 64.3
10 70.7 64.3
125 70.6 64.3
15 70.5 64.3
perc(-50%) = 0.3% 0.03%
perc(+50% = -0.3% -0.02%
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Figure 7-45 Conductor and Maximum soil temperature vs. SF6 Volume content. [=3000A V=400kV

7.3.14 Parameterised Quantity: Conductor Electric Resistivity

Table 7-48 Maximum soil and conductor temperature as a function of the conductor electric
resistivity at a current rating of 3000A.

Conductor electric resistivity Conductor Temperature Max.Soil Temperature
@m) °C) C)
1.73E-08 58.4 54.0
2.59E-08 64.2 58.7
3.45E-08 70.7 64.3
4.31E-08 77.9 70.5
5.18E-08 85.8 77.3
Tpv(-50%) = -22.1% -21.0%
Tpv(+50% = 27.1% 26.3%
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Figure 7-46 Conductor and Maximum soil temperature vs. Conductor electric resistivity. 1=3000A

V=400kV

7.3.15 Parameterised Quantity: Enclosure Electric Resistivity

Table 7-49 Maximum soil and conductor temperature as a function of the enclosure electric
resistivity at a current rating of 3000A.

Enclosure electric resistivity | Conductor Temperature | Max.Soil Temperature
@m) C) 0
2.95E-08 57.1 50.8
4.43E-08 63.7 574
5.90E-08 70.7 64.3
7.38E-08 78.1 71.6
8.85E-08 85.8 79.2
Tpv(-50%) = -24.4% -27.3%
Tpv(+50% = 27.1% 30.3%
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Figure 7-47 Conductor and Maximum soil temperature vs. Enclosure electric resistivity. I=3000A
V=400kV

7.3.16 Resultant Percentage Variations In Operating Temperatures For A £50% Change In Each
Parameter

Table 7-50 and Table 7-51 show respectively the percentage variations of the maximum soil temperature
and of the conductor temperature for the £50% increase of the numerical value of the reference parameter.
The change in parameter value was based upon the reference value i.e. the one used in the standard
calculation, from which the current rating was calculated and the percentage variation evaluated. The
percentages are referred to the conductor (or maximum soil temperature) rise to the ambient temperature.
Figure 7-48 and Figure 7-49 show the results in graphic form.

The results show that the most important parameters in designing the GIL is the soil thermal resistivity and
that means, from the physical point of view, that any mechanism that tends to alter the thermal resistivity, like
drying out of the soil due to moisture migration promoted by the heat dissipated by the GIL, should be
carefully considered. Moreover, from the numerical point of view, it also means that calculation of the soil

thermal resistance should be rigorously undertaken.

Table 7-50 Maximum soil temperature percentage variation for a £50% variation of the parameter

values.
Parameters Parameter Parameter Total abs. values
variation = -50% | variation = +50%
Enclosure diameter 109.0% -28.4% 137.4%
Soil thermal resistivity -50.6% 59.4% 110.0%
Conductor diameter 76.8% -20.0% 96.8%
Enclosure thickness 62.3% -17.5% 79.8%
Enclosure electric resistivity -27.3% 30.3% 57.6%
Axial Spacing 37.6% -17.7% 55.3%
Conductor thickness 50.1% -5.4% 55.5%
Burial depth -29.5% 24.1% 53.6%
Conductor electric resistivity -21.0% 26.3% 47.3%
Soil surface thermal resistivity -4.3% 4.1% 8.4%
K2 Constant of N2 convection 0.4% -0.2% 0.5%
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Gas mixture pressure 0.3% -0.2% 0.46%
Conductor and enclosure thermal radiation 0.10% -0.09% 0.19%
K1 Constant SF6 convection 0.06% -0.05% 0.11%
SF6 Volume content 0.03% -0.02% 0.05%

Table 7-51 Conductor temperature percentage variation for a £50% variation of the parameter values.

Parameters Parameter Parameter Total abs.
variation = -50% [ variation = +50% values
Enclosure diameter 115.0% -26.4% 141.4%
Conductor diameter 90.0% -21.4% 111.4%
Soil thermal resistivity -45.0% 52.7% 97.7%
Enclosure thickness 55.6% -15.6% 71.2%
Conductor thickness 51.3% -5.6% 56.9%
Enclosure electric resistivity -24.4% 27.1% 51.5%
Axial Spacing 33.4% -15.7% 49.1%
Conductor electric resistivity -22.1% 27.1% 49.2%
Burial depth -26.3% 21.4% 47.7%
Soil surface thermal resistivity -3.8% 3.7% 7.5%
K2 Constant of N2 convection 4.4% -2.3% 6.7%
Gas mixture pressure 3.8% -1.9% 5.6%
Conductor and enclosure thermal radiation 1.2% -1.1% 2.3%
K1 Constant SF6 convection 0.7% -0.6% 1.3%
SF6 Volume content 0.3% -0.3% 0.6%

7.3.17 Summary

* The percentage changes in current ratings at a constant conductor operating temperature and
the equivalent changes at a constant maximum soil temperature are listed below in Table 7-52

Table 7-52
Parameters +50% -50%

Conductor Soil max. Conductor Soil max.

Parameters which reduces the rating

Soil thermal resistivity -16.1% -17.2% 32.1% 36.5%
Enclosure electric resistivity -9.6% -10.3% 13.5% 14.9%
Conductor electric resistivity -9.7% -9.1% 11.9% 10.9%
Burial depth -7.9% -8.6% 14.7% 16.3%
Soil surface thermal resistivity -1.6% -1.7% 1.7% 1.9%

Parameters which increase the rating
Enclosure diameter 14.8% 15.6% -27.8% -25.0%
Conductor diameter 11.2% 10.0% -24.0% -20.3%




2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex A — Current Rating / Appendixes 110/121

Enclosure thickness 7.9% 8.6% -16.7% -17.7%
Axial Spacing 7.9% 8.7% -11.5% -12.3%
Conductor thickness 2.7% 2.6% -15.7% 14.9%
K2 constant of N, thermal convection 1.0% 0.08% 1.8% -0.15%
Gas pressure 0.8% 0.07% -1.6% -0.13%
Soil surface convection thermal resistivity 0.5% 1.9% -0.5% -1.7%
Surfaces thermal emissivity 0.5% 0.04% -0.5% -0.05%
K1 constant of SF¢ thermal convection 0.3% 0.02% -0.3% -0.02%
SF6 volumetic content 0.1% 0.01% -0.1% -0.01%

The effect of + 50% variation in each parameter are graphically shown in Figure 7-31 Figure 7-32 for
conductor rating and Figure 7-48 and Figure 7-49 for operating temperatures.
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Figure 7-48 Maximum soil temperature variation for -50% and +50% of the design parameters
increase. 1= 3000 A. V=400kV
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7.4 Conclusions

The parameter that has the largest effect on the current rating is firstly the soil thermal resistivity
and secondly the enclosure diameter.

The parameter that has the largest effect on the operating temperature of the conductor is firstly
the enclosure diameter and secondly the conductor diameter.

The parameter that has the largest effect on the operating temperature of the enclosure is firstly
the enclosure diameter and secondly the soil thermal resistivity.

Increasing the conductor cross sectional area by increasing its thickness has a small effect on
the current rating and on the operating temperatures due to the skin effect. In contrast,
increasing the conductor cross sectional area by increasing the conductor diameter has a more
significant effect.

As a first approximation the change in current rating is proportional to the square root of the
change in the particular parameter. Thus the effect of the change on current rating is reduced.

Variations of +50% in the parameters involved with heat transfer within the gas have a minimal
effect. Thus, although the Electra 100 formula for convection and radiation within the gas was
chosen, the choice of alternative formulae will have a minimal effect on GIL ratings in buried
applications.

At a constant current rating the effect of increasing the parameters on the operating temperature
is significantly greater. To a first approximation the rise in temperature is directly proportional to
the change in the parameter. In particular it is shown that 50% increase in the soil thermal
resistivity increases the rise in conductor operating temperature by 52.7% and the rise of the
maximum permissible soil temperature by 59.4%. Wide variations in the soil thermal resistivity
can be experienced due to changes in soil type, compaction and moisture content and this
emphasises the importance of accurate rating calculations and accurate installation geometry if
overheating of the GIL and thermal instability are to be avoided.

At the target current rating of 3000 Amps the conductor temperature is calculated to be 71°C and
the soil temperature adjacent to the enclosure is calculated to be 65°C. Taking the
recommended maximum figures to prevent soil drying out (50°C in the UK and 60°C in France),
would reduce the current rating to 2590 Amps and 2890 Amps respectively.
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8 Appendix 8: Sensitivity Study On Rating Parameters For Short Time Current
Rating

8.1 Introduction

The sensitivity study on the overload of GIL has the purpose of ranking the parameters in the order of the
largest to the smallest effect on the magnitude of the rating, with the objectives of identifying:

1) The most important rating parameters for prospective future GIL applications.

2) The effect that inaccuracy in each design, installation or calculation parameter could have on the
final short terms rating.

The parameters employed in this sensitivity study were derived from the dimensions of the 400kV GIL used
for the study of continuous rating given in Appendix 1. The nominal target current rating chosen was 3000
Amps continuous. The UK summer ambient rating temperature of 15°C, with a soil thermal resistivity of
1.2Km/W was taken.

The rating calculations were applied with the conditions reported in the following Table 8-1:
Table 8-1 Sensitivity Study

Conductor temperature limit 95 °C
Pre-load current 0% and 85%
Overload duration 20 minand 12 h

to yield the following results

1) The resulting short term current for reference parameters as in Table 8-2 and for a suitable variation
of the said parameters, as reported in Table 8-3.

Table 8-2 Reference parameters and values taken for the GIL short time rating sensitivity study.

Quantity Value Unit
Soil Thermal resistivity 1.2 K.m/W
Conductor Volumetric specific heat 2.5x10° J/IKIm?®
Enclosure Volumetric specific heat 2.5x10° JIKIm®
Gas Mixture volumetric specific heat 1010 © JIKIm®
Anticorrosion oversheath thermal resistivity 3.5 K.m/W
Anticorrosion oversheath volumetric specific heat 2.4 10° J/IKIm?®
Convective parameter KO for mixture KOspe=11.3, KO\2=5.83 (**)

(*) Average value=90%*Cvy,(average between 15-90°C)+10%*Cvsre(average between 15-90°C)
(**) being KO = (KOSFB * (VSFG%)A 0.75 + KONZX(VNz%) N 075)

The individual parameters are listed in Table 8-2. In the sensitivity study, the magnitude of each parameter
was changed by +50%. The resulting effect on either short current was then calculated as a percentage
variation, with the convention: ‘+’ representing increase and ‘-* a decrease.

Table 8-3 shows the parameters taken into consideration in the sensitivity study with the main values and
their identifying symbols. The central column of the table shows the standard value of each parameter.

Table 8-3 Parameters selected in the short time rating sensitivity study

Parameter Symbol [-50% of Standard  |+50% of
the  standard value the  standard|Unit
value value
Soil Thermal resistivity Rs 0.6 1.2 1.8 K.m/W
Cond. Volumetric specific heat  |Cvc 1.25 10° 2.510° 3.75 10° JIKIm®
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Encl. Volumetric specific heat Cve 1.25 10° 2.510° 3.75 10° JIK/m®
Mixture volumetric specific heat |Cvgas |505 1010 © 1515 JIK/m®
Anticorrosion thermal resistivity  |Rpe 1.75 3.5 5.25 K.m/W
Antic. Volumetric specific heat Cvpe 1.2 10° 2.410° 3.6 10° JIKIm®
Convective parameter KO for[KO KOsrs=5.65, KOsps=11.3, |KOges=16.95
mixture KOn2=2.915 KOn2=5.83 |KON=8.745

8.2 Sensitivity Study On Short Terms Rating. Time To Over-Temperature Equal To 20 min.

The Tables from Table 8-4 to Table 8-10 show the short term current rating variations calculated at the
parameter values of Table 8-3. The current calculations are referred to the GIL conductor over-temperature
of 95°C reached in 20 min. The starting pre-load current is either 0 A or 2550 A which is the 85% of the
steady state condition, equal to 3000 A.

In the last two columns of each table the percentage variations of the current rating, for the assumed +50%
variation of the parameter, are shown, calculated as in the following expression:

Crpv(£50%) = (%)m 00%
where:
Crpv(x50%) is the current rating percent variation for the +50% parameter variation,
I(std) is the current rating calculated at the parameter standard value
1(£50%) is the current rating calculated at the parameter variations.
8.2.1 Parameterised quantity: soil thermal resistivity.
Table 8-4 Short terms Current rating (A) as a function of the soil thermal resistivity
Pre-load % | -50% 0 50% -50% +50%
Variation % Variation %
0 27,252 | 27,190 | 27,153 0.2 -0.1
85 23,046 | 19,181 | 14,088 0.2 -0.1

Since the diffusivity of the soil has been taken constant and equal to the value suggested in IEC853-2M (0.4
x 10° m?/s), assumption justified by the short time of the thermal transient, the results also apply to a +50%
soil volumetric specific heat variation at a constant thermal resistivity. Thus Table 8-4 also indicates the
sensitivity of the current rating to the inverse related parameter i.e. the soil specific heat.

8.2.2 Parameterised quantity: conductor volumetric specific heat.
Table 8-5 Short terms Current rating (A) as a function of the Conductor volumetric specific heat
Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 20,818 | 27,190 | 32,412 -23.4 19.2
85 14,691 | 19,181 | 22,848 -23.4 19.1
8.2.3 Parameterised quantity: enclosure volumetric specific heat.
Table 8-6 Short terms Current rating (A) as a function of the Enclosure volumetric specific heat
Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 26,936 | 27,190 | 27,371 -0.9 0.7
85 19,023 | 19,181 | 19,287 -0.8 0.6
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Table 8-7 Short terms Current rating (A) as a function of the Mixture volumetric specific heat

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 27,095 | 27,190 | 27,284 -0.3 0.3
85 19,117 | 19,181 | 19,245 -0.3 0.3

Parameterised quantity: anticorrosion layer thermal resistivity.

Table 8-8 Short terms Current rating (A) as a function of the Anticorrosion layer thermal resistivity.

8.2.6

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 27,282 | 27,190 | 27,119 0.3 -0.3
85 19,268 | 19,181 | 19,107 0.3 -0.2

Parameterised quantity: anticorrosion layer volumetric specific heat.

Table 8-9 Short terms Current rating (A) as a function of the Anticorrosion layer volumetric specific

8.2.7

heat.
Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 27,148 | 27,190 | 27,229 -0.2 0.1
85 19,154 | 19,181 | 19,206 -0.1 0.1

Parameterised quantity: convective parameter KO.

Table 8-10 Short terms Current rating (A) as a function of the Convective parameter KO

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 26,651 | 27,190 | 27,704 -2.0 1.9
85 18,298 | 19,181 | 19,737 -1.7 1.6

8.3 Sensitivity Study on Short Time Rating. Time To Over-Temperature Equal to 12 Hours.

The Tables from Table 8-11 to Table 8-17 show the short term current rating variations calculated at the
parameter values of Table 8-3. The current calculations are referred to the GIL conductor over-temperature
of 95°C reached in 12 hours. The starting pre-load is 0 A or 2550 A which is the 85% of the steady state
condition, equal to 3000 A.

8.3.1 Parameterised quantity: soil thermal resistivity.
Table 8-11 Short terms Current rating (A) as a function of the Soil thermal resistivity
Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 10,762 | 9,847 9,333 9.3 -5.2
85 9,356 7,278 5,321 7.6 -4.1

Since the diffusivity of the soil has been taken constant and equal to the value suggested in IEC853-21 (0.4
x 10° mzls), assumption justified by the short time of the thermal transient, the results also apply to a £50%
soil volumetric specific heat variation at a constant thermal resistivity. Thus Table 4-4 also indicates the
sensitivity of the current rating to the inverse related parameter i.e. the soil specific heat.
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Table 8-12 Short terms Current rating (A) as a function of the Conductor volumetric specific heat

8.3.3

Table 8-13 Short terms Current rating (A) as a function of the Enclosure volumetric specific heat

8.3.4

Table 8-14 Short terms Current rating (A) as a function of the Mixture volumetric specific heat

8.3.5

Table 8-15 Short terms Current rating (A) as a function of the Anticorrosion layer thermal resistivity.

8.3.6

Table 8-16 Short terms Current rating (A) as a function of the Anticorrosion layer volumetric specific

8.3.7

Parameterised quantity: conductor volumetric specific heat.

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 9,670 9,847 | 10,039 -1.8 2.0
85 7,165 7,278 | 7,403 -1.6 1.7

Parameterised quantity: enclosure volumetric specific heat.

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 9,739 9,847 9,953 -1.1 1.1
85 7,212 7,278 7,342 -0.9 0.9

Parameterised quantity: mixture volumetric specific heat.

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 9,841 9,847 | 9,853 -0.1 0.1
85 7,274 7,278 | 7,281 0.0 0.0

Parameterised quantity: anticorrosion layer thermal resistivity.

Pre-load %| -50% 0 50% -50% +50%
Variation Variation %
%
0 9,951 9,847 | 9,747 1.1 -1.0
85 7,352 7,278 | 7,206 0.9 -0.8

Parameterised quantity: anticorrosion layer volumetric specific heat.

heat.
Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 9,817 9,847 9,877 -0.3 0.3
85 7,259 7,278 7,296 -0.3 0.3

Parameterised quantity: convective parameter KO.

Table 8-17 Short terms Current rating (A) as a function of the Convective parameter KO

Pre-load %| -50% 0 50% -50% +50%
Variation % Variation %
0 8723 9847 10430 -11.4 5.9
85 6379 7278 7764 -10.3 5.7




2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex A — Current Rating / Appendixes 117/121

8.4 Conclusions

The parameters that have the largest effect on the short term current rating are: the volumetric
specific heat of the conductor, the convective parameter KO for the insulation gas mixture and the
thermal resistivity of the soil.

The volumetric specific heat of the conductor has the largest effect in case of short time overloads
like 20 min, as in the calculations. This effect is fairly independent of the pre-load value.

The convective parameter KO for the insulation gas mixture has the largest effect for medium time
overloads, like 12 hours, as in the calculations. Such an effect is due to the fact that the temperature
rise between the conductor and the enclosure remains high and this activate the increasing of the
gas mixture thermal resistance.

The thermal resistivity of the soil has the largest effect for high time overloads, greater than 12 hours.
Such an effect is due to the fact that the thermal capacitance of the conductor (and in some extends
of the enclosure) “saturates” and the heat begins to transit across the thermal resistances.

From Figure 8-1 to Figure 8-4 the effects of the parameters variations are represented arranged from
the biggest to the lowest.

The GIL reference design was shown to have high short time ratings. In particular for the 12 hour
period, the GIL was able to carry over twice the continuous load of 3000A starting from an 85%
preload condition.

Time [Sort time rating / Continuous rating]

85% preload current 0% preload current
20 mins 6.39 9.06
12 hours 2.43 3.28

The parameter that has by far the largest effect on the 20 minute duration short time rating is the
volumetric specific heat of the conductor. An increase of 50% in the volumetric specific heat
increased the short time rating by 19%, whereas a decrease, decreased the short time rating by
23%. This also shows the importance of performing current loading tests to verify short time ratings,
especially for the conductor connectors, which are likely to have a different thermal capacity to the
conductor.

The other five parameters all had a small effect on the 20 minute short time rating with variations of
less than 2% (convective parameter).

The percentage sensitivity variations in current for the 12 hour period were significantly different from
the 20 hour period.

The parameter that had the largest effect for the 12 hour period was the convection parameter, KO
for the gas mixture. A 50% increase in the convective parameter increased the short time rating by
6% and a 50% decrease in KO, decreased it by 10~11%. This shows the importance of experimental
verification of the short time rating, as the properties of the mixture and the transient behaviour of the
changing convection patterns are likely to have a significant effect.

The parameters that have the second most significant effect on the 12 hour period were the soil
thermal resistivity and its inversely related parameter, the soil specific heat. An increase of 50% in
the soil resistivity decreased the rating by 4~5% and a 50% decrease, increased the rating by 8~9%.

The two most significant factors were shown to be the thermal capacity of the conductor for the 20
minutes rating and heat transfer coefficient through the gas for thel2 hour rating. As a result of this
sensitivity it is recommended that:

- a factor of safety is included to reduce the risk of overheating of the conductor and connectors.
The factor of safety could be built into the selection of the maximum permissible conductor
temperature, for this study an arbitrary value of 95°C was chosen, which is less than the
temperature limit for connectors given in IEC 60694 Table 3.

- the temperature be verified by experimental measurement.
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secours d'urgence - Deuxieme partie: Régimes de secours et réponse de court durée a I'application d'un
échelon unité (pour des durées inférieures a celles considérées dans la premiere partie et pouvant
descendre jusqu’'B dix minutes) - Current ratings of cables fore cyclic and emergency loads — Part 2:
Emergency ratings and short duration response to a step function (for time periods shorter than those
applicable to Part 1 and down to 10 minutes).” Electra No 44 pp 3 - 16
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Cigré report - Méthode digitale de calcul de la réponse des cables unipolaires B I'application d'un échelon
thermique transitoire — Computer method for the calculation of the response of single-core cables to a step
function thermal transient’ Electra No 87, pp 41 — 63
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1.

General Insulation Co-ordination Process

As given in IEC 60071-1 [1], figure 1 displays the Insulation Coordination flow chart in which there are four
main steps:

a first one to determine the insulation characteristic of the equipment: characterisctic of
the insulating mediums involved in the insulation (volt-time V-t curves, electric aging V-n
curves,....), self restoring, non self restoring, mix insulation but also the associated chosen
test procedures for withstand type, routine and on site tests; indeed these test procedures
charaterizes the discharge probability associated with the test voltage levels which are
chosen.

a second one to characterize the distribution of the overvoltage amplitude through a set of
value called representative overvoltage U,,. Depending on the Insulation Coordination
approach (determinist or probabilistic) chosen for the class of stressing voltages and
overvoltages, the U, characteristics can be just one amplitude in case of a determinist
approach for a very short piece of equipment (i.e. circuit breaker, measuring
transformer,....) or a Probability Density Function (PDF) of amplitudes. For long piece of
equipment in case of a probabilistic approach the amplitudes PDF is needed in each point
as for example for overhead lines or cables [2],[3] or long GIL [4], [5]. Of course a mixture
of probabilistic and deterministic approach is always possible.

a third one to adjust the insulation characteristic of the equipment with the stessing
voltages and overvoltages for the chosen accepted risk of failure (derived from the
accepted Insulation Major Failure Rate) thus giving the so called coordination withstand
voltage Uy,

Uew = K X V, (1)
V, component of U, being the overvoltage amplitude having a 2% probability to be
exceeded and K. being the coordination factor.

A fourth one intended to take into account the aging of the insulation and other random
factors which affect the insulation characteristic of the equipment through the so called
safety factor Ks. It should be emphasized that this Safety Factor must also cover to some
extent all kinds of aging impacting the insulation and not only the electrical aging of the
insulation. With this Safety Factor, the so called required withstand voltages U,, are
derived (2); depending on them, the so called withstand voltages U, of the equipment are
then selected in IEC standards of the equipment according to:

Uy (from IEC std) = U,y = Ks X Ucw (2)
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(2)
1 Origin and classification of
(1) of stressing voltages

, . Statistical distribution
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Test procedures Voltage
levels Test sample size, ...
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voltages and
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<

(3)

Performance criterion: Selection of the insulation
Insulation Major Failure > meeting the performance
Rate (IMFR) accepted criterion Effects combined in a

coordination factor K,

Co-ordination
withstand voltages,
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Atmospheric correction factor, K, ; just
for memory as not applicable to GIL
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Figure 1 : Flow chart of Insulation coordination process (IEC 60071-1).
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As showed in figure 2a, the co-ordination withstand voltage Ucw is the withstand voltage that an equipment
should reach only at the end of its life. In that conditions, from a statistical point of view on a large population
of such equipment, the Insulation Major Failure Rate ("IMFR") of the equipment population should reach the
IMFR accepted by the Utility. As the actual IMFR collected by the Return of EXperience (REX) is lower
figure 2b or higher figure 2c than the targeted one, the insulation coordination is correct or not. So the REX
of GIL has to be analyzed and as far as possible taken into account in the Insulation Coordination process.
Indeed depending on the REX, the coordination factor or the safety factors have to be adjusted compared to
the ones derived from a pure probabilistic approach and a generally applied safety factor. For example, if the
IMFR given by the REX or an expected IMFR derived from previous experience on similar equipment is
greater than the a priori accepted IMFR, then:

« either the Utility can increase the safety factor as shown in figure 2c if the main cause of
insulation failures is overvoltage,

e or the Utility can keep the same safety factor but select a new higher U., (less surge
arrester or surge arrester with higher protection level) as shown in figure 3 if the main
cause of insulation failures is not overvoltage but failure at the rated system voltage due
to aging.

In the following, all these aspects are discussed further from the point of view of GIL equipment.

Uw /Ucw

- Initial Ucw "=~

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 3 : Insulation coordination - Withstand voltage, insulation

coordination withstand voltage, Safety Factor, aging and Major
Failure Rate in case of higher IMFR.
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2. Risk of failure to be accepted by utilities: Global and Insulation Major
Failure Rates

In the design process of any equipment included in any system, one of the most important parameter is the
target major failure rate (MFR) accepted for the equipment. This target MFR should be selected in order to
achieve a given reliability and availability of the whole system.

For electric systems, this general statement is also valid but in the past and still nowadays, operating people
were and are reluctant to accept the idea of equipment major failures (MF) and the accepted major failure or
design target MFR of equipment is difficult to get from Ultilities.

Beside when Utilities give the target MFR accepted for a given equipment, generally it is a global one: the
given target MFR is intended to cover all the major failure causes. Thus, for a given equipment, generally the
design target MFR accepted for each stress category should be lower than the global one given by the
Utilities. So idealy, for a given equipment it is often necessary to split this global MFR accepted by Utilities in
different major failure rates related to each type of stresses, taking into account the relative frequency of
each type of stresses, their aging process and their influence.

Nevertheless, for HV equipment, among all the stresses which can trig major failures such as the thermo
mechanical stresses, the mechanical stresses or the corrosion stresses, the voltage and overvoltage
stresses are the most important. Indeed generally most of the changes in the equipment and most of the
equipment component aging due to the other stresses impact the insulation characteristics of the electric
equipment and thus may reduce the withstand voltages and then may lead more or less rapidly to a IMF. It is
thus obvious that for HV equipment the IMFR taken for the Insulation Coordination process is the largest part
of the target global failure rate.

So for a consistent approach, it is generally necessary to split the global MFR accepted by a utility for an
electric equipment in n major failure rates: n being the number of independent possible causes of failure. For
example, when dealing with GIS Insulation Coordination analyzing the major failure cause REX led in [6] to
split in two equal parts (n = 2) the global target MFR accepted by Utilities: one half for the insulation major
failure rate and the other half for the major failures due to all the other stresses (mainly the mechanical
ones). Indeed the so large part of the global MFR taken by major failure not related to insulation is due to the
moving part of circuit breakers and disconnectors.

But contrary to GIS, in the case of GIL as the switchgears will not be generally present, the global MFR
accepted can be chosen as IMFR for the Insulation Co-ordination process.

2.1. Target failure rates for GIL reliability and Insulation Coordination

As previously mentionned up to now global target failure rates of equipment were not and are still not
parameters which are often explicitely given by Utilities. For GIL which is rather new equipment, it is even
more difficult to find common accepetd values. Nevetheless, in order to give ideas, some specific values
already published in the littterature or discussed within the Working Group are given in the following.

For EDF [5], in order to be acceptable for system reliability, the availability of underground burried GIL should
be as good as the availability of the EDF overhead lines; so disregarding the self restoring failures of the
overhead lines (lightning, pollution,...) which do not impair the system reliability, the failure rate of overhead
lines with long unavailability is in the range of 0.2 failures/100km of three phase circuit per year. For
overhead lines such a failure rate is mostly due to mechanical rupture of conductors or towers. Thus for EDF,
the requested global target failure rates of underground burried GIL (expected global reliability) has been
requested to remain lower than 0.2 major failures/100km of three phase circuit of GIL/ year (or expressed
another way 0.2 / 3=0.067 failures/100km of single phase GlL/year.

On the same aspect, for the two 3.3 km GIL circuits of Shinmeika Tokai lines built in a tunnel [7], CHUBU
Elctric Power Company aims for a maximum acceptable global failure rate of 1 failure per 50 years. Such a
requirement leads to 0.3 failure per 100 km per year of three phase circuit; the value is very similar to the
one expressed by EDF of 0.2 failure per 100 km of three phase circuit per year.

Just for giving a rough idea of what is the meaning of such a global failure rate, one should notice that the
failure rate of 0.2 failures/100km of three phase circuit per year, corresponds to an expected Mean Time
Between Failures (MTBF) of:

« b5 years for a three phase GIL circuit of 100 km
e 500 years for a three phase GIL circuit of 1 km.

The 0.2-0.3 IMF/year/100km of GIL leads to 0.2-0.3 x 10" IMF/year/meter of circuit.
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In order to situate the afore mentionned Ultilities request a comparison is needed. Depending on the repair
time of an apparatus IEC 60071-2 (83.2), as guidance, proposes acceptable IMFR ranging from 0.001/year
up to 0.004/year leading to MTBF ranging from 1000 years down to 250 years for the given apparatus. Due
on average to long repair times, for a GIS bay a target IMFR of 0.001/year is recommended by IEC [8]. This
GIS bay target IMFR leads to 0.3x10™ (10™/35) IMF/year/meter of circuit assuming for a 420 kV GIS bay 35
meters length for each phase. Converted to 100 km of GIL circuit, the target failure of GIS is equivalent for
GIL to 3 IMF/year/100 kilometer of circuit, so roughly ten times (one order of magnitude) the Ultilities targeted
ones.

2.2. GIL Return of EXperience (REX)

As previously stated the choice of an average safety factor K for the insulation coordination of the GIL
should be very much related to the REX of GIL. But as GIL are not broadly in service the sample size is very
small and thus its statistical meaning may be questionable. Also in addition to the analyzis of the actual GIL
REX, it has been valuable to analyze the GIS REX (GIS population is far larger and thus gives a better
confidence for the failure rate values) in order to derive from that GIS REX a more confident value for the
possible IMFR to expect for GIL. Of course, to derive an expected GIL failure rate from the average actual
GIS failure rate, it is necessary to find a base of equivalence and to perform an in depth analysis of the world
GIS REX as previously stated the structures of the major failure causes are different.

2.2.1. REX of GIL derived from REX of GIS
2.2.1.1. REX of GIS

Indications on the GIS REX can be find in [8] and [9]. A synthesis and correlation between GIS Global MFRs
and insulation major falure rates has been done in [6] and only the main data will be again recalled here.

The table 1 shows the result of the survey on GIS insulation failures performed in [8] and limited to major
(main) failures of the GIS HV insulation. Indeed, the IMFRs are rapidly increasing with the system voltage
level.

Table 1 :
Insulation failures as reported by [8]

System Voltage level | cumulated Insulation | Insulation failures
bay.year failures by 100 bay.year

125-145kV 9334 24 0.26

245 kV 6133 41 0.67

420 kV 3351 61 1.8

550 kV 1109 43 3.9

All voltages 17734 165 0.9

The target of a MTBF of 1000 years (~0.1 failure/100 bay.year) as suggested for the GIS insulation
coordination in IEC 60071-2 is not reached for 245 420 and 550 kV GIS; the ratio between the actual IMFR
and the target one is about 7 for 245 kV system voltage and 18 for 420 kV and 39 for 550 kV system voltage.
The target IMFR is approached only for the 125-145 kV system voltages.

Indeed, that IMFR excess is not due to overvoltages stresses but in 80% [8] to changes inside GIS resulting
in insulation failures occurring at the service voltage (without any overvoltage). If some of these changes
were large and instantaneous changes such as mechanical ruptures of rod drive of switching equipment
which led to insulation failures some of them were small and progressive changes such as contact wears
and shield displacements which led in the long run to the insulation failures. In both cases, these defects
may be classified as due to the global aging process of the GIS that has led to the end of life of the
equipment at service voltage. This global aging is produced by distinct aging factors such as mechanical
stresses, thermal stresses, environmental stresses and of course electrical stresses and the interaction
between one or more of them. Of course whatever is the stress at the very origin of the defect leading to an
IMF, the insulation coordination procedure should take that into account as far as possible. So it is important
in the failure analysis to classify the origin of the failures and to try to assess the influence of higher GIS
withstand voltages on the IMFR.
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2.2.1.2. Expected GIL REX derived from the GIS REX

From the previous REX of GIS, the derivation of an expected IMFR for 420 kV GIL needs some assumptions
and criteria for conversion.

So in the following it is assumed that the 420 kV GIL technology will remain roughly identical to the 420 kV
GIS technology: same withstand voltages of the insulating gas and spacer, same volt-time characteristics
same V-n insulation characteristic of spacers and more generally of the insulation (same dielectric aging)
and same erection techniques, quality control and on site tests.

The criteria for conversion of IMFR of GIS in IMFR of GIL has been the following:

e firstly, as it is clear that all the insulation failures of GIS could not be retrieved in the GIL
as according to [8] most of the insulation failure are related with circuit breakers,
disconnectors voltage transformers, ... that will not be part of GIL. So from an in depth
analysis of the IMF data is necessary to determine those which may have occurred also in
GIL. From the analysis of insulation failure data bases, according to experts, it appears
that:

- roughly only 15% could have occurred in a GIL: indeed in GIS many dielectric failures
are due to mechanical movement of peices which will not occur in GIL [8],

- on that 15%, all did not occur in the vicinity of a spacer,

- all these 15% occurred when the voltage at the instant of failure was simply the service
voltage.

- most of these 15% could have been delayed or avoided by an increase at least of the
PF withstand voltage.

e secondly, for GIL very identical parts will be repeated along GIL length contrary to GIS for
which the length of apparatus is a large part of the bay, so it is necessary to choose an
equivalence criteria between GIS length and GIL length:

- a rough equivalence may be based just on the length of the bay for GIS and length of
the GIL (as rapidly done in § 2.1),

- or as in GIL the spacers are expected to be the most sensitive parts a more suitable
equivalence criteria may be based on the number of spacers per unit length, including
for GIS bay the related part of the bus bar of the substation. It is that second
equivalence spacer/length that has been adopted.

From the analyze of the 420 kV GIS bays, it appears that:

* the average bay length, including the related bus bar, is about 35 meters of three phase
GIS circuit,

« the average number of spacers is 0.33 per GIS meter (one spacer each 3 meters!).

For the 420 kV GIL, it appears that a spacer or insulating supports every 8 meters is an average value.

Thus, taking into account table 1 the above assumptions leads to that the number of GIS IMFs that may
occur in a 420 kV GIL is:

1.8 IMF/100bay.year x 0.15 = 0.27 IMF/100bay.year (3)

and thus for one GIS bay an IMFR of:
GIS bay IMFR = (0.27 / 100) IMF/year (4)

With a number of spacers inside the 420 kV GIS bay of:
number of spacers in a GIS bay = 35 x 0.33 (5)

The corresponding GIL lengh having the same number of spacers (and thus same IMF/year) is:
GIL corresp length = 93m = (35 x 0.33)*8m (6)

leading to GIL IMF/m of three phase circuit / year of:
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GIL IMFR = (0.27/100)/93 =2.9 x 10™°/1m-3ph/year (7)
and then for 100 km (10°m) of 3 phase circuit GIL, the per year insulation major failure to expect from 420 kV
GIL would be:

GIL IMFR = (2.9 x 10° /1m-3ph/year) x 10° m = 2.9 /100km-3ph/year (8)

Such an IMFR is roughly 10-15 times the targeted ones (8 2.1).

2.2.2. REX of GIL in service

The table 2 and the table 3 show the result of the 2000 survey on GIL Insulation Major Failure for GIL that
have circuit length longer than or equal to 500 meters. GIL producers included in this survey are ALSTOM,
SIEMENS, MITSUBISHI Electric, SUMITOMO Electric Industries and The FURUKAWA Electric.

Table 2 :
Return of experience of GIL in service in terms of system voltages

System GIL Insulation IMFR
voltage Cumulated Major Insulation
(kV) length.year Failures failures

(km.year) by 100 km.year
245-275 25 0 0
420 154 3 1.95
550 30 0 0
All voltages 209 3 1.44

It should be noticed that on a so small GIL cumulated length.year very few failures occured.

As shown in table 3, the GILs in service for 10 years or shorter time (the recent ones) occupy 57 % of the
total cumulated circuit length but their wheight in the GIL service experience sample is limited to 18%.

Table 3 :
Return of experience of GIL in service in terms of service period

Commercial GIL GIL Cumulated
operation Cumulated length.year
(years) circuit length (km.year)

(km)
0-10 15.0 (57%) 37 (18%)
10- 20 7.5 (28%) 83 (40%)
>20 4.0 (15%) 89 (42%)
Total 26.5 209

The table 4 displays the IMFR values derived from the REX of 420 kV GIS and 420 kV GIL. The 420kV GIL
IMFR derived from REX of 420 kV GIS is 15 times larger than the target GIL IMFR, while the IMFR from REX
of 420 kV GIL corresponds to 10 times of the target one. So the bases adopted for the derivation of GIL
IMFR from GIS IMFR are consistent and beside add confidence on the GIL IMFR obtained with small GIL
sample as the GIS REX data sample is larger then the GIL one.

The table 4 displays also the IMFR of surveyed GIL including all system voltages.
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Table 4 :
IMFR derived from REX of GIS and REX of surveyed GIL
System REX of GIL REX of IMFR (A) IMFR (B)/Target
voltage derived from REX GIL in [Target GIL GIL IMFR
of GIS service IMFR
(A) (B)
Cumulated 312 154 - -
length.year (=3351 x 0.093)
(km. year)
420 kv Insulation failures 9 (=61 x 0.15) 3 - -
IMFR (failures / 100 2.9 1.95 15 times 10 times
km.year)
Cumulated - 209 - -
length.year
(km. year)
All Insulation failures - 3 - -
voltages
IMFR (failures - 1.44 - 7 times
/100 km.year)
(1) 1 bay.year of GIS = 93 m.year of GIL
(2) 15 % of GIS failures = GIL failures
(3) Target GIL IMFR = 0.2 failures / 100 km.year

A previous survey by EDF [10] in 1993 reported that the cumulated installation length of GILs, of which each
length was 100 m or longer, had reached 30 km.

The REX of all the CGIT GIL (CGIT formerly ABB during a certain time and including GIL from 145 kV to
1200 kV, more than 10 m) reached a cumulated circuit length of 3,000 km.year in 1995. For this larger
sample of "GIL" the IMFR is of the same order of magnitude that the ones obtained in table 4 on the smaller
sample of GIL with length longer than 500 meters. This again adds confidence on the actual GIL IMFR.

The figure 4 summarize the relations and gaps between the different GIS and GIL IMFR discussed in the
chapter. It shows clearly that the gap between GIL IMFR targeted by Utilities and the one obtained in the the
field up to now is of the same order of magnitude than for GIS. According to their GIL reliabity and availability
needs, this gap has to be taken into account for the choice of the insulation level to be specified by Utilities.

GIS TARGET IMFR x18 GIS REXIMFR
{ P 420 kVGIS IMFR
420 kV GIL
REXIMFR
according to the
Working Group
GIL survey
GIL TARGET IMFR %10
e > - » 420 KVGIL IMFR
x15

Figure 4 :

420 kV GIL REXIMFR
derived from 420kV
GIS REXIMFR

Diagram showing the relations and gaps between the different
GIS and GIL IMFR discussed in the chapter.
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3 Gaseous insulating medium in use

3.1 Introduction

In gas-insulated substations (GIS), sulphur hexafluoride (SFs) gas is used for insulation purposes. SFg was
discovered in 1900 from a reaction of fluor and sulphur [11] SFs became very popular as insulation gas in
high-voltage equipment because of its excellent insulating properties. The first SFg gas-insulated substations
were built in the early seventies [11]. Important properties of SF¢ are:

e SF6 is electronegative (electrons are attached to the SF6 molecules). Electron attachment results in
heavy long-lived (> 10-5 s) ions, which are much slower than electrons. These ions prevent the
forming of electron avalanches, leading to higher breakdown stress[12].

At atmospheric pressure the dielectric strength of SF¢ is roughly 2.3 times higher than that of air;

« At higher pressures (until liguefaction) even higher insulation levels can be obtained;

e The insulation strength recovers after breakdown;

e Pure SF6 is non-toxic, dissociation products however are toxic;

e ltis non-flammable.

Because large amounts of electrical energy are transmitted in urbanised areas, alternatives for lines and
high-voltage cables are desirable. Gas-insulated lines (GIL) is one of the solutions [13], [14] and [15].
Besides the fact that SF¢ is a very expensive gas, it is also a greenhouse gas. Therefore, gas mixtures of
SFg and Nitrogen N, are suitable to reduce costs of the equipment and SF4 leakage. For example, a mixture
containing 10% SF6 results in 85% reduction of the used SF¢ and in 85% less SFg leakage [16].

N, is the main component of air. Properties of nitrogen are that it is cheap, inert, nontoxic, nonflammable,
and of course environmentally acceptable [17] and [18]. However, the dielectric strength of nitrogen is much
lower than that of SFe.
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Figure 5 : Critical field strength of a SF6-N2 mixture as function of the SF6
percentage.

As is known the attachment coefficient of SFg¢ is large for low-energy electrons (<0.1 eV). In case of higher
energetic free electrons, i.e. high velocity, they must be slowed down to the low energy range where SFg
possesses its most effective attachment properties. For this reason combinations of gases with properties
that enable electron attachment and slow down the electron-speed are of interest. If a buffer gas like N, is
used, the electrons are scattered into the energy region where SF¢ captures the electrons still efficiently.

It has been shown that even small amounts of SFg in N, rapidly increase the dielectric strength of the
mixture; the increase in dielectric strength tends toward saturation when the amount of SFg is increased
above 50%, see figure 5[17] and [19].

From service point of view, Gas Insulated Lines (GIL) may be considered very similar to GIS, being the main
differences longer length, absence of branches and switching devices. Moreover, GIL service voltage
stresses may be considered very similar to those affecting GIS.
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The figure 6 taken from reference [20], reports typical shapes of voltage stresses. In addition to the typical
voltage stresses reported in the figure, it is to be underlined that Very Fast Front Overvoltages (VFTO) in GIL

are associated to a DC pre-stress due to the trapped charge derived by disconnectors and/or circuit breakers
operations.

ol Low Frequency Transient
ass Permanent Temporary Slow front Fast front Very fast front
Voltage A A AN au v 1 % ,
Y 1 |
Shape 0 / e _.sz .o X
T T
3ns < Tt <100ns
|Range of 10 < f < 500HZz |20 < Tp < 50000 0.1 < Tt < 20pS| 0.3 <f1 < 100MHz
voltage f=500r60Hz 30kHz < f2 < 30MHz
9 Tt>3600s [0.03<Tt<3600sf T2<20ms T2 <300ps Ti <3ms
shapes
Standard|; _ 5 op 6o Hz P8 Hz <f<62HZ T, -250ps | Ti=1.2ps .
voltage Tt Tt=60s T2 =2500ps T2 = 50ps )
shape ) : ‘
Standard . Short-duration Switching Lightning )
withstand ) power frequencyl Impulse impulse
test lest est est

*) To be specified by the relevant apparatus committees

Figure 6 : Typical voltage stresses in GIS
The figure 7 still taken from reference [20], reports typical amplitudes and time duration of possible voltage
stresses. DC voltages even if reported in figure 7 are very seldom present when GILs are considered.

It may be assumed that voltage stresses present in GIL are very similar in term of shapes and amplitude to
those that can affect GIS.

7
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3— VFTO

— temporary overvoltage
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Figure 7 : Typical voltage level for voltage classes of figure 1.

As already reported, SF¢ is used in industrial applications as insulating gas since early seventies. Its
dielectric characteristics were studied under different voltage stresses and different testing configurations.
The results of the investigations have allowed reducing the dimension of GIS with respect to those used at
the beginning of industrial applications. Moreover, the investigations have highlighted that withstand
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characteristics of pure SFg can be reduced in industrial application for the presence of some influencing
factors as for example:

e Particles
e Protrusion
e DC pre-stress associated to VFTO

Due to the larger dimensions of GILs compared with GISs and the concern of greenhouse effect caused by
possible SF6 lekeage in the atmosphere, a mixture between SFs and N, is used instead of pure SFe, in GIL,
at least for the highest voltage levels, Typically, the SF¢ percentage is comprised in the range 10% to 20%.

The selection of the best SFg percentage in the mixture depends on many different technical and
economical parameters and it is basically based on the experiences of the Manufacturer.

Several tests were performed in the past to determine the dielectric characteristics of the new insulating
media. The investigations were performed on basic and industrial configurations and with different voltage
stresses; aim of the present part of the paper is find a possible method to rationalize the data reported in
literature relevant to industrial applications.

Considering that the diameter used presently for the enclosure of GIS application should not be changed
for economical point of view, a very practical method to define withstand characteristics of SF¢/N, mixtures is
to determine the so called pressure conversion factor k, Where ki factor represents the increase of the
pressure of the insulating mixture with respect to the pure SFg insulation, in order to obtain the same
withstand characteristics. k,, factor is defined as:

* The ratio between the pressure (of the most severe polarity, when applicable) of the mixture SF¢/N,
and the pressure (of the most severe polarity, when applicable) of pure SFs in order to obtain the
same dielectric performances (see figure 8).

SFe -
\%
(kV) krp = P Mixmax /P sremax
SFs +
Mix. + or -
Mix.—or +
Psremax Phixmax P (kPa)

Figure 8 : Kk, definition

The most severe polarity is the one for which the highest pressure is necessary to obtain the required
withstand characteristics.

The most severe polarity depends basically on the geometric configuration and the specified working
pressure and can be either positive or negative. The figure 9 and figure 10, taken from references [33] and
[32] respectively, show as the most severe polarity changes according to the working pressure; for example
in figure 5 for SF¢/N, mixture the most severe polarity is the negative one for working pressure below 5 bars
while becomes the positive for working pressure above 5 bars. In figure 10 it is shown a similar behaviour not
only for SF¢/N, mixture but also for pure N, and (probably) for pure SFs. Moreover, the two figures show the
pressure value at which the withstand characteristics of positive and negative polarities cross is not constant
but depends very much on the testing configuration.
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On the other hand, as reported in chapter 6, the definition of the voltage level to be applied during both type
and on site commissioning tests requires the knowledge of the “ratio” between PF, S| and LI flashover
voltages, the so called test conversion factor.

The analysis made, in the present work for the determination of k, values and test conversion factors to be
applied for GIL, is based on data taken from literature and no new tests were carried out at the purpose.

The complete list of papers taken into account is reported in paragraph § 3.4, while table 5 reports, very
briefly and for each of the considered paper, the main information concerning the test object, the applied
voltage stresses, the gas mixtures characteristics and short comments. In table 5 papers, which data are
considered for the present evaluation, are reported in bold, while those with data not considered are
reported in jtalic
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Table 5 :
List of references and relevant test performed

18/90

Ref Configuration Applied Mixture Pressur Comments
voltage range e
SF6 content (kPa)
(%)
[13] Long bus duct AC, SI, LI 18;13 General description of
monitoring systems and
possible testing
equipment for
commissioning. Data not
considered
[19] Electrode — plane Ll The complete set of
results is reported in
[16]
[20] Paper dealing with
Insulation co-ordination
of GIS: return of
experience, on site tests
and diagnostic technique),
used only for the
definition of voltage
classes
[21] Coaxial AC, S, LI 100, 80, 60, 100 - Ll and Sl only for
@i =89 mm; 40,20 620 negative polarity, not
@0 = 226 mm considered in present
L =900 mm report
[22] Coaxial AC 100; 80; 60; 200 - Data considered
@i =80 mm; 50; 40; 20; 0 800
@®0 =230 mm
+ particles
[23] Coaxial, VFT 100; 50 100 -200 | Data not considered.
@i =100 mm; ®o =180 SFs content out of
mm range of interest
+ roughness
[24] Electrode —plane AC —LI 100; 15; 8; 400 - Data already
Without and with (mainly) 3;0 2000 considered
particles,
[25] Reference reports the
state of the art of
dielectric
characteristics of
different insulating
media. No new data.
Good list of references
[26] Coaxial configuration AC; LI 100; 75; 50; 100 - | Data refer to no industria
@i = 25.4 mm; 0 400 coaxial configuration.
do =70 mm Moreover LI only for
with and without spacer negative polarity. Data
with and without particles not considered in present
report
[27] Coaxial AC, LI 100, 60, 40 100 - The complete set of
@i =89 mm; 450 data is reported in [2]
®o =226 mm
L =900 mm
[28] Point — plane VFT 100; 70, 50; | 50— 300 No industrial
30; 10 configuration. Data not
considered
[29] Coaxial LI 100; 20; 15; 400 - Data considered
+10mm needle on HV 10; 5; 0 1100




2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex B — Insulation Coordination 19/90
conductor,

[30] Coaxial Ll 100; 35; 18 300 - Polarity not defined.
@i =120 mm; 800 Data not considered in
®o = 400 mm present report
L =600 mm,

[31] Coaxial AC, LI 100; 20; 10; 200 - LI only with negative
@i = 185 mm; 5,0 1000 polarity. LI data not
®do = 400 mm considered in present

report

[32] Coaxial LI 100; 20; 5; 0 100 - Data considered
@i = 185mm; 1000
®o = 400mm

[33] Coaxial LI 100; 20; 15; 300 — Data considered

(Typical 145 kV GIS) 10; 5 800
+ spacers
[34] Coaxial + needle, Fast 100; 30; 10; 100 - Only positive polarity.
oscillation: 5 300 Data not considered in
2.5& 10 MHz the present report
[35] Sphere gap LI 100; 15; 10; 400 — Data considered
(® =160 mm; d =10mm) LI 5 800
Simulated earthing 100; 15; 10
switch, 5

[36] Coaxial LI 100; 20; 200 - Data considered
@i = 120 mm; 10;5 700
®o =400 mm

L =600 mm

[37] Point plane LI, SI 100; 15; 10; 100 - No industrial

®=1mm;d=20mm 5 1500 configuration. Data not
considered

[38] Bus bar 245 kV GITL AC, SI, 10;5 100 - Data for pure SFg
i =101 mm; 700 available only for SI.
®o =292 mm For AC. K, values not

derived

[39] | Bus bar 245 kV GITL AC; LI 30; 5 100 - No data available for
®i =101 mm; 700 pure SFe. K,p values
®o =292 mm not derived.

Data used for
determining voltgage
shape influence

[40] Homogeneous field + AC, LI 100; 30; 10; 200 - No industrial

spacers and particles 6 500 configuration. Data not
considered

[41] Rod-plane and plane- Ll 100; 50; 20; 100 - No industrial

plane 10; 5 800 configuration. Data not
considered

[42] | Plane — plane + particles DC 100; 50; 20; 100 -- No industrial

5 500 configuration. Data not
considered

[43] Coaxial VFT 100; 50 100 -200 | Data already presented

@i =100 mm; ®o =180 in reference [5]
mm
+ roughness

[44] Coaxial + spacers LI 100; 90; 80 300 — Data considered
@i = 200 mm; 550
®o =300 mm

| =5200 mm
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3.2 Evaluation of the test results

3.2.1 Determination of k,, values

As shown in figure 9 and figure 10, both referring to industrial coaxial configuration, k,, values depend
strongly on the geometrical configuration and on the working pressure. In order to limit the possible mixture
of different physical phenomena and trying to decrease the spread of the results the analysis is limited to
industrial configurations

The results are reported in table 6, table 7 and table 8 for Power Frequency (PF), Switching Impulse (SlI) and
Lightning Impulse (LI) voltage stresses respectively.

The three tables report a concise description of the considered configuration, the voltage level (or gradient)
for which k;, values are derived and, of course, the k,, values. Trying to have a further reduction of the
spread only the values derived for real industrial situations were considered when calculating the average
values. The selection is based on the following criteria:

» Coaxial configuration, with or without spacers
« Voltage (or gradient) level giving, for pure SFg, a pressure higher than or equal to 400 kPa.

Table 6 :
Power frequency: k,, values in different test configurations
Ref. Config. | Spacer | Stress Krp for different SF¢ percentage in the mixture SF¢/N,
Level
(kV) 100 80 60 40 20 10 5 0
(kV/imm)
[20] | Coaxial No 298 1.00 | 1.05 | 1.13 | 1.23 | 1.41 3.23
510 1.00 | 1.10 | 1.16 | 1.26 | 1.45
549 1.00 | 1.10 | 1.18 | 1.26 | 1.48
[22] Coaxial ? 516 1.00 | 1.07 | 1.14 | 1.37 | 1.82
600 1.00 | 1.07 | 1.15 | 1.50
[24] | Electrode- | Yes 600 1.00 5.00
Plane
(see
figure 10)
[31] 12 1.00 1.68 | 2.05 | 3.70
15 1.00 1.88 | 2.37
Krp mean values 1.09 | 1.16 | 1.35 | 1.58
Std 0.02 | 0.02 | 0.11 | 0.20
Note:

1) Stress values reported in bold refer to gradient on conductor or on enclosure
2) The values not considered for the calculation of mean values are reported in jtalic in the tables.
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Figure 11 : Test object of reference [24] (a) overall view, (b) positions of particles on
spacers
Table 7 :
Switching impulse: k,, values
Ref. Config. | Spacer Stress Krp for different SF4 percentage
Level in the mixture SFg/N,
(kV) 100 10 5
(kV/mm)
[38] Coaxial No 92 on conductor 1.00 1.81 221
(figure 11 40 on enclosure 1.00 1.98 2.32
Krp mean values
Std
Note:
1) Stress values reported in bold refer to gradient on conductor or on enclosure
2) The values not considered for the calculation of mean values are reported in jtalic
in the tables.
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Table 8 :
Lightning impulse: k,, values
Ref. Config. Spacer | Stress | Krp for different SFg percentage in the mixture SFs/N2
Level
(kV) 100 | 20 15 10 8 5 3 0
(kV/mm)
[24] Electrode- Yes 400 1 4.41
Plane 448 1 4.40
(figure 10) 600 1 2.55 3.08 3.75 | 4.98
[32] Coaxial 15 1 1.47 1.96 3.63
18 1 1.56 2.42
20 1 1.59
[33] Coaxial 750 1 1.74 | 2.15 | 251 271 6.72
(figure 12)
[35] | Sphere gap 350 1 1.66 | 1.88 2.04
(figure 13)
[36] Coaxial 1 1.24 1.48 212
1 1.85
[44] Coaxial 20 1 1.47 1.81
(figure 14) 27 1 1.52 1.96
Mean value 1.63 | 2.15 | 2.24 | 3.08 | 2.71 6.72
Std 0.16 0.39
Note:
1) Stress values reported in bold refer to gradient on conductor or on enclosure
2) The values not considered for the calculation of mean values are reported in jtalic in the tables.
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Figure 12 : Test object of reference [38]
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Figure 15 : Test Object of reference [44]

The figure 16 reports the k;, mean values derived from table 6, table 7 and table 8 as a function of the SFg
percentage of the mixture, the values show a clear and defined trend independently of the voltage stress.
Moreover, it has to be noted that only k,, mean values relevant to PF and LI voltages are available and that
they concern to two not overlapping SFe¢ percentage range.
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Figure 16 : k., values as a function of SFg percentage for different voltage classes (only
data for coaxial configuration and with SF6 pressure > 0.4 Mpa)

In order trying to have a better definition of the trend, all data reported in table 6, table 7 and table 8 were
considered for the calculation of k,, mean values. The new set of results, reported in figure 17, shows that
the basic trend of krp values versus SFg percentage is not changed with respect to that reported in figure 16
a part from an increased scatter.

It can be assumed that results of figure 16 are of general application independently of the voltage classes
and of the SF¢ percentage considered.
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Figure 17 : k,, values as a function of SFs percentage for different voltage classes (all
available data considered)

3.2.2 Determination of the influence of the impulse shape

The available data were processed for the determination so called test conversion factors (K,) that is the ratio
between the flashover voltages with different voltage stresses and namely: power frequency and lightning
impulse (Kpr) and switching impulse and between switching impulse and lightning impulse (Ksy). In order
to limit the scatter of the results, the analysis was limited to industrial configuration and to practical gas
pressure, that is for pure SF¢ pressure of about 400 kPa and for gas mixture a value obtained multiplying 400
kPa for k, value relevant to the considered mixture. Pressures within a range of + 20% the calculated values
are included in the evaluation.

The calculated values are reported in table 9 and table 10 for K and Kisyy, respectively.

Table 9 :
Test conversion factor for AC and LI
Ref Ratio Pressure SFg percentage in gas mixtures
(kPa) 0% 5% | 10% | 15% | 20% | 30% | 40% | 60% | 100
%
[20] Kipr/Li 400-800 0.64
[31] KipriL 400 0.76
[21] Kipr/Li 450 0.73 | 0.72 | 0.72
[32] KipriL 500 0.62
[31] Kipr/Li 600 0.70
[32] Kpriwi 600
[36] Kipr/Li 600 0.77
[21] KipriL 620 0.71 0.71 | 0.70 | 0.69
Mean value Kiprii 0.74 0.72 | 0.71 | 0.69
Note: In the present table peak voltages are considered for calculation, while in chapter 6 PF rms
values are considered for calculation
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Table 10 :
Test conversion factor for Sl and LI
Ref Ratio Pressure SFg percentage in gas mixtures
(kPa) 0% 5% 10% | 15% | 20% | 30% | 40% | 60% | 100
%
[20] KisiLi 400-800 0.75
[21] Kisii 450 0.76 | 0.79 | 0.81
[22] Kisii 500 0.72
[21] Kisii 520 0.71 0.75 | 0.79 | 0.81
(36] Kisii 600 0.77
[32] Kisii 600 >0.80 0.75
[21] Kisii 620 0.70 0.74 | 0.75
Mean value KisiLi 0.73 0.75 | 0.77 | 0.77
The test conversion factors are summarized in figure 18.
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Figure 18 : Test conversion factors as a function of SFg percentage

3.3 General consideration and conclusions

Many results were published in the past concerning the dielectric characteristics of SF6/N2 mixtures; most of the
experiments were aimed to the study of the basic mechanism of breakdown process and were carried out on basic
configurations.
Several examples of tests performed on industrial configurations are reported in literature; nevertheless the
comparison of the reported results, at least for the purpose of the present work, is not easy for several
reasons, and among the others:

The different pressure values used. As reported previously, pressure value places an important role
for the definition of the most severe polarity

The non uniform definition of the reported data: breakdown or withstand voltage
The non uniform testing procedure

The non uniform procedure used for the preparation of the gas mixture, mainly for low SF¢ contents.
It was noticed that tests with pure N, shall be performed only with new object, in fact test objects
already tested with mixtures, could retain small quantities of SFs that could bias significantly the

results

The influencing quantities, as for example particles and roughness, were controlled using different

procedures
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The available results were analyzed for the determination of both pressure and test conversion factors; for
their evaluation, all the possible precaution were undertaken to have correct comparison and consequently
limit the scatter on the derived quantities. The results obtained are summarized in figure 16 and figure 18 for
pressure conversion factors and test conversion factors respectively.

Pressure conversion factor in the pressure range of interest, is independent of the voltage class considered
and as obvious increases decreasing the SFq percentage.

Test conversion factors show a slight but definite trend: Ky, increases increasing the SFg percentage, while
Kipr decreases increasing SFg percentage.

Finally, it is to be underlined that no systematic results were found on the effect of some influencing
quantities (particles, moisture, roughness and so on), moreover no systematic results were found for Very
Fast Transient Overvoltages, but as reported in chapter 5 paragraph 5.1 this voltage class could be
disregarded for GIL.
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4. GIL Representative Overvoltages between conductor and enclosure

4.1. Introduction

Due to the different applications of GIL with their parameters of the connected elements at both ends and the
generation of possible voltage stresses the expected overvoltages will vary in a wide range. Calculation of
the transients can show the maximum overvoltages to be expected along the GIL.

The integration of suitable overvoltage limiting devices is necessary to realize an economic and safe system.
Therefore surge arresters (integrated metalclad into the system or very near to the ends of GIL) are
necessary to be considered from the beginning of overvoltage stress evaluation.

4.1.1. Transient overvoltages generated by lightning phenomena

For the study of overvoltages in GIL the main focus has to be pointed onto the lightning impulse voltages,
because they give the highest stresses, which has to be known for dimensioning and testing.

For each GIL application different voltage stresses can be expected due to the lot of parameters involved. A
listing of the main parameters gathered under three topics is the following:

e Lightning strike:

- location of the lightning strike (near, remote, tower)

- lightning-current amplitude and steepness of front and tail

- voltage amplitude and steepness of front and tail of remote strike surges
e Surrounding of GIL:

- connection to overhead-lines, cables, GIS

- surge-impedance’s

- grounding resistance’s

- shielding wire system

- geometry (line length, tower height and geometry)

- dielectric strength of the overhead line insulation

e GIL:

surge-impedance

- length

- connection to surge arresters

- characteristic of surge arresters

- connections at both sides

- open end or energy transport situation
- prestress by AC magnitude and polarity

The amount of parameters show that a general statement for the expected transient overvoltages is hard to
give. General studies can only focus on some main parameters which will show the tendencies of influence.
For special application of a GIL the parameters has to be checked and classified as relevant or not and the
considered values or ranges of values of the parameters has to be chosen as precise as possible.

4.1.2. Continuos power-frequency voltage and temporary overvoltage

The power-frequency overvoltages are normally low in comparison to the stresses by fast and slow front
overvoltages. But the combination of AC prestress with the transient phenomena resulting out of lightning
activities has to be considered. The importance of considering this prestress is dependant from some
parameters as shown below.
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The continuous power-frequency voltage and the temporary overvoltages are the base for dimensioning the
overvoltage limiting devices. The characteristic of the surge arresters is necessary to know for calculation of
the transient overvoltages.

4.2. Development of surge voltages within GIL

Surge voltages within gas-insulated cables has been shown in principal by [46]. Shielding failures and back
flashovers have been investigated for a GIL directly connected to an overhead line. Despite the
investigations concerned a +600 kV DC-system study their principal results can be transferred to AC
systems. The investigations shows the dependency of the voltage profile, means voltage amplitude along the
GIL-length, from the front- and tail-time of a surge, which travels from the entrance to the end and is reflected
there.

For these investigations the DC voltage of the system (positive and negative) and the special characteristic
of the used surge arresters lead to surge voltages which principal behavior will be described here. Note that
the voltage amplitudes will be different from the 420 kV AC-systems-studies due to the different values of the
service voltage. Also it has to be taken into account the fact that different to the DC service-voltage the AC
power-frequency voltage with the maximum value in the peak of the half cycles will be met by a lightning
surge with a lower probability according to the sine-wave shape. To give an idea of the probability to meet or
to come near to the peak value: Only 20 % of the cycle-time reaches a value above 95 % of the power-
frequency peak value or only 30 % above 90 % which has to be compared with the continuos voltage of a
DC-system. This is valid for considering only one phase. Considering all three phases which is specially
necessary for back flashovers the percentage of to meet near the peak value will be much higher.

For explanation of what happens at the end of a GIL when the surge is reflected equations has been
developed and the voltage-wave shapes has been lined out in figure 19 and figure 20.

It can be shown that the maximum voltage for a polarity of the service voltage equal to the polarity of the
incoming surge are higher than if the opposite polarity is met by the surge. The maximum voltage is largely a
function of the arrester characteristics and GIL surge impedance Z. . It can be calculated with the following
equation:

M i

—] * +
E :E- +ea1 Ial ch _VaC(tO):Ei +AE (9)

where E; is the surge voltage which travels toward the end of the GIL and V(o) is the service voltage at the
time to, being the point on the sine wave where E; is generated. The voltage e,; and current i; are the
arrester discharge voltage and current for the condition where the GIL surge impedance is equal to the
derivative of the arrester voltage with respect to the arrester current

_de, =R, (10)

Z, -
di,

In [46] the development of this equation is well described. A surge voltage e is considered with a crest
voltage of E;, traveling on the cable toward the end of GIL , at which location the arrester is connected to
ground. At the open end of the cable, this voltage attempts to double but the arrester decreases the voltage
to e having a crest of E4 as shown in figure 19. The reflected voltage e”, equal to (e,-€) having a crest of e;”
is also shown.
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Figure 19 : Voltages at the end of GIL without service voltage

As shown in figure 20 at some location along the cable, at the time T from the end of the GIL, the crest
voltage, E and e;” results in the maximum voltage inside of GIL Ey.
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Figure 20 : Maximum voltage in GIL due to superposition of incoming and
reflected surge

4.2.1. Shielding failures

The steepness of the surge currents and voltages depend on the stroke current magnitude. For the case of a
30 km GIL-length considered here, the travel time of the cable is large compared to the front of a surge
voltage. Only the location along the GIL where the maximum voltage occurs and not its magnitude itself is
affected by the front-time of the surge voltage. Therefore, the front of the surge voltage is arbitrarily set at the
one value 10 us. The tail of the surge voltage does also not effect the maximum voltage on the cable but the
voltage profile is strongly dependant on the tail-times tr.

For the tails of 30, 90, 160 and 250 us and the front of 10 us a typical surge voltage profile along the GIL is
shown in figure 21 for the case when the surge voltage E; is in the same polarity as the DC voltage. From the
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calculations it can be seen that the maximum voltage and its location is independent from the tail-times
always near the end of GIL, only the wave profile along the GIL varies.

kY
1300 |-
1200 t. =250 us
=160 ps
=90 us =30 ys
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1 ] ] 1 1 1 1 1 1 1
o 0.1 0.2 0.3 o4 (¢ }.] 06 0.7 0.8 0.9 t.0
DISTANCE FROM LINE-CABLE JUNCTION
IN PER UNIT

Figure 21 : Voltage profile along the 30 km GIL resulting from shielding
failure. The service voltage is of the same polarity as the
surge, ty — tail-time of the surge

4.2.2. Back flashovers

For back flashovers the maximum voltage inside GIL can also be calculated by the (9). But here the profile is
sharper than those obtained from shielding failures since the incoming surge caused by a back flashover has
a much shorter tail.

The equivalent circuit used to calculate the surge voltages in GIL must consider the effect of reflections from
the flashover point, since these reflections tend to increase the voltage inside GIL. The distance from the
flashover point was investigated between the first ten towers before the GIL entrance.

The voltage profile along the GIL is shown by the solid line in figure 22 for a back flashover at the first tower
from the line-GIL junction. This overvoltage will have the shortest front and tail-times due to nearly no
attenuation effects. The dotted line shows the profile if reflections from the struck point are not considered.
As shown, ignoring the effect of reflections decreases the entire voltage profile for a back flashover at the
first tower. Beyond the fifth tower the profiles are similar and maximum voltages are identical due to
attenuation between stuck point and GIL entrance.
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Figure 22 : Voltage profile along GIL for a surge caused by back flashover

at the first tower:
solid line: actual profile considering struck point

dotted line: profile of struck point is ignored

This example shows the extreme high voltage maximum if a back flashover occurs at the first tower. The
probability to reach this maximum is reduced by using line arresters, working between the line and the tower
itself [49]. The main objective is to prevent arcing at the insulators. This is achieved if the residual voltage of
the surge arrester is lower than the surge lightning voltage of the insulators. By means of a suitable arrester

characteristic this can be below the line insulation-level.

4.3. Examples of fast front overvoltage calculations

4.3.1. EDF 420 kV system

On the base of the above described considerations the use of GIL has been investigated for the 420 kV grid
of the french utility EDF [47]. The characteristics of the grid has been adapted for varies calculations which
show the possible overvoltages and overvoltage distributions for the relevant parameters due to shielding

failures and back flashovers.
4.3.1.1.Fast-front overvoltage stresses

For GIL, these voltage stresses arise solely from lightning stresses when the GIL is connected to one or two
OVHL. On account of the 1500 kV insulation against LI for recent 420 kV lines, the frequency of faults due to

lightning is of the order of:

« discharges consecutive upon shielding failures: 0.6 faults/100 km/year,
back flashovers: 1.2 faults/100 km/year for a mean value of 15 ohms for the 420 kV tower
footing resistance.

The GIL configuration considered for the investigation has one end in an open circuit (GIL
forming a siphon or GIL connected to a GIS with open circuit breaker) and one end
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connected to an overhead line (figure 23). The GIL is protected by placing a lightning

arrester outside the GIL at each end.
§ SA

tow 2 | tow 1

Figure 23 : Diagram of the configuration for research into
fast-front voltage stresses due to lightning in a GIL.

A
Y
I

The calculations were performed with EMTP. The towers were represented by propagation elements of
150 ohms and their tower footing resistance R, is a parameter of the investigation; corona effect was also
taken into account, as well as the length of the lightning arrester connections.

The parameters with the greatest influence on the GIL MTBF due to intrinsic insulation failures were the
subject of a practically exhaustive study:

e the polarity of the AC voltage present before the discharge at the tower which
simultaneously increase the overvoltage amplitudes and the frequency of such
overvoltages,

* the non-linear characteristic of the lightning arresters,

* the shapes of the impinging overvoltages.

e the protection level and location of the lightning arresters,

« the surge impedance of the GIL together with the shapes of the impinging overvoltages.

With the chosen location for the surge arresters, both for back flashovers and for shielding failures, the
maximum overvoltage amplitudes in the GIL are located in a reduced area at the end opposite to the point of
impact of the lightning stroke. For GIL over 2-3 km long, these maximal overvoltage amplitudes are
practically independent of the length of the GIL.

4.3.1.2.Back flashovers

During back flashovers, it is highly probable that the polarity of the AC voltage present on the back flashed
phase will be opposite to that of the voltage generated by the lighting stroke. So, the stresses in the GIL were
evaluated with this polarity condition and an AC amplitude of 1 p.u. on the back flashed phase as it is an
important factor of the overvoltage amplitudes.

The voltage distribution VD(V) along the GIL and the maximum amplitude reached depend on the tower
struck by the lightning (figure 24). Whether the GIL is 2 km or 50 km long, it is the last 2 or 3 kilometers
which have the greatest influence on the probability of discharge of the whole GIL and therefore its MTBF.
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Figure 24 : Overvoltages in the case of back flashover for a GIL 10 km
long (1 p.u. AC of opposite polarity voltage distribution DV(V)
along the GIL as a function of the lightning current | striking
tower 1 (a), tower 2 (b).

4.3.1.3.Shielding failures

35/90

On account of the insulation of the EDF 420 kV lines, as shown in figure 25, the maximum overvoltages due
to shielding failures are much lower than those caused by back flashovers; only lightning strokes of 20 kA
amplitude (corresponding to the maximum current likely to cause shielding failure) striking the span between
tower 1 and tower 2 can reach the levels of those generated by back flashover; but their frequency will be
only very low (the width of the shielding failures is very tiny for these current amplitudes) and for the EDF
OVHL design their influence on the GIL MTBF is negligible compared to that of the voltage stresses caused

by back flashovers.

Contrary to back flashover, for shielding failure there is no correlation between the polarity of the struck
phase and the overvoltage. Indeed the maximal GIL overvoltages occur when the overvoltages and the

struck phase are of the same polarity.
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Figure 25 : Fast front overvoltage amplitudes in the case of shielding
failure for a GIL 10 km long (1 p.u. AC of the same polarity) as
a function of the current and striking point.

4.3.1.4.MTBF due to lightning

With the failure rates of the EDF 420 kV OVHL attributable to lightning, and the withstand level guaranteed
by the on-site tests performed at 0.8 LIWL on GIL portions 300 m long, figure 26 gives the MTBF anticipated
for a GIL 10 to 50 km long according to the LIWL chosen from those of standard IEC 60694 for two values of
the tower footing resistance.

With a target MTBF for insulation failure of 1000 years, as for GIS, this leads to the selection of a LIWL of at
least 1425 kV whilst accepting the constraint of limiting the tower footing resistance of the last five towers to
less than 10 ohms. Naturally, the use of lightning arresters with a lower protection level and/or additional
arresters inserted within the GIL or in parallel with the insulator strings of the tower 1 would greatly reduce
the voltage stresses caused by back flashover, thus increasing the MTBF. In the EDF case these additional
measures can be avoided.
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Figure 26 : MTBF due to fast front overvoltages due to lightning versus the
LIWL of the 420 kV GIL for two tower footing resistance values.
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4.3.2. Another 420 kV-system study for 1 km and 10 km GIL length

As examples the overvoltage stress for two projects of 420 kV GlL-application (1 and 10 km long) between
overhead lines will be shown. The study has been carried out to examine the maximum overvoltages due to
different lightning strikes [48]. The results show the general overvoltage behavior and can be interpreted for
other system arrangements.

The GIL connection between two 420 kV-overhead lines is integrated in a typical surrounding for
investigation of the voltage stresses inside of the GIL due to the conditions of lightning strikes on the
overhead lines.

The figure 27 gives an overview upon the system studied. The GIL section is connected at both sides to
overhead lines of different design and different overhead shielding wire systems.

4.3.2.1.0verhead lines

The line on the left side of GIL has two shielding wires and the nearest towers have heights between 45 m
and 59 m (Tower No. 11 to 13). On the right side of GIL the tower height is 25 m to 34 m (Tower No. 14 to
16) with only one shielding wire. The surge impedance of the lines and the grounding resistance’s of the
towers are given in figure 27.
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Figure 27 : Studied configuration with lightning strikes on the overhead
lines

4.3.2.2.GIL with integrated surge arresters

The GIL has a length of 10 km respectively 1 km with a surge impedance of 58 Ohms. It's connection to the
open air system has an impedance of 300 Ohms.

At both ends of GIL surge arresters has been integrated, that means metal-enclosed arresters are directly
connected to the GIL. The surge arresters has been selected with an extreme low protective level for using
the advantage that the GIL itself has no active elements which can produce overvoltages. The arresters have
only to protect the GIL from surges coming from the overhead lines. The rated voltage U, of the MO surge
arresters is 322 kV. They are selected for a continuos operating voltage U, = 255 kV. The lightning impulse
residual voltage is 740 kV for a lightning impulse current (8/20 ps) of 10 KA.

4.3.2.3.Circuit conditions and lightning strike applications

Two circuit conditions has been studied. The first one is the energy transport, that means both GIL ends are
connected to the overhead lines; the second condition is with one end open, that means an open
disconnector between GIL and the overhead line at the opposite side of lightning strike application.

Different points of lightning strikes have been investigated for shielding failures and back flashovers. In both

cases close-up strikes are of main interest because of the steepness and amplitude of the surges reaching
the GIL entrance. Remote strikes cause lower voltage amplitudes inside of GIL as the calculations show
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(indicated with Remote in table 11). The shape of the remote strike-surges has been assumed to be
according the lightning impulse test-voltage (1,2/50 ps) without damping effect on the line.

Table 11 :
Maximum overvoltages and their location inside the 10 km GIL for different lightning strike
applications during energy-transport situation

Lightning strike Maximum voltage peak in kV
Location Peak 0-500 m 500-5000 | 5000-9500 [ 9500-10000
m m m
Remo 2000 kV 530 541 709 716
te
N1 35 kA 548 488 504 664
Near N2 35 kA 572 515 665 692
N3 35 kA 868 796 991 996
11| 200 kA no back flashover
Tower 12| 200 kA 511 502 721 721
13| 200 kA no back flashover
Remo 2100 kv 795 766 596 596
te
N4 18 kA 904 901 845 770
Near N5 18 kA 880 664 676 688
N6 50 kA 749 651 560 610
14 | 200 kA no back flashover
Tower 15 200 kA no back flashover
16 | 200 kA no back flashover

According to the different overhead line designs on both sides of the GIL shielding failures (indicated with
Near N1 to N3 in table 11) with a current amplitude of 35 kA with points of strikes between the first and the
third tower has been assumed for the left side line. On the right hand side of GIL lightning strikes due to
shielding failures with 18 kA between the first two towers has been investigated and additionally a strike
between third and fourth tower with 50 kA.

For the investigation of back flashovers strikes of 200 kA into the three towers nearest to the GIL entrances
at both sides has been assumed.

4.3.2.4.Results

Due to travelling wave effects and reflections the incoming surges cause time-dependant voltage stresses
inside the GIL between the conductor and the enclosure. For certain locations the voltage shape versus time
have been plotted. Due to travelling wave effects the entrance and the end of GIL are of main interest, as
well as the location where a superposition of the travelling waves can take place. For giving an overview
upon the stresses between conductor and enclosure due to different types of surge generation the GIL has
been divided into sections. The highest voltage amplitudes during the time-period of travelling wave effects
per section have been pointed out. The maximum voltage amplitudes for the "energy transport”-condition
shows table 11.

The highest voltages are generated by the shielding failures N3 nearest to the GlL-entrance. The voltage
versus time curves for the different locations indicated by the distance from the entrance are plotted in
figure 28. The much lower overvoltages at the strike-point N5 in comparison to N4 which is only 110 m far
result in the fact that here the tail of the overvoltages is chopped by flashover to ground. This leads to a less
stressing superposition of the travelling waves.
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Figure 28 : Voltage distributions versus time inside of a 10 km GIL for a
shielding failure of 35 kA near to the entrance (N3)

The travelling wave effect can be seen clearly be this calculation. The incoming surge at the entrance is
immediately limited by the surge arrester, which is very near to the entrance. The discharge current of the
surge arrester of 18 kA leads to a residual voltage of 810 kV crest (figure 28). The voltage shape has a front
and also a tail time of approximately 5 ps. The surge passes the locations 250 m up to 7 km (measured from
the entrance) without any disturbances. Only when it passes the area 500 m to 250 m before the end (9,5 km
and 9,75 km) the shape changed due to the superposition of the passing surge and its reflected part coming
back from the end. The peak value reaches nearly 1000 kV. At the end of GIL the peak value is limited by

the surge arrester below 800 kV. The surge amplitude travelling back to the entrance is comparatively small,
which can be seen from the voltage shape between 60 and 80 ps.

In comparison to the circuit condition "energy transport” the voltage distribution of the condition with "Open

end” is very similar. The only difference is a slightly different reflection behavior leading to less than 5 %
higher amplitudes near to the end of GIL (9,5 km).

The figure 29 shows the voltage distribution for a GIL of only 1 km length for the same shielding failure. The
shape of the voltage stress versus time at the entrance and at the end is quite the same as in the 10 km GIL.

Due to the shorter length the superposition takes place nearly all over the whole length. The maximum
amplitude is also about 1000 kV in the center and below 800 kV at the ends.

39



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex B — Insulation Coordination 40/90

? Voltage
1400 : - : - :
E om —m—— 7m ~——=———= 250 m T ——— 450 m T T T -
120034— Entrance ____ [ Surge arrester
kv E |
1000 i :
N H
800 M
600 / , t
E g %
400 //; W] :
200 - /L \x £
77 AW <
// 4 w \ S
o . Y £ : A S i
-200 1
-400 -
T T T T T T T T T
<] s 1o 1s 20 25 30 3s 40 4s 50
Volt Time (micro second) —=—
t oltage
A T T
1400 :
4T 500 m 550 m f————-—- 750m —— ——  1km r-—-—- =
1200 End of GIL
kv = B
1000 ,/L\
" soo B ey
E /_,- -—.
600 i =
2 ﬂ ‘\ ~ \_
400 o = N\ v
200 ; /L ‘\‘\,\o\
7 = - Py Z
0 /'/'/ = N<\;\ ;}J/W%\ e T
S = S = - 27 Z
“\XM‘){'\/ -
-200 T
~-400
T v T
o 5 10 1s 20 25 30 3s 40 45 50
) Time (micro second) —=
A Discharge current
20— -
i:z : 7m_?-———-—— 9983 mMo====———
xa 17 -
162
1s i
14 {
133 ; 1\
123 R ~
11 <
113 I X
9 3 IER W
g 3 [ \
8 - ;
& 3 AN ‘
o 3 / G s
3 / T A
33 / : 1A
33 A Y .
2 I 1
° N
¢ T - T T T T - v T T
o s 10 is 20 2s 30 3s 40 a5 50

Time (micro second) ———

Figure 29 : Voltage distributions versus time inside of a 1 km GIL
for a shielding failure of 35 kA near to the entrance (N3).

4.3.2.5.Parameters influencing the overvoltage stress

The steepness of a surge as well as the tail depend on the strike current characteristic and the distance of
the struck point from the GIL entrance. Base for the calculations are the general admitted knowledge about
lightning current characteristics from CIGRE WG 33.01. Variations of possible steepness of the strike
currents does not effect the maximum amplitude of the voltage stress inside GIL but only the location and
duration where the maximum stress occur. Only multiple strikes with largely higher steepness of the second
and following strikes can effect the reflection behavior unfortunately. But because the amplitudes of this
following strikes are distinctly lower than the first strike they can be excluded for the investigation of
maximum stress inside of GIL.

In the study only at tower 12 back flashover occur. All 200 kA lightning strikes to all other tower did not lead
to back flashovers due to the relatively low earthling resistance of the towers in the investigated surrounding
of this study and the high insulation level of 2000 kV of the line.

Other configurations as cables or GIS-substations connected to the GIL will decrease the stress-income to

the GIL. If they are connected to the entrance of GIL all considerations of lightning impulse stress inside of
GIL can be reduced to lower levels.
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For the end of GIL the connection to an open end is the worst case as the circuit-condition "open end” in the
study shows. The result is valid for open ends in GIS-technique as well as for connections to open air
equipment. A connection to GIS without open end is at the lowest stress level due to the nearly same surge
impedance of GIS. Nearly no reflections will take place. Closed connections to cables and open air will be in
between this two extreme assumptions.

As the results of the study show (see table 11) the maximum stress occur only at certain locations inside of
GIL where the superposition of the travelling wave leads to the highest amplitudes. A measure for reduction
of this only locally stress enhancement is to place additional surge arresters at this locations. They will
reduce the locally limited high stresses so that a dimensioning of the whole GIL according to the maximum
possible voltage level can be avoided. The table 12 shows the reduction of more than 100 kV due to
additional integrated surge arresters for this study.

Table 12 :
Overvoltage reduction by use of additional surge arresters at the location of highest voltage
amplitudes inside GIL and on the towers.

Configuration Surge arresters max. fast-front overvoltages
due shielding failures
GIL Towers 35 kA
GIL between two 2 996 kV
overhead lines
4 867 kV
4 2 842 kV

A further reduction of the overvoltages can be achieved by using surge arresters on the first towers. The
reduction in the studied configuration amounts further 25 kV (table 12). For other applications where back
flashovers due to higher tower resistance’s are a problem surge arresters on the towers can extremely
reduce the probability of back flashovers [49].

4.4. References of chapter 4
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5. Risk assessment method for Insulation coordination of GIL:
Determination of the coordination withstand voltage and choice of the
insulation level

5.1. General overview

Rigorously, as there are four different categories of overvoltage stresses, the IMFR derived in § 2. for the
whole insulation coordination process should be again split in 4 according to the frequency of occurrence of
the four different categories of overvoltage stresses. Thus each of the four classes may have a different
acceptable failure rate for each of the 4 classes of overvoltage stresses:

e Temporary Overvoltages for the choice of the Power Frequency Withstand Level (PFWL),
« Slow Front Overvoltages for the choice of the Switching Impulse Withstand Level (SIWL),
* Fast Front Overvoltages for the choice of the Lightning Impulse Withstand Level (LIWL),
« Very Fast Front Overvoltages if needed.

The last class could be disregarded for GIL as it has been disregarded for GIS (except for disconnectors
during switching). Thus the failure rate for the whole insulation coordination process should be split in only
three IMFRs.

As already mentionned in the general insulation coordination process (figure 1) the determination of the GIL
insulation characteristic for each of the 3 remaining overvoltage classes has to be done:

< self restoring, not self restoring or mix aspect of the GIL insulation,
e discharge probability function of the insulation,

« and the associated chosen test procedure for type, routine and on site test: this choice
characterized the discharge probability associated with the test voltage levels.

So in the following before to deal with the voltage and overvoltage stressing aspect and the safety factor
aspect, this important aspect of insulation characteristic for the insulation coordination of GIL will be
presented.

5.2. GIL insulation characteristic

5.2.1. Discharge probability associated with test levels

IEC 60071-1 assumes that the type test or routine test or on site test withstand voltages are associated with
a discharge probability (Dpr(w)) of the equipment insulation which depends on the self or non self restoring
state of the equipment insulation:

e 0% discharge probability is associated with the PF, Sl or LI test voltage in case of non self
restoring insulation,

e 10% discharge probability is associated with the SI or LI test voltage in case of self
restoring insulation.

As for GIS, the GIL internal insulation is mix, both self and non self restoring for test conditions and that is
ambigous. Up to now for type, routine or on site tests of GIS the self restoring aspect in test conditions has
been taken into account. For impulse tests, the 2/15 impulse test procedure (allowing 2 internal discharges)
has been chosen for GIS and for GIL leading to associate the discharge probability of 10% with the test
voltage amplitude for Sl and LI.

For PF test, the situation is less clear and has never been cleared for GIS. Indeed, normally, a PF testis a 0
discharge test and thus the discharge probability associated with the test voltage would normally be 0%. If
this is for sure for internal non self restoring insulation (measuring transformers, transformers) as in case of
discharge the piece of equipment is definitively rejected, it is far to be true for self restoring insulation such as
GIL or GIS. In fact, for GIL as for GIS, in case of discharge during a one minute PF test the test is generally
immidiately repeated a second time; if during this second chance, there is no discharge the GIS or GIL piece
is considered as having a 0% discharge probability at the PF test voltage. Or one should not forget that the
statistical meaning of a test is different according to that the test procedure is intended to be repeated or not.
Thus for internal self restoring insulation the discharge probability associated with the PF test is not 0%.
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Indeed it is clear that the insulation "margins" added by the manufacturer to the insulation requested to just
pass the test are different in case of non self restoring internal insulation and in case self restoring internal
insulation: in the second case the additional cost of a repeated test is nothing compared to the saving. Thus
the meaning of the PF test is completely different. So for the "same" test and same requested standard
whistand voltage, the actual initial withstand voltage of an internal non self restoring insulated equipment will
be generally higher than the actual initial withstand voltage of an internal self restoring insulated equipment.

In order to derive a discharge probability of the self restoring part of the GIL insulation to associate with the
PF test voltage let us consider the probability that a self restoring insulation equipment has to pass the 2/15
impulse test procedure.

For the 2/15 impulse test, if the Uy, of the insulation tested is equal to the test voltage, the insulation has
80% probability to pass successfully the test. Of course to derive a discharge probability associated with
80% probability to pass a PF test of one minute, one has to make assumptions:

« of the discharge probability function of the GIL insulation: here Weibull probability function
truncated at 42 [50]; z,=2Z/Uso being the coefficient of variation of the discharge probability
of the insulation [51], [52], [53],

« of the duration D of the temporary overvoltage stress that the PF test intends to cover:
here D has been chosen to 1 second leading for a one minute PF test to a 0/60 test (no
discharge for 60 applications of a 1 second voltage equal to the test voltage).

With these assumptions, the figure 30 displays the probabilities to pass different tests as a function of the
(Uest-Uso)/Z, Uest being the test voltage, Usg being the amplitude for which there is a 50% discharge
probability of the insulation and Z being the standard deviation of the discharge probability function.
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Figure 30 : Probability of an equipment sample to pass different test
procedures as a function of the ratio (Utest-U50)/Z, with Utest
being the applied test voltage, U50 being the amplitude for
which there is a 50% discharge probability of the sample
insulation and Z being the standard deviation of the discharge
probability function of the sample insulation assumed to be a
Weibull law truncated at 4Z.

The afore mentionned criteria of 80% probability to pass successfully a 1 minute power frequency test (0/60
test with no resuming in case of discharge) leads to a 0.5% discharge probability of the insulation to
associate with the PF test voltage figure 30.

If after a discharge of the self restoring insulation of the equipment during a first 1 minute PFtest, the one
minute PF test may be resumed then the accepetd PF test procedure becomes implicitely a 1/10+0/60 or
1/20+0/60 test procedure (one flashover after a 10 second PF application or 20 second PF application and
then 0 flashover during 60 seconds PF application. With the later test procedure, the discharge probability of
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the GIL insulation to associate with PF test voltage amplitude is thus slightly higher than for the previuos test
proceudre (0/60 witout resume): roughly 2% (figure 30).

So the insulation of GIL will be treated as the insulation of GIS: self restoring for the gas part of the GIL
insulation and the relations (11) and (12) will be applied :

Impulse test: U,q = Impulse test voltage (11)

PF test: U, = PF test Voltage (12)

U,p and U, will be called in the following the withstand voltage U, of the piece of GIL considered. In the
folowing the subscript "x" will mean 10% for impulse test and 2% for PF tests (Dpr(x)), but as the withstand
voltage associated with the piece of equipment for type test, on site test or in service is related to different
length of GIL, in order to be precise, at the subscript x there will be added:

« the letter "T" for the withstand voltage associated with the x% discharge probability of the
self restoring part of the insulation of GIL length T: Uyt for type test; nevertheless, as the
name is standardized U, will continue to be written U,,

e the letter "S" for the withstand voltage associated with the x% discharge probability of the
self restoring part of the insulation of GIL length S: U,s for on site test,

« the letter "L" for the withstand voltage associated with the x% discharge probability of the
self restoring part of the insulation of GIL length L: U, for the whole GIL in service
condition.

5.2.2. Relations between the withstand voltages Uy of the piece of GIL for type test, on site
test and whole GIL link

For GIL (but also for large GIS) the lengths T of the piece of equipment tested during the type test is shorter
than the length S of the piece of equipment tested on site test which in turn is generally shorter than the
length L of the GIL in service. Due to the area effect or said in other words due to the fact that for a GIL
length L there are M s (=L/S) identical insulations in parallel, the withstand voltage of a GIL length L, as the
ones in service, will be lower than the withstand voltage of the GIL length S which have been tested on site
[50].

Appendix B: /70 44



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex B — Insulation Coordination 45/90

Number M of parallel insulations

ARy,
I/ )/

Probability of flashover %
Q\
\\
\\
\\m

\N
\\ =N
NEEN

S N\
N \
|

\\

S
AN
\
N
N\
\

X
\

¥y
N/

Ugp4z Ugp3z Ugp2Z UgoZ Usgp
Voltage

Figure 31 : Conversion chart for the reduction of the withstand voltages Uy
(subscript "x" being the discharge probability associated to
voltage U) versus Usy and Z (Usy: 50 % discharge voltage of
one insulation and Z: standard deviation of the discharge
probability of one insulation) in function of the number M of
identical insulations in parallel (Weibull probability function
truncated at 4Zz; z,=Z/Usy being the coefficient of variation of
the discharge probability of one insulation) [50]

To give rough idea of the importance of the phenomena, one must remind that for the GIL, L, Sand T could
range according to the following:

e L :from 500 hundred meters up to tens of kilometers,
e S: between 300m up to 500m,
e T: between 25- to 30 meters.

For such lengths, the ratio M, s, Mst, M_1: will range according to the following:

e Ms (=L/S) : between 1 and 30 (and even more: in [53] GIL length considered are up to
tens of kilometers),

e  Mst (SIT) : between 10 and 40
e My (LIT) : between 10 up to 400 (and may be even more).

For typical values M s of 20 leads to the following relationships for the withstand voltages U;q and U, (10%
and 2% discharge probability voltage) of L and S as shown on figure 31 derived for a uniform voltage
profile along the GIL of length L and assuming for the discharge probability function of the self restoring
insulation of GIL of length S a generalized Weibull distribution truncated at 4 times the standard deviation:

_1-2.6z4
1-1.3z,¢
for z,s = 0.03 or 0.08 p.u. the ratio is 0.96 or 0.88.

10L Uios (13)
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1-3z
= Uy (14)
1_22US
for zy,s = 0.03 or 0.08 p.u. the ratio is 0.97 or 0.9.
1-3.25z
Upse =——— - Uss (15)
1_22US

for z,s = 0.03 or 0.08 p.u. the ratio is 0.96 or 0.88.

Z,s being the coefficient of variation of the discharge probability of the self restoring part of GIL
insulation of length S.

5.2.3. Relations between withstand test voltages (on site, type test) and withstand voltage
of the whole GIL link

As for GIS of highest voltage, for GIL a lot of assembling will be performed on site during the erection and
there will not be any routine test performed on the whole GIL. So each piece of GIL of length S will be tested
on site only before energization of the complete GIL (as for long GIS).

As for GIS, for GIL the ratio between the withstand on site test voltage (U,s) of GIL lentghs S and the
requested withstand type test voltage U, specified for a GIL length T (as for GIS) will be 0.8:

U,s = 0.8 U, (16)

Due to the parallel (area) effect, if each piece of GIL length S is proved to withstand on site Us, it is clear
that the "proved" withstand voltage U,, of the GIL length L after the on site test of the GIL lengths S is lower:

U = Uss I K, = 0.8 Uy I Ky (17)
K, (called here the parallel factor) being larger or equal to 1 depending on the actual Voltage
Profile (VD(V-)) along the GIL of length L for the class of overvoltage considered; K, depends
also very much on the discharge probability x considered and on the coefficient of variation of the
discharge probability of the GIL length S erected in on site conditions.

The figure 32 presents 3 typical Voltage Profiles VD(V) of overvoltage amplitudes along a GIL of length L: (a)
a flat VD(V), (b) a ramp VD(V) and (c) a step or "Dirac" impulse VD(V); for each of these VD(V) and
assuming a same value for the maximal amplitude of the voltage along the GIL, the parallel factor K is
different.

4 a

N //
>0 T C
< b_--

<—S>

< L >

Figure 32 : The 3 typical Voltage Profiles along a GIL of length L ; ZuS
being the standard deviation of the discharge probability
function of the self restoring part of the insulation of GIL of
length S.

In case of flat VD(V), each portion of length S of GIL in service will be stressed equally leading to equal
discharge probability of each portion S. In that case the value of Ky(a) is maximal and can be derived direcly
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from figure 31; Ky(a) depends only on the value of the coefficient of variation of the discharge probability at
the standard voltage shape considered.

In case of peak VD(V), the discharge probability of the most stressed portion S is larger than the discharge
probability of all the other ones and the parallel factor K,(c) will be lower than K,(a) and may reach 1.

In case of ramp VD(V), the discharge probability of a portion S is close to the discharge probabilities of the
two adjacent ones. Thus the discharge probability of all the portions is influenced by the discharge probability
of each portion. In that case the parallel factor K,(c) willl be between the ones of flat (a) and peak (c) VD(V).

Generally speaking, the parallel factor K is a function of:
e theratio L/S

« the standard deviation of the Z,s of the discharge probability of length S of GIL tested on
site,

* the Voltage Profile of the V, along the GIL: VD(V,),
* the standard deviation Z, of the voltage profile in each point of the GIL.

The difference in the three K, values depends very much on the AV (see figure 32). If AV is is larger than
2.5 Z;s, the following relations exist between K values:

1 = Ky(c) < Kp(b) < Kp(a) for AV>2.5 Z;s (18)

For voltage profile along the GIL of length L with AV lower or in the range of 2.5 Z;s, the parallel factor can be
calculated assuming that the voltage profile along L is the flat one (a). From an engineering point of view the
inequality becomes an equality:

1 < Kp(c) = Kp(b) = Kp(a) for AV<2.5 Zs (19)

5.3. Consequence for the safety factor: a minimal value

Disregarding the influence that should have the REX on the choice of a safety factor value and just for the
consistence of the insulation coordination process just related to the overvoltage aspect, for the three
standard voltage shapes the on site tests should prove at least that the withstand voltages U, of the self
restoring part of the insulation of the GIL of length L just assembled is at least equal to the calculated
coordination withstand voltage U, needed in service for the GIL length L. So for the three standard voltage
shapes, the relations (16) and (17) leads to the relation (20) linking the coordination withstand voltage of the
in service GIL U, with the withstand test voltage U,, the piece of GIL of length T on which is performed the
type tests:

) 0.8U,
UXL = x5 = B UCWL (20)
K K
p p
This leads to the minimal value for safety factor K such that:
U K
K,=—% >—F =125K (21)
* U 0.8 P
cwL .

For short length L of GIL (M s<3) for which L = S, K, = 1 and the safety factor K linking U, and Ugy is 1.25,
value recommended for GIS in [54], [55]. This case will no longer be considered in the following.

For long GIL length L (M s<3) the safety factor K will be higher than 1.25 as K, is larger generally than 1 but
indeed depends on the voltage profile along the GIL for in service voltage and overvoltage stresses.

5.4. Overvoltages

This aspect has been treated in § 4.3.
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5.5.  Comparison of Insulation characteristic and representative overvoltage: choice of
UcwL and final Ks value to adopt (associated Uw)

In the first step of the general insulation coordination process, one has to chose the coordination withstand
voltage U, Of the GIL of length L in service. This process can be either deterministic (no risk supposed
accepted) or probabilisic accepting a risk of failure (failure rate) when the GIL of length L is submitted to
representative voltages U,. In addition one can choose a deterministic approach for a given class of
overvoltages and a probabilistic approach for another class of overvoltage.

For each class of overvoltage a safety factor value will be discussed at the light of both the minimal value
needed for consistence of the overvoltage aspect of the Insulation Coordination and the REX. Beside, for the
final choice of the Safety Factor one must keep in mind that:

- for a given voltage stress, flatter is the voltage profile along the GIL higher is the
probability that an occuring imperfections due to global aging becomes a defect
decreasing the GIL withstand voltages below the coordination withstand voltages;

« lower is the Safety Factor higher, is the probability that an occurring imperfection due to
global aging becomes a defect decreasing the witstand voltages below the coordination
withstand voltages.

In any case, the final choice for the GIL withstand voltages U, for the three standard test voltages should be
chosen as far as possible in the IEC 60694 (1996-05) even if the GIL is not a switchgear or at least in IEC ‘—al.

5.5.1. Temporary Overvoltage (TOV, PFWL)

The Voltage profile of temporary overvoltages along GIL of length L in service is flat. In that conditions the
risk of discharge is pratically the same all along the GIL and the parallel/area effect will be maximum leading
to the maximal value for the parallel factor K, which then depends only on:

« the coefficient of variation z,s of the PF discharge probability of the self restoring part of
the insulation of GIL lengths S for on site conditions of erection.

* and the ratio L/S.
For long length of GIL (M s>5), K is larger than 1 (14):
_Uys _1-32,
PTU, 1-2z,

(22)

But as M s may be larger than 20 and taking into account that for IEC the actual discharge probability
intended to be proved by the PF test is x=0.5% leads to adopt [56] in (20) the 0% discharge probability
voltage Uy, of the self restoring part of the insulation of a GIL as conservative approximation of Uyg,:

1-2z, 2° 1-2z,
U,, being in this case the PFWL (figure 33).

oL 0.8U,, (23)

Then the determination of U, is done by choosing for U, a value higher than the maximal amplitude expected
for the temporary overvoltage on the system and then to select in the corresponding IEC standard the suited
PFWL.
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Figure 33 : Variation of the ratio U, /PFWL (=(1-3z.7)/(1-22,7)) and
Uol/IPFWL (=(1-4zys) / (1-2z45) (23)) as a function of the
coefficient of variation z,; of the discharge probability function
for on site erection conditions for lengths S and L of GIL such
that M. s = 20.

In order to help for the choice of an adequate z,r, figure 34 displays the ratio U,s/PFWL and Uys/PFWL as a
function of the coefficient of variation z,; of the discharge probability function for on site erection
conditions for lengths T and S of GIL. Indeed the figure 34 shows clearly that the on site test performed
on GIL sections of length S with a test voltage of 0.8PFWL corresponds to a possible maximal z; of
0.08 p.u. for GIL sections of lentgh T. In fact, figure 34 shows clearly that if z,1 is actually lower than 0.08, the
on site test PF voltage amplitude could be higher than 0.8PFWL. The choice of 0.8PFWL as on site test
voltage implies that the z,; of GIL sections erected on site can reach 0.08 p.u. without being rejected by the
on site test. Compared to the 0.03 or 0.4 p.u. usually admitted for PF for short GIL lengths T, that means that
pollution by free particles or defects is implicitely accepted during on site erection.
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Figure 34 : Variation of the ratio U,s/PFWL (=(1-3z,7)/ (1-2z,7)) and
Uos/PFWL (=(1-4z,7) / (1-22,7)) as a function of the value of z,t
the coefficient of variation of the discharge probability function
for on site erection conditions for lengths T and S of GIL such
that MTS = 20.
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Taking into account the gap between the targeted IMFR and the nowdays expected failure rate of 420 kV
GIL, the Utilities will choose a z,s value between 0.03 and 0.08 p.u. keeping in mind that most of the GIS IMF
occur at the permanent voltage and are due defects resulting from global aging. So the GIL PFWL is a very
important parameter for the reliability of the GIL. The table 13 shows the influence of the value of 7,5 on the
needed value of the PFWL to select and the associated U,, for a 420 kV GIL for two TOV levels.

Table 13 :
Influence of the value of z,5 on the needed value of the PFWL to select for a 420 kV GIL for two
TOV levels according to IEC 60517 Ed.3 1990-10

TOV Zus Ky Ks Uper PFWL Up
0.03 1,07 1.25 404 520 kV 420 kV

1.25p.u. =303 kv | 0.055 1.15 1.25 433 520 kV 420 kV
0.08 1.24 1.25 468 520 kV 420 kV
0.03 1,07 1.25 470 520 kV 420 kV

1.45p.u.=352kv | 0.055 1.15 1.25 502 520 kV 420 kV
0.08 1.24 1.25 543 620 kV 550 KV

5.5.2. Slow Front Overvoltage (SIWL)

As for temporary overvoltage, the Voltage Profile of slow front overvoltages along GIL in service is rather flat
even for tens kilometer GIL. In that conditions the area effect will be maximum leading to the maximal value
for K, which then depends only on the coefficient of variation z,s of the Switching Impulse (SI) discharge
probability function of the self restoring part of the insulation of GIL of length S for on site conditions of
erection.

For Sl the discharge probability associated with the withstand voltage of tests is 10% leading between the
withstand voltage of the on site test GIL lentgth S, U;os and the withstand voltage of the GIL lentgth L, Uiqy,
to a parallel factor K, of (13):

_ U].OS _ 1_ 2'6ZUS

Ky, =
UlOL 1_1'32US

(24)

For the z,, a value of 3% is proposed in [S3] derived from [57]. In that case K, will be 1.04 leading to a
minimal safety factor value of 1.3 (1.25*1.04). As according to the expected REX, the insulation failures due
to slow front overvoltages are rare, the minimal value should be sufficient.

5.5.2.1. Deterministic approach

As the on site test would be performed at 80% of the specified withstand voltage U ps = 0.8SIWL, the
deterministic approach leads to the following general relation:

0.8S/WL
Ui TE K 4VoU SIWL21.25KchdV2 (25)
p
V, being the amplitude of the slow front overvoltage having a 2% probability to be exceeded and
K.q being chosen according to the figure 35.

Applying this method to the data provided in [53] for a 10 km long 420 kV GIL: V, = 718 KV, Ups = 710 kV (SI
protective level of the surges arresters) and S = 500 m leads to a withstand voltage U, for the type test of:

SIWLZ1.25 x1.04 x1.04 x718kV =970kV (26)

which, according to IEC 694, gives a SIWL of 1050 kV. Of course a lower value of Uy,s may lead to
lower SIWL.
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Figure 35 : Evaluation of the deterministic coordination factor K.q for the
phase to earth insulation: Uys being the Sl protective level of
the surge arresters and V., the 2% slow front overvoltage
amplitude [50]

5.5.2.2. Satistical approach

For the statistical approach, the withstand of the GIL length will be the same. For the risk, the IEC @l
suggests for the overhead lines a failure rate of 0.01 down to 0.001 per operation, as the GIL insulation is not
self restoring (in service) it suggested to chose 0.0001 per operation as done in [53]. Such a figure leads for
the 10 km 420 kV GIL discussed in the deterministic approach § 5.5.2.1 to the same SIWL of 1050 kV, but
again a lower value of U,s may lead to lower SIWL.

5.5.3. Fast Front Overvoltage (LIWL)

Contrary to temporary Ovevoltage and slow front overvoltages, for fast front overvoltagse due to lightning the
Voltage Profile along GIL shape can be flat, ramp or peak depending on how far from the GIL impinging end
the lightning flash strikes the overhead line (Reference to Ede part to be put later). Beside for a given
distance the voltage profile along the GIL may be different according to the number of arresters used: only at
both end or at both end and on both side at one kilometer from the entrance (Reference to Ede part to be put
later). Thus the resulting minimal K, value to take will be different.

Nevertheless there is a constant, the highest amplitudes of the voltage profile are roughly located around
one kilometer from the GIL end opposed to the end where the overvoltages impinge the GIL.

In case of peak Voltage Profile along the GIL (case where there is only one arrester at each end of the GIL),
most of the risk of failure will be due to one kilometer and thus as the length S of the GIL on site tested is of
the same order of magnitude than the stressed portion in service, the K, factor is:

K, :—(ijlos =1 (27)
10L

In case of flat Voltage profile along the GIL (case where there are more than one arrester at each end of the
GIL - some along the GIL), the risk of discharge is pratically the same all along the GIL and the parallel effect
is maximum leading to the maximal value for the parallel factor K, which depends only on the ratio L/S and
on the coefficient of variation z,s of the discharge probability of the self restoring part of the insulation of the
GIL of length S.

For LI, the discharge probability x associated with the test voltage is 10%. For a flat voltage profile along the
GIL of length L, the 10% value leads to a parallel factor K, between the withstand voltage of the on site test
GIL lentgth S, Uygs and the withstand voltage of the GIL lentgth L, Uiq, Of:

P UlOL l_ 1'32US

(28)

For the z,, a value of 3% is proposed in [53] derived from [57] and thus K, will be 1.04. The choice of 3%
has been made because in [53] most of the contribution to the risk of failure is due to a peak voltage
distribution along the GIL and thus the risk of failure of the whole GIL is pratically determined by the risk of
failure of a single S legth section. In case of ramp or even more flat voltage distribution higher z,s values
should be chosen to take into account that in that cases the risk of failure of the whole GIL depends not only
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on a unique S length section but on all the S legth sections of the GIL and in that case the probability of a
defect left after on site test or due to aging is indeed higher for all the S length section than for a unique S
length section.

In case of a ramp voltage profile along the GIL, the K, value is between the two former ones and
thus the following can be adopted:

K, = Yios =1.02 (29)
U.
10L

Then, whatever method is chosen (deterministic or statistical) it must be emphasized that the reduction to
expect on the needed requested LI withstand voltage for example of the installation of an additional set of
surge arrester at one kiometers of the entrances and flatening the voltage profile will be indeed reduced
because of the increase of the K, factor.
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6. On site test procedure and associated voltage levels

As already stated, the on site should prove that for the three standard voltage shape, PF, S| and LI the
withstand voltage U,s of the self restoring part of the insulation each GIL length S is at least the one needed
to assess that the withstand volatge U, of the GIL length L is at least equal to the coordination withstand
voltage of the GIL. Beside, as for GIS, the on site test voltage applied will be of 80% of the standard
withstand voltage chosen for the GIL. So as in the coordination process, the parallel effect has been taken
into account for each standard voltage shape, the following relation should be verified:

Ues = 0.8 Uy, (30)

But generally on site, only the PF voltage will be applied. In this case, and as recommended in [54], the on
site power frequency voltage UPF,s should not be related only to the PFWL of the GIL but through the test
conversion factors K; of the GIL insulation it should be related to the withstand voltage which most influences
the GIL design. That is to say, that the power frequency on site voltage UPF,ss may be higher than 80% of
the PFWL according to the respective values of the the conversion factors K; and the chosen withstand
voltages:

UPF,s:=0.8Max(PFWL, LIWL Kipgi, SIWL Kipg/si) (32)

In this respect, depending on the rated voltage of the GIL, the UPF,s; may be higher (table 14) in case of
N,/SFg gas mixture insulation than in case of SFg insulation as the test conversion factor Kipr of the No/SFg
gas mixtures is higher than that of the pure SF¢ (Ref to Giuseppe Rizzi part).

Table 14 :
Examples of on site Power frequency voltage amplitude UPF,. according to the GIL insulationg
medium and the chosen standard withstand voltages

Test on site test voltage
i Conversion
Withstand voltages factor: Kpgn, (UPF,s)
GIL PFWL=620kV 0.8x620=496
420 kV UPFos = 513 kV
LIWL=1425 kv 2 045 o 0.45%0.8x1425=513
SFs 0.5MPa
420 kV GIL PFWL=620 kV 0.8x620=496
N,/SFs 1 UPF.s = 570 kV
MPa LIWL=1425 kv = 050 = 0.5%0.8x1425= 570

Of course as the test conversion factors K; are evaluated for defect free GIL, this approach disregard the fact
that the behavior of the insulating medium may be different in presence of defects like the well known sharp
protrusions on the HV side which decrease the LIW but not the PFW for GIS insulated with pure SFg; to
account to some extent for that phenomena, the one minute on site power frequency test should be
complemented by measurements of partial discharges (see chapter 8) performed during the decrease of the
test voltage at least at 80% of UPF. during 1 minute but, still during the decrease of the test voltage, also at
a phase to ground voltage equal to the rated voltage of the GIL during 20 minutes.
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7. Long duration test to proof the GIL reliability

To prove the reliability of GIL for its whole lifetime a long-duration test has been proposed. This test has to
be done on a prototype setup which includes all relevant elements of the GIL design with a total length of the
test setup in the range of 100 m. The proposed test program includes mainly a long duration stressing of the
GIL by application of power-frequency high voltage and rated current. The current is applied in several cycles
for stressing the test object by continuous temperature rise and cooling down. The high voltage can be
applied during the current-zero periods or during the whole test cycles, which depends on the test facilities
because of the insulation of the current source. This test is proposed to be carried out one time to qualify the
general design of a GIL.

The main subjects of such a test are the following:

< Handling and erection under on-site conditions (Preparation of welding, welding of the
tubes, cleanliness, handling of tools and material on small or otherwise uncomfortable on-
site areas)

« Investigation of the thermal behaviour of the whole system (max. temperature of conductor
and enclosure, environmental temperature, movement of compensating elements and
sliding contacts)

« Prove of the lifetime reliability of the insulation materials(power-frequency high voltage
application with a value and duration high enough, to prove the stability for the GIL
lifetime; twice the service voltage for 2000 h are proposed)

After erection and after long duration testing: prove of the insulation withstand capability (with impulse and
power-frequency voltage of suitable values).

Is there a real need of the long duration test? For handling and erection there is a need, if new technologies
are used, which cannot be tested under other realistic conditions at smaller sections. A short duration test for
quality control after that is sufficient.

The thermal behaviour cannot be tested on single elements in the laboratory in any case. Thinking of buried
GIL, they will show a quite different behaviour than in a test setup without covering with concrete or sand; but
a lot can be done by calculations in that case. In any case for investigation of the thermal behaviour a short
duration test of several hours will be sufficient. The relative movement of parts by several times of
temperature rise can be simulated by special test equipment like mechanical oscillators. They can show the
reliability of moving parts, like for example sliding contacts.

Concerning the life expectancy of the insulation materials a comparison to GIS has to be drawn. For the gas
insulation, neither for SF¢ nor for mixtures any ageing effects are known in a sound system. For the solid
insulation like spacers and gas-barriers the quality is dependent on the material and the manufacturing
process. Because insulators have been used in GIS for long time now with in general good experience the
established technique of manufacturing on that field should be large enough to cast insulators for GIL. The
stress during lifetime will be quite the same. If manufacturing processes and quality control are the same as

for GIS there is no need of carrying out long duration tests specially for GIL.
If GIL is a new technique for a manufacturer the erection of a suitable long test setup and carry out of a

quality control tests can be helpful. In the beginning of the GIS technique also large test set-ups like
complete bays or even substations has been investigated in laboratories as a design study. Meanwhile this is
not necessary du to the manufacturers experiences. The same can be transferred to GIL technology.

The new item to use a gas mixture instead of pure SF6 is no reason for long duration testing, the solid
insulation can be treated like new GIS insulators. Experience concerning erection and handling on-site can
be drawn from experiences from GIL with pure SF6 which have been a well known technique for more than
twenty years [58] or less with recent technologies [59].

About recent developments and GIL designs and tests has been reported during the CIGRE Session 2000.
The main features and tested parameters has been gathered in table 15 (see Session reports: A [60]; B [61];
C1[62]; C2 [62]).

Furthermore it has been reported about several special measurements during the long duration tests:

« check of mechanical stress of enclosure
« record of soil-temperature
e record of movement due to current-cycles

e observation of corrosion protection
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One type is a study on a 145 kV prototype with a polymere enclosure. The other four presented types of GIL
are types with an aluminum enclosure for rated voltage 400/420 kV. All are single phase designs with
N2/SF6 gas mixture (80 —90 % NZ2) as insulating medium. Except one the GIL-types are designed for direct
burying, one is for installing in a tunnel. The table 15 1 gives an overview about the parameters of the long
duration tests for the different GIL designs.

Beside the GIL designs with gas mixture insulation the 275 kV GIL for Shinmeika-Tokai Line (Japan) with
pure SF6-insulation has been included in the table [63]. This GIL is already in service since 1998 (ref [7] of
paragraph 1&2).

Test set-ups of all types in the range of hundred meter has been investigated in long-term tests with the
intention to test the erection on site (all are welded on site) and to show the mechanical, thermal and
electrical long-term behaviour. The voltage and current application has been chosen depending on the test
facilities and specified ratings with the aim to prove a lifetime of 50 years in service.

Table 15 :
Parameters of long duration tested GIL designs
Type A [60] B [61] C1[62] C2 [62] D [59], [63]
Ratings
Rated voltage 145 kV 400 kV 420 kV 420 kV 275 kV
Nominal power 670 MVA 2000 MVA 2250 MVA 2250 MVA 2850 MVA
PF-withstand 275 kV 620 kV 460 kV
voltage
LIWV 650 kV 1425 kV 1300 kV 1425 kV 1050 kV
SIwWvV --- 1050 kV 1050 kV 1050 kV
Nominal current 2800 A 3150 A 3150 A 3150 A 6300 A
Short time 63 kA 63 kA 63 kA 50 kA/2 s
current
Pressure 0.6 MPa 0.8 MPa 0.7 MPa 0.7 MPa 0.4 MPa
Gas mixture 10/90 % 10/90 % 20/80 % 20/80 % 100 % SF6
SF6/N2
Design
Application buried buried tunnel buried tunnel
Phase/enclosure Single Single Single Single Single
phase in phase in phase in phase in phase in
Polymer aluminum aluminum aluminum aluminum
enclosure alloy alloy alloy alloy
enclosure enclosure enclosure enclosure
Long duration and other tests
equivalent with 50 years 50 years 50 years 50 years
time in service
Length 31l m 3- 300 m 1- 70m 1- 100 m 1- 140 m 1-
phase phase phase phase phase
Gas mixture 10/90 % 10/90 % 20/80 % 20/80 % 100 % SF6
SF6/N2
Pressure 8 bar 0.4 MPa
Voltage 145 kV 400 kV 480 kV 480 kV 235 kV
duration 3120 hours | 6000 hours 2575 hours
continously | continously continously
Current 2900 4000 A 3200 A 3200 A 6300 A
A/3700 A |22 hours per daily cycles
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daily cycles day
3 — 4 weeks
Application AC AC voltage and | voltage and AC
continously | continously current in current in continously
Current Current cycles cycles current in
separete in | separete in total 2500 total 2880 cycles
cycles cycles hours hours
Commissioning [AC: 275 kV;| AC: 570 kV | AC: 630 kV; | AC: 504 kV; | AC: 460 kV
test PD PD PD PD
LI: 650 kV LI: 1300 kV | LI: 1140 kV Ll: 1050
SlI: 1050 kV (for each
unit)
Final test not jet --- AC: 630 kV; | AC: 504 kV;
PD PD
LI: 1300 kV | LI: 1140 kV
S-1050 k\L
Intermediate --- --- SI: 1050 kV | LI: 1140 kV
testing every 480 h | every 480 h
Repair test --- Cut out a Cut out a Cut out a
section section section
with again with again with again
commissioni [commissioni | commissioni
ng test ng test ng test
Special Check of Properties of
measurements mechanical SFe
stress of PD; Acoustic
enclosure: emission;
record of mechanical
soil- stress of
temperature enclosure
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8. Monitoring and Diagnostics of PD in GIS and GIL

Small defects in SF6 gas-insulated substations (GIS) like fixed particles (fixed to conductors or
on spacer surfaces) or free particles can influence the insulation strength of the insulation
system. The analysis of this influence is often divided into four steps: detection, identification,
location and risk assessment of the defect, which are dealt with in the following.

8.1. Assessment of the insulation condition

Small defects in SF6 gas-insulated substations like fixed protrusions on the conductors or
spacers or free particles can influence the insulation strength of the insulation system. The
assessment of the influence of such defects on the insulation condition in GIS is often divided
into four steps: detection, identification, location and risk assessment of the defect. A similar
procedure can be followed to assess the insulation condition of gas-insulated lines.

8.1.1. Detection

To detect PD in GIS the following measuring systems are used:
e conventional measuring systems based on the IEC 270 recommendations [64];

e acoustic measurements using externally mounted acoustic sensors which detect the
acoustic signals emitted by a PD source [65];

« modern VHF/UHF measuring systems which use narrowband or wideband filters: detection
in a frequency range up to several GHz, which system has been introduced over the last
decade during on-site tests [66], [67], [68] and [69];

« other methods for example based on chemical or optical properties of PD processes [70].
8.1.1.1. The IEC 270 measuring system

During routine tests and tests after installation of high-voltage equipment, only a PD measuring
circuit that complies with one of the world-wide used standards (for example according to the IEC
270 recommendations [64]) is acceptable. Most commercially available narrowband and wideband
PD detectors measure the PD signals using frequency ranges up to a few hundreds of kHz. The
measurement of discharge levels is in pC according to the IEC 270 recommendations. Such PD
detection circuit is composed of a coupling capacitor, a coupling device and a PD detector, Figure
36.

High voltage

—% Coupling capacitor

GIS

Figure 36: PD measuring circuit according to the IEC 270
recommendations [64].

In testing practice, the evaluation is restricted to measuring the inception voltage and largest PD
magnitude, which are both compared to the test specifications. Although these are the only
standardized PD parameters for acceptance of high-voltage equipment, more information can be
obtained by an analysis of the PD pulses with respect to the phase angle of the sine wave: the
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phase-resolved PD pattern. Phase-resolved PD analysis can enforce the diagnosis. Statistical
analysis and cluster analysis, in particular fractal analysis and tree analysis [71] and [72], have
shown to be successful evaluation processes, which have been adapted to the UHF range [82].

8.1.1.2. The VHF/UHF system

As shown in [69], the lowest frequency components of the PD signal (up to several hundreds of
kHz) have to be measured to get geometry independent information of the apparent charge of the
PD. Unfortunately, due to external noise, which is frequently present in the field (on-site/on-line)
in these low frequencies, the use of the conventional test circuit, as recommended by the IEC 270
[64], is quite difficult. To solve this problem and to achieve a sensitive measuring circuit for on-
line testing of GIS, a VHF/UHF detection system has been introduced [67], [69]. It has been
shown that this detection system has about the same sensitivity as the IEC 270 system [73], [74].
8.1.1.2.1.The VHF System

The VHF detection system is based on the detection of travelling electromagnetic waves (em-
waves) in the VHF frequency range of 100-300 MHz. In this frequency range, there is only little
damping of the em-waves in the GIS. The principles of the wide-band VHF PD measurement
system are shown in Figure 37. A sensor (3) with a coupling capacitance C; and a stray
capacitance to ground C, (~10-100C,) is connected to a signal conditioning unit (4). The filtered
PD signals are fed into a PD detector (5).

The advantages of this wide-band technique are [69]:
< less influence of disturbances than a conventional PD detection system;
« the measurement system can be calibrated;
* independent of the layout of the GIS (to the first order).

Pulse shaping
4)

PD Detector

5) SraTEEEn S

S| SN S S SRS S )

Figure 37: Five important parts for the VHF PD measuring technique:

1) the discharging defect

2) excitation of travelling waves
3) transfer function of the sensor
4) Pulse shaping

5) Data processing.

8.1.1.2.2.The narrow band UHF system

The narrow band UHF detection circuit operates in the frequency range between 300 and 1800
MHz. It is composed of a UHF coupler (which can be fitted either internal or external), a spectrum
analyzer (SA) and a computer for data processing. The UHF coupler picks up the electromagnetic
waves as produced inside the GIS enclosure by each PD pulse, see Figure 38.
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The main advantage of the narrow band VHF/UHF system is the possibility to suppress external
noise and disturbances by selecting a frequency range with a sufficient signal-to-noise ratio and
lowest influence of disturbances, see Figure 39a [67].

Figure 38: Four important parts for the UHF PD measuring technique:
1) the discharging defect
2) excitation of travelling waves
3) transfer function of the sensor
4) data processing.
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Figure 39: PD patterns measured for a protrusion fixed to the high-voltage
conductor:

1) with the narrow band UHF system;
2) with the wide band UHF system.
8.1.1.2.3.The wide band uhf system

In addition, a wide band UHF system has been introduced [75]. This system measures the time
domain signal in a frequency range from 500 MHz up to 1500 MHz. Using wide band amplification
of the signal, an increase of the signal-to-noise ratio can be expected. On the other hand
however, more influence of disturbances cannot be excluded, see Figure 39b.

8.1.1.3. The acoustic system

As the name suggests the method is only able to detect defects, those in some way emit sound.
Sound is emitted from defects that have been activated by the applied voltage, e.g. protrusions
with discharges and impacts from moving particles. The signals propagate from the source to the
sensor located at the outside of the enclosure.

Two basic ways of signal excitation exist: pressure waves or “explosions” in the gas from
discharges, and mechanical impacts of particles on the enclosure or movement of metal
structures (e.g. conductor, bolts).
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8.1.1.3.1.Mechanical impacts

A particle hitting the inner surface of a GIS generates a wide band acoustic signal (i.e. > 1 MHz).
In the enclosure several wave types and —modes can be excited [65], [76]. The resulting wave will
in principle depend on the frequencies generated and the thickness and material of the enclosure.

8.1.1.3.2.Pressure waves

A discharge acts as a local “explosion” due to current pulses creating and heating gas plasma. As
the current pulse lasts only tens of nanoseconds the source will be wide band. The sound waves
are generated in the gas and have to propagate to the enclosure before the excitation of the
enclosure follows. When the pressure wave hits the enclosure there has to be coincidence
between the wavelengths in the gas and in the enclosure along the interface to get sound
transmitted into the enclosure. The phase velocities determine this interference [65].

The gas acts as a low pass filter depending on the gas pressure as shown in Figure 40 [77].
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Figure 40: Sound absorption in SF6.

For detection accelerometers or acoustic emission (AE) sensors can be used. There is good
experience with AE sensors with a resonance in the 30-40 kHz regime [78]. Compared to the
conventional discharge detection method, the relevant AE sensors have characteristics with lower
pulse resolution capabilities.

8.1.1.4. Other detection methods
8.1.1.4.1.0ptical detection

In principle, the photon emission of partial discharges can be used for PD detection. Light
measuring instruments like photodiodes or photo-multiplier tubes of extremely high sensitivity are
available. The application of such a system is restricted because of the high light absorption in
SF6, which increases with the gas density. The resulting high number of sensors which have to
be installed necessarily in a real GIS for an effective PD detection system does not permit an
application in practice [79].

8.1.1.4.2.Chemical detection

Under the action of arcs and discharges SF6 gas decomposes. The initial arc-decomposition
products are metal fluorides, sulfur tetrafluoride and lower fluorides of sulfur. Specific information
about gas decomposition by-products can be obtained by gaschromatography. As described in
[79] the chemical method can also be used successfully to detect PD, provided that PDs develop
for a relatively long time interval and with a high repetition rate. It may be effective with fixed-type
defects while the sensitivity may be less for free particles. The sensitivity may be low in long
ducts, depending on the by-product diffusion down a long chamber, which often includes
impediments (spacers). In addition, when using detector tubes, interpretation problems may arise
when different electrical phenomena are present in the same compartment (e.g. PD and arcing by
disconnector operations). Other problems may arise when using the chemical method because of
desiccants and absorbers in the GIS chambers in service, with consequent drastic reduction in
by-products [79].
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8.1.1.5. Suitability for practical use in GIL

For in-service monitoring, all diagnostic techniques are applicable. For monitoring during
commissioning, the chemical method is not suitable because time is needed to produce by-
products in a concentration high enough to be detectable [79]. In case the GIL is buried, it will be
rather difficult to apply acoustic detection. In the case of the UHF method, couplers can be
permanently mounted. However, a coupler is necessary after approximately every 7th conical
spacer to obtain enough sensitivity. The resulting high number of UHF couplers which have to be
installed in a real GIL for an effective PD detection system can make the application of
continuous UHF monitoring less practical. The em-waves in the VHF range have less attenuation,
and therefore the VHF measuring technique offers a more practical solution for sensitive PD
detection in long GIL.

In the following tables, overviews of the sensitivity of different detection methods to find critical
defects are given [80].

From Table 16 can be concluded, that it is possible to detect critical defects in a 420 kV GIS,
using a PD detection circuit according to the IEC 270 recommendations.

Table 16:
Detection of critical particles according to IEC 270 in a laboratory setup [80].

Defect Critical length | Detection in 420 kV
GIS

Free particle 2-5 mm 3 mm

Protrusion 1-2 mm 1 mm

Particle fixed on spacer || 2-3 mm 3 mm

Floating electrode - Yes

Void in spacer - Yes

Table 17 gives an overview of the possibility to detect critical defects on-site with different
detection methods. From the table can be concluded that most critical free particles can be
detected. Protrusions are very difficult to detect and critical particles fixed to a spacer cannot be
detected at all.
Table 17:
On-site commissioning testing on 420 kV GIS with a sensitivity of 5 pC at an AC test voltage of
0.36xLIWL[80].

Defect Critical length IEC UHF Acoustic
Free particle 2-5 mm 5 mm 5 mm 1 mm
Protrusion 1-2 mm 2 mm no no
Particle fixed on 2-3 mm no no no
spacer
Floating electrode - yes yes yes

Table 18 shows the sensitivity of on-line monitoring of a 420 kV GIS using the UHF technique.
From the table can be concluded that it is possible to detect free particles, electrically floating
electrodes and voids in solid material. It is not possible to detect critical particles fixed to
conductors or spacers. However, such defects are removed during commissioning testin
Table 18:
On-line monitoring of 420 kV GIS using the UHF technique [80].

Defect Critical length Detection in 420 kV GIS with
UHF

Free particle 2-5 mm 5 mm

Protrusion’ 1-2 mm 8 mm

Particle fixed on spacer | 2-3 mm 12 mm

Floating electrode yes

Voids in solid material yes

*These defects are removed during commissioning

Similar sensitivities can be expected in GIL. Moreover, it has been shown that free particles can
effectively be removed in GIL using particle traps [81].

8.1.2. PD identification

Until recently the industrial standard technique for diagnostic screening for defects in the
insulation system was detection of partial discharges (PD). Sensitivities in the 5-10 pC regime are
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required. However, discharge levels have little relevance to the risk of breakdown. For example,
floating shields produces discharges in the nanocoulomb range while discharges from
protrusions, which are more harmful, are in the picocoulomb range. Pattern recognition has
therefore been developed to compensate for this shortcoming of the conventional PD detection
method. In the following different methods to evaluate PD measurements are described.

8.1.2.1. Electrical measurements

Identification of defects is often based on phase-resolved pattern analysis, see Figure 41 [82],
[83]. However, also the frequency spectra generated by different defects look rather different, see
Figure 44 [84].

8.1.2.1.1.Phase-resolved pd patterns

Correlating the PD signals to the 50 Hz waveform of the applied voltage results in phase-resolved
PD patterns, see Figure 41. It is known that a relationship exists between the shape of
phase-resolved PD patterns and the discharge source (type of defect) [85]. Each discharging
defect with its geometry, location in insulation, dielectric properties and local field is
characterized by a specific PD sequence. Analysis of these sequences has shown a good means
to distinguish the different discharge sources [85]. To automate this process, several digital tools
are in use to analyze the phase-resolved patterns: statistical analysis and cluster analysis [71].
We have to distinguish between signals emitted from fixed and moving particles. Fixed particles
can produce corona discharges, whereas moving particles can produce both corona discharges
during flight and contact discharges when striking a surface [86]. In addition to physically related
conditions, several parameters like the measuring frequency in the case of the narrow band UHF
system, the choice of PD quantities as well as the statistical tools for discrimination are of
importance.
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Figure 41: a) Typical PD patterns of a 10 mm free particle, a 10 mm
protrusion fixed to the conductor and a 30 mm protrusion fixed
to the enclosure, obtained in 4.5 bar pure SFg and SFg-N»
mixtures with comparable lightning withstand voltages.

b) PD inception voltage (PDIV) and breakdown voltage (BDV)
in case of a protrusion fixed to the high-voltage conductor
relative to the values in pure SFg

In general, after a PD measurement is finished, three steps have to be taken for PD identification:

e Step 1:Feature extraction

e Step 2:Classification

e Step 3:Confidence interval
An overview of different methods, which are commonly used, is given in Table 19. More methods
are in use, such as artificial neural networks [88] or others which cannot be described due to lack
of information, e.g. [89].

Table 19:
Overview of some PD identification methods.
Feature extraction (step 1) Classification (step 2) | Confidence interval (step 3) | Reference

Statistical analysis Centour score Centour score [71]
Fourier-transformation L2-distance Dynamic boundary [87]
Haar-transformation ANN >50% [87]

Walsh Hadamard Fuzzy Dynamic boundary [87]
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An example of the statistical analysis method is given in the following.

Step 1: The feature extraction aims to reduce the dimensionality of the PD patterns by processing
characteristic properties from the PD pattern [71]. Statistical operators, such as skewness and
kurtosis, have been used to derive a so-called ‘fingerprint’ [72].

Step 2: For classification of PD measurements the centour score method has been used [71].
This method uses fingerprint populations of known discharge defects in a database. It compares
the fingerprint of the new PD measurement with the centre of each population.

Step 3: The centour score is defined as the percentile rank of the fingerprints that are further
away from the centre of the known discharge population than the fingerprint of the new PD
measurement. This has been illustrated in Figure 42.

An example of the outcome of the PD pattern classification of an on-site measured PD pattern
with a database developed in the laboratory, is shown in Figure 42.

50% contour
Protrusion

Feature 2

1% contour
Unkown defect fingerprint

Feature 1 >

Figure 42: Contours of the centour score method. Circles: fingerprints of a
protrusion fixed to the enclosure; squares: fingerprints of a
floating electrode [71].

Problems: X0 75 RO 75 |06
Floaling elecirode 56
Profrusion on the anciosure

Figure 43: Outcome of the PD pattern classification using the centour
score method of an on-site obtained PD pattern with a
laboratory developed database.

8.1.2.1.2.Analysis of frequency spectra

With the UHF PD measuring method, a frequency spectrum is measured at one of the couplers
inside the GIS. The shape of this spectrum looks rather arbitrary and highly depends on the type
of radiating source (discharging defect), location of this defect, type of coupler and structure of
the GIS. For example, Figure 44 shows spectra measured for different defects. In this respect,
frequency spectra have to be analyzed for automatic defect recognition [84].
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Figure 44: Different frequency spectra measured for different defects:

a) Free moving particle;
b) Protrusion fixed to the high-voltage conductor;
c) Electrically floating electrode;
d) Protrusion fixed to the enclosure.
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Statistical analysis of frequency spectra results in a feature vector of spectra, consisting of 13
features. These characterizations can be further analyzed using clustering techniques [71]. The
result of such analysis can be visualized in a tree structure, as shown in Figure 45. The purpose
of this analysis is to find groups of similar fingerprints. A detailed description of clustering

techniques can be found in [71].

Figure 45 shows a simplified example how cluster analysis works. Here five feature vectors
consisting of one feature are analysed. First, the two vectors which have the smallest distance
(i.e. which are the most similar) are connected, see Figure 45a. They are replaced by one new
feature vector, for instance by taking the average. In this way, the number of vectors is decreased
by one. These steps are repeated until the last vectors are connected, see Figure 45b-d.
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Figure 45: Example of cluster analysis of fingerprints using the tree-

structure.
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Figure 46: Cluster analysis applied to the characterizations calculated
from the frequency spectra for four different defects: protrusion
fixed to the high-voltage conductor, protrusion fixed to the
enclosure, free moving particle and electrically floating
electrode.

Cutting the tree at a certain level results in four main clusters. Analysis of these clusters shows
that measurements of one type of defect are grouped in each cluster, except for cluster 4. Cluster
1 contains measurements of a protrusion fixed to the high-voltage conductor; cluster 2 contains
measurements of a protrusion fixed to the grounded enclosure and cluster 3 measurements of a
free moving particle.

As indicated in Figure 46, two clusters inside clusters 2 and 4 can be distinguished. Comparison
of the spectra grouped in cluster 2a and 2b did not provide any significant differences to explain
the reason for both clusters. Both clusters found in cluster 4 can be explained: cluster 4b
represents the measurements obtained from an electrically floating electrode while cluster 4a
contains measurements obtained from a free moving particle. Further analysis of the
measurements in cluster 4a showed that these were obtained at the very beginning of the PD
activity coming from a free particle. In this case, very small contact noise-like PD activity was
observed. The PD pattern is rather similar to the pattern of an electrically floating electrode.

8.1.2.2. Acoustical measurements

As with the UHF method, the amplitude of the detected acoustic sighals can be plotted against
the phase-angle of the applied voltage. This results in typical acoustic phase-resolved PD
patterns as shown in Figure 47.
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Figure 47: Typical acoustic phase-resolved PD patterns from [78]:
a) a short thick particle;
b) a long thin particle;
c) a protrusion fixed to the high-voltage conductor;
d) an electrically floating electrode.

For defect recognition, the scheme shown in Figure 48 has been proposed in [78].
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Figure 48: Scheme for source recognition [78]. Discrimination between
the most common sources can easily be done based on some
basic parameters as illustrated in Figure 48. The acoustic
analyzer evaluates the 50/100 Hz periodicity, the signal level,
the variation in the signal level, the PD patterns and the signal
shape.

8.1.3. Location

The (electric or acoustic) pulse emitted by a PD source propagates in both directions along the
GIS, see Figure 49. As a result, the source may be located by measuring the time difference
between the wave fronts arriving at couplers on either side of the PD source: the time-of-flight
technique [67]. For this technique, two sensors (either acoustic or UHF) are used to pick up PD
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signals. To measure electrical PD pulses in SF6 that have rise times as short as a few hundreds
of picoseconds and time differences of a few hundreds of nanoseconds a fast digitizing
oscilloscope is necessary.

Conductor

NS

Coupler 1 B X1 + X2 Coupler 2
X

Figure 49: The principles of defect Ilocation using time-of-flight
measurements. Sensors 1 and 2 pick up the pulses emitted by
the PD source. From the difference in arrival time between
both sensors at the detection equipment, the location of the
defect can be calculated.

The distance X; between coupler 1 and the PD source can be calculated with equation:

X=(X,=X) _X=dX _X-vidt
2 2 2
where X is the distance between both couplers, dX is the difference in the distance between
coupler 2 and the PD source and coupler 1 and the PD source, dt is the difference in the arrival
time of the signal at coupler 2 and coupler 1 and v is the propagation velocity of the signal,

described by:

Xy = (32)

v=—eo (33)

VI Dy &, [
In case of a gas, the propagation velocity approaches the speed of light. However, in a medium of
permittivity €r, such as spacers, the propagation velocity is decreased by a factor proportional to
the square root of er.
Besides above described method is based on electrical measurements, results that are even
more accurate can be obtained by acoustic measurements.

8.1.4. Risk assessment under power-frequency voltage

For assessing the risk of a defect it is necessary to have knowledge about the design of the GIS,
the physical properties of the defect and experience of similar defects from the past. Risk
assessment is the process of establishing information regarding acceptable levels of a risk of a
defect to the insulation system [90]. Critical defects are those defects, which are at the threshold
of being harmful to the dielectric integrity of the GIS under normal operating conditions [79]. Cigre
working group 15.03 is dealing in more detail regarding this topic. Below some of the ideas
discussed in this working group are described.

Here only two examples are shown: free particles and fixed protrusions (either fixed to the high-
voltage conductor or to the enclosure). Work in this field is still going in one of the task forces of
working group 15.03.
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8.1.4.1. Criticality of free particles

The defect in GIS that occurs most often and is most dangerous is the free moving particle [79].
Especially when a particle approaches the high-voltage conductor, breakdown can occur. In the
behavior of a free moving particle, three different stages have been observed [84]:

1. shuffling particle: the particle just starts to move really slowly and a very small contact-
noise-like PD activity is measured;

2. moving particle: the particle starts dancing;

3. Jjumping particle: the particle starts to jump and sometimes stays airborne for a few cycles.

It is clear that the third stage, the jumping particle, is the most critical one because it can reach
the high voltage conductor.

Risk assessment of free particles has to be such that jumping particles can be distinguished of
moving particles. In the following paragraphs, analysis of acoustic and UHF measurements is
described to determine the risk of free particles.

As stated in [91], risk assessment of moving particles in GIS requires the estimation of a
particle’s mass and length. For this purpose, four methods are described in [91] based on
combinations of acoustic and electric measurements, see Figure 50.

acoustic measurements electric measurements
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acoustic detection combined electric/acoustic electric detection

Figure 50: Different methods to calculate the mass and length of free
particles based on acoustic and electric measurements (taken
from [91]).

Typical frequency spectra measured for each stage in the movement of a free particle is shown in
Figure 51. It shows processed frequency spectra using an averaging or max-hold technique over
the 20 measured sweeps [84]. In all three situations, it is clear that the hold-max frequency
spectrum is larger than the averaged frequency spectrum. To compare the spectra, a key value
[84] has been calculated, see Table 20.
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Figure 51: Max-hold (gray line) and averaged (black line) frequency
spectra measured for a free particle when it is a) shuffling, b)
moving and c) jumping [84].

Table 20:
Key value calculated from the post-processed frequency spectra of a shuffling, moving and
jumping particle,
using an averaging or hold-max processing technique [84].

Defect Averaged Hold-max
spectrum spectrum
Shuffling | 0.18 mV 0.94 mV
Moving 6.3 mV 22.6 mV
Jumping [ 5.8 mV 28.8 mV

Table 20 confirms that the amplitudes in the max-hold frequency spectrum exceed the averaged
amplitudes. However, once the particle starts jumping, the amplitude of the averaged spectrum
decreases, whereas the amplitude of the max-hold spectrum increases. We will explain this by
analysing three individual sweeps as shown in:

Stage 1: shuffling particle:

Compared to the dancing and jumping particle, the peaks in the frequency spectra of the shuffling
particle have very low amplitude and all measured sweeps are almost similar.

Stage 2 moving particle:

When the particle starts moving, but not jumping, the amplitude of the peaks in the frequency
spectrum increases significantly and, again, all measured sweeps are almost similar.

Stage 3: jumping particle:

When the particle starts jumping, the frequency spectra are again different: the maximum
amplitude of the peaks in the frequency spectra has increased again, but ‘empty’ parts are also
observed in the spectra, which are indicated by arrows. These empty parts imply that no
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detectable PD activity occurs. This means that the particle does not hit the enclosure and is
somewhere in the gap between the enclosure and conductor. This was confirmed by visual
observation during the measuring period. If we post-process the spectrum by averaging the
measured sweeps, the result will be reduced due to these empty parts.
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Figure 52: Frequency spectra and PD patterns measured for each stage
in the particle movement [84].

These empty parts can be explained by the way that the spectrum analyser captures a frequency
spectrum. A spectrum analyser effectively performs a Fourier analysis of the input signal. Like a
radio receiver it tunes at consecutive frequencies and captures the amplitude of the spectral
content of the input signal at the tuned frequency. It takes a certain amount of time for the SA to
tune at all frequencies in the frequency spectrum, called sweep time. As shown in figure 7.11,
during the sweep time, the discharging signal at the input of the SA changes with each discharge.
Therefore, the final captured frequency spectrum is build from several discharges signals.
Moreover, if the particle is jumping, for example at t; as indicated in Figure 53, there is no
discharge activity and therefore there is also no input signal. This results in the empty part of the
frequency spectrum.

So the empty parts occurring in a frequency spectra has nothing to do with no spectral content of
the discharging signal as can be seen in the Fourier spectra at times t;, t, and t; which have no
empty parts. Only due to the minimal amount of time required to capture a frequency spectrum,
these empty parts appear as soon as the particle is jumping and for some time, no discharge
activity occurs. Because the particle movement is a random process, the empty parts in the
spectra can change from sweep to sweep, as shown in the three sweeps of jumping particles in
Figure 52.
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The method to capture the frequency spectrum of a
discharging defect using a spectrum analyser (SA):

- the discharge signal at the input of the SA has a certain
Fourier spectrum; at t;3 the particle is jumping so there is no
input signal and consequently there is no Fourier spectrum;
- during the sweep-time T, the SA continuously tunes at
successive frequencies and captures the corresponding
spectral contribution of the (Fourier spectrum of the) input
sighal; in the case the particle is jumping, there is no input
sighal and the SA only measures the noise level.
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In case of free particles, criticality risk assessment means that jumping particles and not-jumping
particles can be distinguished. From Table 20 can be concluded that the ratio of the key-value
processed from the averaged spectra and hold-max spectra is different for moving and jumping
particles. Therefore probability distributions have been processed for both moving stages, see
Figure 54. It is clear that the ratio of moving and jumping particles are differently distributed. As
can be seen, the significance of the difference between both distributions is 0. These distributions
have been used to calculate the probability of particles jumping or not.
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Figure 54:

Moving  Jumping

95%
68%

0.8

0.6

04

0.2

Ratio HM/AV

Probability density distribution for moving (triangles) and
jumping particles (squares).
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8.1.4.2. Fixed protrusions

Protrusions fixed to a conductor can lead to corona-like PD activity. Corona stabilization can
occur by fixed protrusions at the operating voltage level, but does not lead to a breakdown.
However, an over-voltage such as a fast lightning stroke can immediately trigger a breakdown in
GIS [79]. Therefore, the measuring results have to be analyzed thoroughly to determine the risk
of a defect.

Pattern 1

Pattern 2 A

Pattern 3 -%

C] - i Ele it

Figure 55: Different types of patterns measured for protrusions fixed to
the high-voltage conductor or to the enclosure [84].

In case of protrusions, three stages can be determined based on the patterns shown in Figure 55.
Table 21 gives an overview of these stages. Risk assessment of fixed protrusions has to be such
that stage 3 can be distinguished from stages 1 and 2.
Table 21:
Different stages for protrusions fixed to the high-voltage conductor (HV-side) or fixed to the
enclosure (LV-side), defined from inception (stage 1) to close to breakdown (stage 3).

Defect Stage 1: Stage 2 Stage 3:
Inception Close to
breakdown
High-voltage Pattern 3 Pattern 2 | Pattern 1
protrusion
Low-voltage Pattern 1 Pattern 2 | Pattern 3
protrusion

For example, the phase-resolved PD pattern shown in Figure 56a was analysed. The defect
causing this PD pattern was identified as a fixed protrusion as shown in Figure 56b. For this
purpose the measured PD pattern was compared with the PD patterns stored in a reference
database. In this database, different types of protrusions are stored, represented by several types
of PD patterns. However, nothing can be concluded about the position of this protrusion: 90%
similarity with the cluster of protrusions fixed to the enclosure and 76% similarity with the cluster
of protrusions fixed to the high-voltage conductor. This can be explained by the large overlap of
the clusters of fixed protrusions because of the similar patterns observed for both protrusions.
Moreover, the 14% difference in the similarity is smaller than the standard deviation of each
cluster and therefore nothing can be concluded about the position of this protrusion: fixed to the
high-voltage conductor or enclosure.
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Figure 56: a) Phase-resolved PD pattern from a fixed protrusion
b) the statistical defect recognition based on phase-resolved
PD pattern analysis.

Above-mentioned defect was therefore further analysed by combined PD pattern analysis and
spectral analysis, see Figure 57. From the PD pattern analysis can be concluded that the pattern
is originating from a fixed protrusion, giving partial discharge activity with pattern type 3. From
spectral analysis can be concluded that the protrusion is fixed to the enclosure. Comparing this
with knowledge stored in an expert system, a high-risk protrusion fixed to the enclosure has been

concluded.
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Figure 57: Risk assessment of a fixed protrusion for the insulation
condition under AC conditions.
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8.2. Conclusions

Similar types of defects occurring in GIS can be expected in GIL.
In contrast to GIS where pure SF¢ is used as an insulating gas, SFs-N, gas mixtures will be used
in gas-insulated lines. The difference in the influence of defects on the gaseous insulation are:
« Free particles show the same behavior in the investigated gases. The gas has no
significant influence on the PD quantities from free particles;
* PD activity from protrusions fixed to the conductor strongly depends on the type of gas. In
gaseous insulation with the same dielectric strength, the margin between inception of the
PD activity and the actual breakdown of the gas decreases with decreasing SFe¢ content
for the same protrusion.
Critical defects:
For GIS critical fixed protrusions and particles fixed to insulator surfaces are difficult to detect on-
line. However, such defects are often removed during commissioning.
Part of the free particles of critical length can be detected by on-line monitoring. Therefore,
particle traps provide a good means to remove critical particles during service life.
The same PD detection methods can be used. However, due to the long lengths UHF or VHF PD
monitoring are the most suitable ones. Acoustical detection is not possible in case of buried GIL.
The same methods to recognize defects in GIS are applicablein GIL.
Same procedures to assess the risk of defects on the insulation condition of the GIS are
applicable in GIL.
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9. Bonding and Grounding for permanent and transient voltage

The grounding of Gas Insulated Line must be adapted to the different service conditions represented by
normal service, short circuit and over-voltage conditions. The disposition of the GIL (buried, in a tunnel, in a
trench) and the possibility to have low voltage equipment as densimeters, temperature sensors or partial
discharge monitoring systems connected on the enclosure has to be considered when the grounding mesh is
studied. The design of the grounding system must provide all the safety regarding the persons and the
equipment in case of potential rise.

9.1. General definitions:

The definition referred to the figure 58

9.1.1. Step voltage

The 'step voltage' es is the greatest potential difference liable to appear between two points which are a
step's length apart.

9.1.2. Touch voltage

The 'touch voltage' e, is the greatest potential difference which is liable to appear between the surface of the
ground and any conducting structure connected to the electrode.

J_,_
[ ma

=

na

1 - Poceaclel de 1'£leccroade dié CLeETe

Fatential of exrih elecsrode
I = Variation du potentiel & la surtace
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Yartation tf potentdidl of the durfoce

af the growsd durisg o phose-earik fmule
3 = Pobentiel du sal loincaim

Fotentdal of the remobe earth

Figure 58 : definition of step and touch voltage

9.2. Maximum admissible voltage

The duration of the current and the weigh of the person are parameters which influence the maximum
allowable body current. Based on the ANSI/IEEE Standard 80 [92] the following rules can be taken into
account for the calculation of the body current.

! paiowable = % amperes for a50 kg body 1, omape = 0.157 amperes for a 70 kg body

Jt

(34)
t = duration (s) of the current



2002 WG 23/21/33-15 CIGRE GIL Brochure : Annex B — Insulation Coordination 78/90

The touch voltage and the step voltage depend on the resistance of the human body (Rb) and the foot
resistance (Rf). In ANSI/IEEE Standard the resistance of human body is assumed to be 1000Q and the foot
resistance equal respectively to 6p and 1.5p for the step and the touch voltage.

Thus for a 50kg body:
0.116

Vtouch,allowable =(1.5p +1000) \/— volts
t
0.116
Vstep,allowable =(6p +1000) \/? volts (35)

p = resistivity of the soil (Q.m)

The step and the touch voltage should not exceed the foregoing values for a safe grounding system. As a
general rule the touch voltage has to be maintained around 50V in case of short circuit condition The
computation of the voltage can be done by dedicate software modelling the substation and its grounding
system.

9.3. Calculation of touch voltage and circulating current

The calculation of step voltage or touch voltage for short circuit conditions can be performed using several
PI model in series for the representation of the GIL. The matrix of resistance, inductance and capacitance
has to be evaluated taking into account:

e The geometry of the problem( diameter of conductors, position in or above the ground),
e The skin effect,

e The effect of mutual if more than two conductors are modelized,

e The resistivity and the distribution of the current in the soil,

e« The inductance and resistance of grounding and bonding connections

A particular problem lies in the calculation of the impedance term taking into account correctly the return
current in the soil. Carson and Pollaczeck have developed a theory to study the current distribution based on
the fact that they are concentrated on particular fictive surfaces [93], [94]. Considering a single layer the
depth of the current return can be approximated with the formula

p= [P
WHy
with (36)

p = earth resistivity Q.m

EMTP program [95] provides some facilities to determine the coefficients of the inductance and capacitance
matrixof a GIL burried or above the ground.

In case of a single line GIL located above the ground, the following formula can be used for an approximation
of the inductance and capacitance of the GIL taking into account its geometrical characteristics and the effect
of the sail (figure 59).
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Figure 59 : Geometrical parameters of the GIL
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L; = self inductance, per unit length, of the loop formed by the conductor i and the ground return

Lj = mutual inductance, per unit length, between conductor i and j.
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(37)

(38)

Ci = sum of the capacitances, per unit length, between conductor i and all other conductors as well as

ground.
C;j = mutual capacitance, per unit length, between conductor i and j.

9.3.1. Touch voltage in short circuit conditions

The touch voltage depends on the location and the number of grounding wires as well as the location of the
fault. The following chapter presents the calculation based on different cases to estimate a reasonable rule
for the earthing circuit. The calculations are performed in the most critical case corresponding to a short

circuit fault.
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The touch voltage is calculated on a 500m, single phase GIL, formed with five sections of 100 m (figure 60).
The GIL is considered to be located above the soil at a distance of one meter. The enclosure and the internal
conductor are made of aluminum. The fault current is limited by an inductance to 50 kA. The soil resistivity is
fixed to 20 Ohm.m. The results are presented in table 22.

I
CASE1 CASE2
FMESTEEIETESESISNRASS | R R RRARS

CASE 3 CASE 4 X
"‘.-—_3..__ __Eu_"‘_‘};ﬁ "‘“"'_;"3? ;.-ﬂ'-'tﬁ""-_-.-":- ,’_‘i{_:’! _ﬁ_.i' e "E"—: _,_.E a‘= 'g"-ﬂ' "a—.ﬂ:.;-:: “fha-‘f.L:.ﬁ_ﬂfi"E,vﬁq-ﬁﬂﬁ;f;ﬁ? -"232_-;‘_

Figure 60 : définition of fault cases and grounding system

The touch voltage can largely overtakes the maximum allowable touch voltage when the enclosure is
grounded on only one side. The drop of voltage along the enclosure is the sum of a resistive term
corresponding to the electrical resistance of the enclosure (equal in case 1 and 2) and an inductive term
depending on the path of the return current. The high inductance of the loop, due to the complete return of
current by the soil, explains the high values of the touch voltage in case n°2. The current return, in case n°1,
is done by the external enclosure providing a lower inductance. The benefic effect is a reduction of the touch
voltages.

In case of a fault located outside the GIL with a grounding at each side of the GIL, the mutual coupling effect
between the internal conductor and the enclosure leads to create a circulating current in the enclosure equal
to the one in the conductor. Nevertheless the touch voltage does not exceed the maximum allowable values

In case of a grounding on both side, the distance between the two grounding paths can reach more than
500m without risk to exceed the maximum allowable touch voltage define in the § 9.2. The protection of low
voltage equipment and persons is insured in such conditions.

Table 22 : Touch voltage at different sections of a GIL

Touch voltage [V]
Fault A B C D E F
position
Case 1 F 2.7 13 23.5 34 44.5 55
Case 2 A 11130 | 8900 | 6680 | 4450 | 2220 0.42
A 2.8 2.2 1.7 1.1 0.56 | 6.6E-4
B 2.7 10.6 7.9 5.3 2.65 3E-4
Case C 2.7 8.4 14 9.5 4.7 5.6E-4
3 D 2.7 6.4 10 13.7 6.8 1.2E-3
E 2.7 4.2 5.8 7.4 8.9 1E-2
F 2.7 2.2 1.7 1.1 0.6 1.2E-2
Case 4 outside 2.7 1.7 0.57 0.52 1.6 2.7
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9.3.2. Circulating currents

The circulating currents are calculated on a 500 m long GIL (figure 61) formed by three independent phases
comprising five portions of 100 m for each one. For the purpose of the study both ends are connected to the
ground by a resistance and an inductance of respectively 5Q and 2pH representing the resistance and the
inductance of the wire and of the grounding point. The intermediate points of the enclosure section can be
bounded. The GIL is considered to be located above the soil at a distance of one meter with a distance
between phases of 1.5 meters.

F3

Figure 61 : Scheme of the GIL configuration
9.3.2.1.Normal service conditions

The current distribution (figure 62) in each enclosure is calculated with two configurations of earthing and
bonding system.

The bounds between the three phases provide a return current in the enclosure which partially balance the
current in the conductor. The resulting magnetic field is reduced by more than 90% by the current circulation
in the enclosure.

VAL Y98 99 99 /99

VQS 98 ¢98 98 Vz V0.03 V0'03 /2 I|¢98
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' | S Svemn !

98 99 99 99

Figure 62 : Current distribution [%] bounded at each end (left) bounded at
each section (right)

9.3.2.2.Short circuit conditions

The GIL is considered to be earthed at each ends. A single phase and a three phase faults on the overhead
line connected to the GIL is taken into account in this study. The short circuit and the rated current is limited
respectively to 50kA and 2000A. The figure 63 and figure 64 display the current distribution as a percentage
of the short circuit current.
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Figure 63 : Current distribution in case of single phase fault
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Figure 64 : Current distribution in case of a three phase faults

The single phase fault contributes to an non homogeneous distribution of current in the enclosures. The
phase on which the fault occurs carries more than 60 % of the short circuit current, where as the two others
take part for 20 to 45%. The current in the grounding wire is limited by the resistance of the earthing foot.

The three phase faults is similar to the normal conditions of service. The circuit can be represented by a
balanced system and the current in the grounding wire becomes negligible.

9.4. General recommendations for bonding and grounding GIL

In addition to the optimization of the grounding system by calculation with dedicated program some basic
recommendations can be formulated to avoid major troubles during operation of the GIL.

For short length GIL ( less than 500 m), the GIS design rules are applicable [97]. For longer ones , the
design must be done taking into account the Technical Report IEC 61640 [98].
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Table 23 : Touch voltage at different sections of a GIL

Service conditions Dispositions Reasons
normal service ¢ solid bonding at both ends | ¢ induced sheath current
connection at both ends induction on the neighborhood

* reduction of induced e.m.f
along the enclosure

e enclosure at or near ground

potential
short circuit current| ° multiple grounding| ¢ reduction of enclosure phase
! connections to ground touch voltage
(internal or external ) i _
fault) * multiple solid bonds * reduction of enclosure phase
to phase touch voltage
over-voltages e electrical connections| e« prevention of flash-over
. otages between each section of between the different sections
(lightning, switching, h | f th | . f
very fast transient) the enclosure of the enclosure, protection o
« electrical connection of electronic equipment
each metallic support to| ¢ prevention of flash-over
the enclosure between metallic support and
« Protection with non linear enclosure
resistors e limitation of transient

enclosure voltages

9.5. Examples of application

9.5.1. GIL as outdoor application :

Tepco has installed in 1988 a 138m and 158m GIL in Shin Noda substation [99]. The enclosures are solidly
bonded at both ends and three time along the line. The calculations performed on this configuration
(figure 65) pointed out that the current flowing in the enclosure balance the conductor current. The magnetic
field is decreased and the induced voltage is consequently eliminated.

83 99 99 67
GIS / / / / Air terminal
:IL , 4 . i . Io)
83\ 96 0 99ko  99l32 gil-67
il f 3 — 4 = ~ . 9]
87 ,87 412 990 31 €8 1-68
Bond bar Bond bar

{Unit . %)

Figure 65 : Calculated circulating current in enclosure
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Earthing conductors are buried parallely to the GIS to reduce the induced voltage between the enclosure and
the ground (figure 66). They are connected to the earthing mesh of the substation and the earthing of the
tower The effect of the earthing mesh regarding the transient voltage of the enclosure is improved by
grounding points at both ends and at each bonding system.

Air terminal

gyt T \
g . = —-,;’; ; f ; z
8 Paroliey buried E /g/,,v 250° ?7 %\lv

earthing conductor !
kY

el X > A » » 3 " A :‘ w
£ — e i S oo S
Moin mesh of Leoed 00" Bare =
3‘:":3;“ conductor copper wire Yo eortn of

steel fower

Figure 66 : Grounding system diagram

9.5.2. GIL installed in a tunnel :

Chubu electric has installed a 3.25 km length GIL double circuit between two GIS substations. The grounding
system adopted for the Shinmeika Tokai line project is presented in figure 67. The following conditions are
applied. The enclosure are solidly bounded and earthed at both ends. Earthing conductors, embedded in the
concrete of the tunnel are connected to the mesh of the substation. The supports located along the line are
connected to the earthing conductors and to the enclosure.

Transient enclosure voltage measurement has been performed during circuit-breaker and disconnector
operations. The maximum voltage is observed at the insulated flange separating the GIL from the GIS. This
high frequency voltage is limited by the use of surge arresters at about 20kV. The maximum voltage
measured on the enclosure, close to the support, are below 7 kV and they correspond to high frequency
waveforms which will not be critical for the persons.

Bonded bar

GIL

Shin-Nagoya P/S PO Tokai 5/8

GI18

Shatt

S S % T

|_GIL

et

The mesh earth
of the substation

The mesh earth
of the substation

Fixed
support

Fixed
support

3 copper wire( 100mnt)
embedded in the floor concrete

Figure 67 : Earthing circuit
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