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ABSTRACT With the construction of a large number of hydropower stations, transmission lines crossing
a river and urban utility tunnels, gas insulated transmission line (GIL) has been applied widely due to its
large transmission capacity, low environmental impact and high reliability. Accurate modelling of physical
quantities and their characteristics of GIL provides a theoretical basis for its design and operation, which is
of great significance to ensure the safety and reliability of GIL operation. The mathematical model and their
relationship of GIL multi-physical fields are analyzed at first, upon which simulation model of GIL is built.
Secondly, multi-physical coupling field model of electric, magnetic, thermal, fluid and stress field for GIL
is studied, while simulation results are basically in consistent with experimental data to verify effectiveness
of the model. Thirdly, distribution of multi-physical fields and their relationship are simulated and analyzed,
while proximity effect, edge effect and compression factor of GIL multi-physical field are discussed. The
results show that the radial temperature inside GIL is higher at the top, lower at the bottom, leading to
uneven distribution of thermal expansion displacement, while the axial temperature distribution is basically
uniform, which falls firstly and then rises near basin insulator thus results in edge effect. Proximity effect
leads to asymmetric distribution and a slight increase of temperature inside GIL as well as a dramatic increase
of air velocity around GIL. In addition, when ambient temperature is lower than —5 °C, the compression
factor is much lower than 1 and the effect of compression factor should be considered in simulation.

INDEX TERMS GIL, multi-physical coupling field, finite element method, multi-physical characteristics.

I. INTRODUCTION

Gas Insulated Transmission Line (GIL) is a high-voltage
power transmission equipment, insulated by SFg gas or SF¢
mixture or compressed air, with enclosures and conductors
arranged coaxially [1]. GIL has the advantages of large trans-
mission capacity, less power loss, low environmental impact,
long service life, and high reliability [2], [3]. In recent years,
it has been widely used in hydropower stations, power trans-
mission projects across river basins, under-ground tunnels
and other projects [4].

With the development of computational high-voltage engi-
neering, visualization and precise quantification of physical
process can be realized by calculating and simulating
multi-physical coupling fields [5]. At present, research on
multi-physical coupling field of electrical equipment has
become one of the hottest topics. The overall length of
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GIL increases annually which is accompanied with the
increase of defects during operation, such as abnormal sound,
gas leakage and insulators crack. Therefore, establishing a
multi-physical coupling field simulation model of GIL and
studying characteristics of each physical field is of great
significance to ensure its operation safety and reliability,
which can provide a theoretical basis for design and opti-
mization of its structure, as well as solve practical engineering
problems.

During GIL operation, conductor current induces eddy
current. Current losses on conductor and enclosures cause
their temperature rise, resulting in thermal expansion and
gas flow inevitably. The above process involves simultaneous
interactions between electric, magnetic, thermal, fluid and
stress fields, so it is necessary to study the characteristics
of each physical field and their mutual influence. Many
researches about magnetic-thermal-fluid coupling simula-
tion and thermal-stress field coupling simulation have been
carried out.
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In terms of coupling calculation of magnetic-thermal-
fluid model, Qiao et al. [6] used finite element method and
multi-physics coupling, heat transfer properties were ana-
lyzed by a three-dimensional axisymmetric GIL model
under different gas pressures, conductor currents and ambi-
ent temperatures. Doukas et al. [7] presented a coupled
electro-thermal model for transient analysis of GIL. The
finite-difference time-domain method was adopted to cal-
culate electrical parameters, heat transfer equations were
derived and temperature distribution over space and time
was calculated based on volume-element-method. Besides,
Wang et al. [8] used ANSYS APDL-Cfx coupling methods
to establish a model for medium voltage switchgear, and
carried out simulation and analysis based on electromagnetic-
thermal-fluid field. Dhotre et al. [9] developed electromag-
netic fluid temperature simulation model for high-voltage
circuit breaker, and analyzed its temperature rising character-
istics, while symmetrical boundary conditions are proposed
to simplify the model and to reduce the calculation bur-
den. Additionally, Wu ef al. [10] built an electromagnetic-
fluid-thermal coupling simulation model for three-phase gas
insulated bus and analyzed temperature distribution and char-
acteristics, considering temperature characteristics of SF¢ gas
based on Sutherland’s law.

On the other hand, in the aspect of coupling cal-
culation involving stress field, Zhong [11] calculated
three-dimensional finite element models of electric field,
electrodynamic field and thermal-fluid field. Wang et al. [12]
established a GIL thermal-flow-stress coupling model to cal-
culate stress field distribution, together with a correlation
analysis of axial thermal strain.

The main differences of this work in comparison with
previous researches can be summarized as the following three
aspects:

e A multi-physical model of GIL is built in this paper,
and the relations between electric, magnetic, thermal, fluid
and stress filed are fully considered and coupled, which is
more comprehensive and accurate. Particularly, magnetic-
thermal-fluid field is directly coupled and thermal-stress is
sequentially coupled. In contrast, work [6]-[10] only con-
sidered current loss as heat source for thermal field without
considering thermal influence on metal conductivity, which
means the magnetic-thermal field is sequentially coupled
rather than directly coupled.

e The proximity effect and edge effect of thermal-fluid
field are analysed in this paper. In contrast, work [13], [14]
analysed the electromagnetic proximity effect of cable bundle
and voltage transformer respectively. Since metal enclosure
of GIL is grounded, there is no electromagnetic proximity
effect between adjacent GIL, the analysis of proximity effect
in this paper focuses on thermal-fluid field under GIL multi-
phase parallel operation, which is a further consideration for
GIL actual operation. In addition, compared with work [15],
which only considered electric edge effect of capacitors, this
work focused on GIL edge effect of thermal field resulted
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from basin insulators and length of GIL element on axial
temperature distribution.

e The influence of compression factor on thermal-fluid
field is considered and analysed. In contrast, work [16] only
calculated SF6 gas compression factor under different pres-
sures and temperature. Moreover, this work introduces com-
pression factor to thermal-fluid equations through iteration,
which considers GIL temperature deviation caused by gas
density deviation.

In this paper, a three-dimensional electric-magnetic-
thermal-fluid-stress coupling model for GIL is established to
simulate its actual operation by finite element method. Simu-
lation results are compared with temperature rise experiment
and thermal strain experiment to verify model effectiveness.
Distribution of each physical field is analyzed and studied.
The proximity effect, edge effect and compression factor of
multi-physical fields are discussed.

Il. MATHEMATICAL MODELLING
A. BASIC PHYSICAL FIELD
During GIL operation, heat is generated when current flows
through its conductor which results in the temperature rise in
simulation domain, then gas flow and thermal expansion of
conductor and enclosure. Therefore, this paper deals with the
coupling relationship between electricity, magnetism, heat,
fluid and stress.

Poisson’s equation can be used to describe potential distri-
bution under a certain voltage, as follows

Vi =&
{E=—V¢ (1

where V2 is the Laplace operator, ¢ is the electric potential,
ps 18 the charge density, ¢ is the dielectric constant, and E is
the electric intensity, respectively.

Equation about eddy current can be used to describe mag-
netic vector potential distribution under a certain current by

(@)

V(V-A)—V2A = pJ
B=VxA

where A is the magnetic vector potential, u is the perme-
ability, J is the source current density vector, and B is the
magnetic flux density, respectively.

Heat conduction, convection and radiation can be
described as

T
pe- =V GIT) + @ 3)
q = hAT 4)
® =g A10(T} — T3 )

where p is the material density, c is the specific heat capacity,
A is the thermal conductivity, @ is the energy generated per
unit volume per unit time, 7 is the temperature, ¢ is the time,
AT is the temperature difference between the fluid and the
object surface, & is the convective heat transfer coefficient,
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q is the heat flux, A is the surface area, T is the surface tem-
perature of the surrounded object, 1 is the surface emissivity,
T is the surface temperature of the cavity object, and o is the
Stefan Boltzmann constant, respectively.

Consider mass conservation, momentum conservation and
energy conservation, equations about fluid field can be writ-
ten as

ap

Z4Vp-r=0 6
o +V(p-v) (6)
av
@5+MVVW=VWPP+MWH%WYH+F(ﬂ

aT A

— 4v.VT = — VT ®)

ot PCp

where ¢, is the specific heat capacity at constant pressure, P is
the pressure, 7 is the dynamic viscosity, v is the fluid velocity
vector, and F is the volume force vector, respectively.

In stress field, due to the effect of thermal stress, the
conductor and enclosure will produce thermal strain, which
yields

00 9%u u
— 4+ F=p—r1 — 9
ox LT P TRy, ©)
l(aui n Bu/
gj = (—+ —
VT2 0 dx (10)

_E | .Th
Fj = € 8

where F is the external force, o is the stress tensor, u is the
displacement, u is the damping coefficient, ¢;; is the strain
tensor, sg is the elastic strain component, and sgh is the
thermal strain component, respectively.

Eddy current
}A Metal conductivity |

Load current »' Current loss

Temperature rise Physical parameters

Gas density
Dynamic viscosity

Thermal stress
and displacement

Thermal conductivity|

FIGURE 1. Coupling relationship between GIL multi-physical fields.

B. COUPLING RELATIONSHIP OF MULTI-PHYSICAL FIELDS
1) INTERACTION OF PHYSICAL QUANTITIES

When GIL is in normal operation, physical fields interact
and correlate with each other, which relationship is shown
in Fig. 1. Generally, GIL operates in an alternating electric
field, which will produce displacement current and affect its
magnetic field. However, due to low frequency and tiny dis-
placement current of GIL, the interaction of electric field and
magnetic field is insignificant and can be ignored. Therefore,
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influence between electric field and magnetic field is not
considered in this paper.

Current loss in conductor and enclosure is heat source
for thermal field. A change of temperature will affect metal
conductivity and then current loss, while it will change gas
density, dynamic viscosity and thermal conductivity and then
affect gas velocity. Meanwhile, gas flow will carry heat away
and change its temperature distribution. Therefore, the depen-
dent variables among magnetic field, thermal field and fluid
field are directly correlated.

On the other hand, temperature rise causes thermal stress
and expansion displacement, while comparing with GIL ele-
ment length, the displacement is small enough to influence
other fields, so thermal field and stress field are sequentially
coupled.

2) RELATIONSHIP OF MAGNETIC-THERMAL-FLUID FIELD
Conductivity of GIL conductor and enclosure is affected by
temperature. Therefore, coupling relationship between mag-
netic field and thermal field can be described by Eq. (11) and
Eq. (12), respectively.

1 2
0= E=_1 (an
Ovref

M S ) 2

where Qy is the current loss per unit volume, « is the tempera-
ture coefficient of conductivity, orer is the metal conductivity
at reference temperature Tref, which is 20 °C, respectively.

Consider direct coupling relationship between thermal
field and fluid field, temperature change leads to a change of
gas density and pressure, which affects flow velocity, while
flow velocity of fluid affects its temperature distribution.
Therefore, Eq. (3) and Eq. (8) can be combined to describe
coupling relationship between thermal field and fluid field,
as follows

aT
P(T)cp -+ p(Thepy - VT =V - GIT) + @

PM (13)

p(T) = RT

where P is the gas pressure, M is the gas molar mass, 7 is the
gas temperature, R is the ideal gas constant, respectively.

Hence, coupling relationship among magnetic field, ther-
mal field and fluid field can be described by Eq. (14).

oT

1
Mﬂ%57+pﬂkﬂ-VT=V-@VD+-|ﬂzﬂ®

o
3) RELATIONSHIP OF THERMAL-STRESS FIELD

In stress field, thermal expansion displacement is caused by
thermal rise, but not affect other physical fields due to the
displacement small enough comparing with GIL size. The

coupling relationship between thermal field and stress field
can be described by [17]

e™ = qpy AT = ap (T — Tym) (15)
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where «,, is the coefficient of linear thermal expansion and
Tam 1s the ambient temperature.

Combine Eq. (15) and Eq. (10), displacement distribution
and stress distribution can be calculated accordingly.

lll. GEOMETRIC MODEL OF 500 kV GIL
The basic structure of 500 kV GIL is illustrated in Fig. 2,
which mainly includes metal enclosure, inner conductor, post
insulator, basin insulator and particle trap.

Enclosure

N
S
N

Basin insulator Post insulator

Particle trap Conductor

FIGURE 2. Basic structure of GIL.

Reference [12] and [18] separately carried out temperature
rise experiment and thermal strain experiment of single-phase
GIL element. Based on the experiments, this paper stud-
ies correctness of multi-physical field simulation model in
section IV D and F.

The phase voltage of GIL is 289 kV and the current is
5600 A. The boundary condition of simulation is consistent
with experimental environment. The multi-physical field of
GIL is calculated by COMSOL Multiphysics.

FIGURE 3. Finite element model of 500 kV GIL.

The geometric model of the simulation is demonstrated
in Fig. 3, in which GIL element length is 7.5 m and simulation
domain is a cylinder with 5000 mm diameter and 10000 mm
length.

The parameters of conductor and enclosure are presented
in Table 1, while gas parameters of air and SFg gas are
tabulated in Table 2.

IV. SIMULATION STUDIES AND MODEL VERIFICATION

A. TEMPERATURE RISE EXPERIMENT AND THERMAL
STRAIN EXPERIMENT

In temperature rise experiment, GIL element was placed hor-
izontally in a room without wind or external radiations [18].
A terminal aluminum plate was bonded to the conductor and
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TABLE 1. Parameters of conductor and enclosure.

Parameter Conductor Enclosure
outer diameter/(mm) 180 490
Thickness/(mm) 20 10

Material type Al alloy A5005-0 Al alloy A6063-T5

Relative permeability 1 1

Reference resistivity/(Q-m) 29%10% 3.32X107
Temperature coefficient of
o ) 0.004 0.004
Resistivity/(1/°C)
Thermal conductivity/
. 205 209
[W/(m-C)]
Specific heat ity/
pecific heal Dcapam Y 900 900
kg C)]
Density/(kg/m®) 2690 2700
Coefficient of thermal expansion 23X10% 23X%107°
TABLE 2. Gas parameters.

Parameter SFs Air
Relative permittivity 1 1
Relative permeability 1 1

Conductivity/(S/m) 0 0
Thermal conductivity/ 5 5
. 1.206 X 10 2.44X10
[W/(m-C)]
Specific heat capacity/
P . pacity 665 1005
[J/(kg 'C)]
Dynamic viscosity/(Pa-s) 1.42X10° 1.72X10°
Tam
| | Ty
/ N m T
Y\ 3 g
\;.4 / — —
. T cb
<> L T eb
41138 3750 3750
Unit: mm

FIGURE 4. Temperature rise experiment of 500 kV GIL.

enclosure so that the conductor current would return through
the enclosure. In the experiment, a high alternative current,
generated by current transformers, was applied to the GIL
conductor with a very low voltage till it reached a steady
state [18]. And then, as shown in Fig. 4, the temperature at
the top and bottom of enclosure (7 and T¢p,), the temperature
at the top and bottom of conductor (7¢; and Tcp), and the
ambient temperature T,y were measured with temperature
thermocouple. Here, GIL element is applied with different
currents and under different gas pressure conditions, while
experimental data of four operation restrictions (I~IV) are
given in Table 3.
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TABLE 3. Temperature measurement data of GIL element.

Experimental restriction 1 I 1 v
Gas pressure/MPa 0.05 0.35 0.35 0.35
Load current/A 5300 2600 4400 5600
Ambient temperature/‘C 23 26 16 24
T/ C 89 41 57 84
T/ C 89 41 57 84
T/ C 52 34 37 56
Ta/C 45 31 32 46
Tam
Th Th Th
v & v £y &5 \ 4
0
(9] ol S
2| 25
%
325 325
Unit: mm

FIGURE 5. Thermal strain experiment.

The thermal strain experiment was carried out in a
room without wind or external radiations [12] as shown
in Fig. 5. The experimental system was mainly composed of
GIL, a high-current generator (HYDDN-200/10000 A with
200 kVA rated capacity and 10 kA rated output current),
a static strain demodulator (YSV8316) and resistance strain
sensors. A high alternative current was applied to the GIL
conductor with a very low voltage till it reached a steady
state, and then the axial thermal strain, which means the axial
thermal expansion displacement relative to the 1 m element
length, is measured at GIL enclosure with the resistance strain
sensors. And the experimental data of four experimental
restrictions (I~IV) are given in Table 4.

TABLE 4. Temperature measurement data of GIL element.

Experimental restriction 1 I 1 v
Gas pressure/MPa 0.5 0.5 0.5 0.5
Load current/A 1000 1500 2000 2400
Ambient temperature/‘C 24.8 25.1 25.4 259
g" 74.3 155.8 285.9 377.9
&" 75.4 156.9 286.8 380.0
&" 74.1 155.6 285.6 377.6

B. SIMULATION FLOW OF MULTI-PHYSICAL FIELD
According to the mathematical model in section II and
the geometric model in section III, multi-physical fields
of 500 kV GIL is simulated by COMSOL Multiphysics in
desktop workstation with Inter Xeon W-2145 CPU (3.7 GHz)
and 64 G RAM.
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The laminar flow model is chosen to solve fluid field
because Grashov number Gr is calculated as 4.52*10°, which
is less than the threshold 5.76*108 (a value lower than this
will use laminar model while a value higher than 4.65 x 10°
will use turbulence model) [19] for natural convection.

The calculation process is illustrated in Fig. 5. Here, as a
dependent variable, the electric potential is solved sepa-
rately. However magnetic-thermal-fluid field is directly cou-
pled while the thermal-stress field is sequentially coupled,
the solution of the equations is more complex.

In order to ensure convergence of magnetic-thermal-fluid
filed, the separation and iterative methods are used. Specif-
ically, the equations of magnetic field are solved and cur-
rent loss is calculated in frequency domain while the steady
state equations of thermal-fluid field are solved based on the
current loss. The calculated temperature is used to correct
the metal conductivity and current loss, and the magnetic
equations and thermal-fluid equations are solved by itera-
tion. Finally, for thermal field and stress field is sequentially
coupled, thermal expansion displacement is solved via the
temperature simulated. By using the frequency-domain to
steady-state solver in COMSOL, one can realize the conver-
gence of the equations.

Geometry building

v

Material importing
G | Direct coupling

Meshin,

Physical field

| I id |
; : | Heat Solid
Electric : M<—I> Transfer T’ Mechanics :

L Al L

| Postprocessing |

FIGURE 6. Simulation process chat.

C. SIMULATION RESULTS OF ELECTRIC

AND MAGNETIC FIELDS

When phase voltage is 289 kV, conductor current is 5600 A
and SFg gas pressure is constant 0.35 MPa (the following
analysis for 500 kV GIL follows this condition unless oth-
erwise specified), distribution of electric field and magnetic
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(a) (b)
FIGURE 7. Simulation results of electric and magnetic fields. (a) Electric
intensity distribution; (b) Magnetic flux density distribution.

field is demonstrated in Fig. 7 while current density of con-
ductor and enclosure are given in Fig. 8.

N;wo
<1.85
=
£180 <
=y =y
21.75}) g
< 3
51_70 g
51_65 ' | ' | 0100 | | | |
70 72 74 76 78 80 240 241 242 243 244 245
7 /mm »/mm
(@) (b)

FIGURE 8. Current density distribution of conductor and enclosure of GIL.
(a) Conductor; (b) Enclosure.

As shown in Fig. 7, due to shielding effect of enclosure,
electric field intensity and magnetic flux density outside GIL
are very low, so electromagnetic effect between each phase
and each loop of GIL is weak, and electromagnetic field
outside enclosure can be ignored.

As shown in Fig. 8, r is the distance to the center of GIL.
In terms of distribution of current density, from the perspec-
tive of radial section, conductor current is concentrated in
its outer ring, while enclosure current is in its inner ring.
However, their integral values over the cross-section are very
close. The difference of current density in different positions
of conductor is higher than that of enclosure, namely, skin
effect of current density in conductor is more significant. The
reason is that conductor thickness is 10 mm, while enclosure
thickness is 5 mm, and skin depth of aluminum is approxi-
mately 11.74 mm (50Hz) [20], so skin effect of conductor is
more significant.

D. SIMULATION RESULTS AND EXPERIMENTAL
VERIFICATION OF THERMAL FIELD
1) CORRECTNESS OF MAGNETIC-THERMAL-FLUID
SIMULATION BASED ON EXPERIMENTS
Based on the simulation of GIL element with different air
pressure and load current, a comparison between temperature
experimented and simulated is presented in Fig. 9.

It can be seen that the calculated temperature is basi-
cally consistent with the experimented one, which validates
the correctness of thermal field simulation. Considering the
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FIGURE 9. Experimental and simulated values of GIL temperature.
(a) restriction I; (b) restriction II; (c) restriction IlI; (d) restriction IV.

thermal field is directly coupled with magnetic and fluid field,
the correctness of the magnetic-thermal-fluid field simulation
is verified as well.

2) SIMULATION AND ANALYSIS OF THERMAL FIELD

When gas pressure is 0.35 MPa, load current is 5600 A and
ambient temperature is 24 °C (Restriction IV), temperature
distribution is given in Fig. 10. In addition, the calculated
temperature distribution inside GIL at different core angles
and distances is shown in Fig. 11.

(b

3.0m 51

© a3

FIGURE 10. Thermal field simulation results of GIL. (a) Temperature
distribution in simulation domain; (b) Internal temperature distribution;
(c) Enclosure temperature distribution.

As shown in Fig. 10(a), for the outside air of GIL, tem-
perature near the top of enclosure is the highest. In vertical
direction, air temperature distribution is inverted ‘‘fishtail”
and slowly decreases outward, while air temperature in other
directions is basically ambient the same as the temperature.
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FIGURE 11. Gas temperature of Internal GIL at different core angles and
distances.

For SF¢ gas temperature in GIL, it can be seen from
Fig. 10(b) that its temperature distribution is bilaterally sym-
metrical, and temperature in the upper half is higher than that
in the lower half.

From axial temperature distribution shown in Fig. 10(c),
it can be seen that temperature at top of enclosure is generally
higher than that at the bottom, and temperature distribution
along axial direction is basically uniform with a slight change
near basin insulators (& 3.0 m).

It can be seen from Fig. 11 that gas temperature changes
rapidly when it is close to outer surface of conductor and
inner surface of enclosure, that is when r €[80 mm,
100 mm]U[230 mm, 240 mm], temperature decreases rapidly.
In addition, at center angle of 0 °, when r €[220 mm,
240 mm], temperature increases significantly and then
decreases rapidly with the increase of r, which is caused by
the circular gas flow in this area, shown in Fig. 11(b).

E. SIMULATION RESULTS OF FLUID FIELD

Simulation indicates that gas mainly flows along radial direc-
tion, but almost not along axial direction, so only the radial
gas flow is illustrated in Fig. 12.

Fig. 12(a) shows that external air rises upward from GIL
bottom to the top along its enclosure, then diffuses and flows
upward. Its distribution is in the shape of “fishtail”’, which is
consistent with air temperature distribution outside enclosure
in Fig. 10(a). Here, computation ability of workstation and
calculation amount of model are considered to select compu-
tation domain. It can be seen that computation domain is not
large enough here, however, this paper focuses on the multi-
physical fields in and around GIL which is influenced weakly
by inaccurate calculation near domain boundary.

As shown in Fig. 12(b), SF¢ gas rises from the bottom to
the top along surface of conductor, then rises to the enclosure,
descends to the bottom along the inner surface of enclosure,
and finally flows back to conductor bottom.

Comparing fluid field in Fig. 12(b) with heat field
in Fig. 10(b), one can observe that their distribution is
very similar. In particular, a higher temperature results in a
higher gas flow velocity, and vice versa.
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m/s
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

(a)
m/s

0.2
10.15
0.1
0.05
0

(b) (©)

Main flow area
Boundary
layer area

_ Detached
flow area

FIGURE 12. Fluid field simulation results of GIL. (a) Flow velocity
distribution in simulation domain; (b) Internal flow velocity distribution;
(c) Division of fluid flow area.

SFg gas flow velocity is relatively high in the area close
to boundary and relatively low in other areas. The fluid field
can be divided into main flow, boundary layer and detached
flow, as demonstrated in Fig. 12(c). Here, gas flow velocity in
boundary layer area varies radially, while radial velocity gra-
dient in main flow area is almost 0. Gas begins to disengage
from solid surface and flows circularly in detached flow area,
which has little influence on the whole flow field, it can still
be regarded as laminar flow.

F. SIMULATION RESULTS AND EXPERIMENTAL
VERIFICATION OF STRESS FIELD

1) CORRECTNESS OF THERMAL-STRESS SIMULATION
BASED ON EXPERIMENTS

Based on the thermal strain experiment, a comparison
between thermal strain measured and simulated is presented
in Fig. 13. It can be seen that the calculated thermal strain is
basically consistent with the measured one, which validates
the correctness of thermal-stress field simulation.

400

Simulation e
350 Experiment

n/10°¢

—_ [\ N (O8]

W S W (=3

(=) S o (=]
T

Thermal strai:

100 -

50

1 I 11 v
Restriction

FIGURE 13. Experimental and simulated values of thermal-strain.
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V¥ -2.63

FIGURE 14. Distribution of thermal expansion displacement field of GIL
enclosure.

2) SIMULATION AND ANALYSIS OF THERMAL FIELD

To study axial thermal expansion displacement of GIL enclo-
sure, its stress field is simulated with the assumption that the
middle of GIL (0.00 m) is fixed, i.e. this point is set as a fixed
restraint in axial direction, and the both terminals (4+3.75 m
and —3.75 m) are considered as linear rigid spring [21].
Simulation results are provided in Fig. 14.

Fig. 14 shows that thermal expansion displacement is
larger in upper part and smaller in lower part, which is caused
by the uneven temperature distribution of GIL enclosure
shown in Fig. 10(c). One can see that when load current
is 5600 A, accumulated displacement at top of enclosure
terminals reaches +2.63 mm, while that moves +1.96 mm at
its bottom, and the average displacement is +2.28 mm. Since
enclosure is axial symmetrically, displacement of the other
end is equal in size but in opposite direction. For the GIL
length is 7.5 m, its average thermal expansion displacement
of enclosure under 5600 A load current is about 0.608 mm
per meter.

A higher enclosure temperature and a longer length of
GIL will lead to a larger total displacement. Because thermal
expansion displacement at top and bottom of enclosure is dif-
ferent, asymmetric deformation will occur in the enclosure,
the longer GIL length is, the heavier asymmetric deformation
is. Therefore, GIL element length should be restricted to
reduce the accumulation of thermal expansion displacement
while expansion joints should be configured to compensate
thermal expansion.

V. ANALYSIS OF RELATED PHYSICAL EFFECTS
A. PROXIMITY EFFECT
GIL temperature rise experiment and the above simulation
are designed for a single GIL element without interactions
between phases. In fact, GIL runs in at least one loop
(three phases). Considering the influence caused by adjacent
phases, thermal field and fluid field of three-phase horizon-
tally laying GIL are studied, the results are shown in Fig. 15.
Here, gas pressure is 0.35 MPa, phase voltage is 289 kV,
current remains 5600 A, and phase sequence is A/B/C from
left to right with an interval space of 0.8 m.

As shown in Fig. 15(a), when GIL operates in three-
phase horizontal arrangement, temperature distribution just
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FIGURE 15. Simulation results of three-phase GIL. (a) Temperature;
(b) Flow velocity.

changes slightly compared with single-phase operation
shown in Fig. 10(b). The temperature of the middle GIL is
3% higher than that of left and right GIL at the same position.
Meanwhile, for the left or right GIL, temperature distribution
of enclosure is slightly bilaterally asymmetric with about 2 °C
temperature difference.

Fig. 15(b) demonstrates that in comparison with single-
phase operation, SF¢ flow velocity does not change sig-
nificantly, while air flow velocity around GIL increases
dramatically, especially the GIL interphase air with a
0.45 m/s maximum flow velocity. Air flows upward from
enclosure top forming a “fish tail”’, while air above left and
right GIL shifts slightly to the middle.

To summarize, the influence of thermal field and fluid field
between three-phase GIL results in proximity effect. In nor-
mal operation, adjacent phase will affect heat dissipation of
the intermediate phase, and then increase external air flow
velocity. Under this case (restriction IV), compared to single-
phase GIL, gas temperature inside middle GIL is about 3%
higher while it is 2% higher for the external air.

B. EDGE EFFECT AND INFLUENCE OF ELEMENT LENGTH
Axial temperature distribution of GIL enclosure is basi-
cally uniform with a slight change near basin insulators at
both terminals, which results in edge effect. Here, GIL ele-
ment length is modified for simulation and axial tempera-
ture distribution at the top of GIL enclosure is described
in Fig. 16.
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FIGURE 16. Axial temperature distribution at the top of enclosure.

As can be seen from Fig. 16, axial temperature distribution
at the top of GIL enclosure is bilaterally symmetrical, gener-
ally showing higher temperature in the middle part and lower
temperature at both terminals, while temperature decreases
at first and then rises near insulators. The reason is that heat
accumulation in the middle part of GIL is greater than that in
both terminals, and thermal conductivity of basin insulators
is larger than that of SF¢ gas.

As GIL element length increases, enclosure temperature
increases slightly and edge effect becomes weakened. Note
that if one focuses on the middle temperature, that is the
highest, the edge effect on middle temperature can be ignored
when GIL element length exceeds 7.5 m.

C. COMPRESSION FACTOR

The above simulation considers SF¢ as an ideal gas, neglect-
ing its density deviation, which is reflected by compression
factor. When considering compression factor, the gas density

under certain pressure and temperature is represented as Eq.
(16), which is used in Eq. (14) in section II B.

T—PM 16
o( )—ﬁ (16)

where Z is the compression factor and when Z = 1, Eq. (16)
represents the density of ideal gas.

Gas compression factor under a certain temperature and
pressure can be calculated by solving Soave-Redlich-Kwong
(SRK) equation via iteration. SRK equation is devel-
oped by Soave on the basis of Redlich-Kwong equa-
tion, which includes gas eccentric factor and has high
calculation accuracy for pure and multi-component mix
gas [16].

Under a gas temperature and pressure, iterative SRK equa-
tion is written by

5 1 a(T) 1
T 1- bP/TZT bRT 1 — ZT /bP
b = 0.08664— (17)
P
R2T,

[1+40.80278(1 — T.29)]

a(T) = 0.42748
P

c
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FIGURE 17. SFg compression factor and its average temperature at
different ambient temperatures.
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FIGURE 18. Calculating deviation under different ambient temperatures.

where T is the critical temperature, P, is the critical pressure,
and T is the reduced temperature, respectively.

The iteration process is as follows:

(a) Initial compression factor is assumed as 1;

(b) Average temperature of SFg gas is calculated through
multi-physical field coupling model;

(c) Compression factor is calculated and updated by
Eq. (17), while average temperature of SF¢ gas is calculated
by the updated compression factor;

(d) After several iterations, convergence value of average
temperature of SFg gas and its corresponding compression
factor can be obtained.

In this paper, it is simulated under the condition of 289 kV
phase voltage, 3000 A current and 0.6 MPa gas pressure. With
ambient temperature variation, average temperature of SFg
gas Ty is provided in Fig. 17, which also shows the change
of compression factor Z with ambient temperature.

From Fig. 17, it can be seen that as ambient temperature
decreases, both SFg gas temperature and compression factor
decrease simultaneously. When ambient temperature is much
lower, compression factor is less than 1 as shown in Fig. 17.

131447



IEEE Access

H. Niu et al.: Multi-Physical Coupling Field Study of 500 kV GIL: Simulation, Characteristics, and Analysis

Therefore, the change of compression factor should be con-
sidered in the calculation when ambient temperature is low
enough.

In Fig. 18, Ty is the deviation of temperature calculated
between that with and without considering the change of
compression factor.

Fig. 18 shows that under the above operating conditions,
when ambient temperature of GIL is above —5 °C, temper-
ature deviations of enclosure, gas and conductor are lower
than 0.05 °C, 0.3 °C and 0.5 °C respectively, the influence of
compression factor on temperature can be ignored. However,
when ambient temperature is lower than —5 °C, temperature
deviations are large if compression factor change is ignored,
so that compression factor change must be considered.

VI. CONCLUSION

This paper builds a multi-physical field coupling model for
500 kV GIL, electric-magnetic-thermal-fluid-stress coupling
simulation is carried out as well. Meanwhile, simulation
closely matches experimental results, so that the correctness
of simulation model is validated. Moreover, distribution law
of each physical field, and proximity effect, edge effect
and compression factor of multi-physical coupling field are
thoroughly analyzed. The following four conclusions can be
drawn.

(a) Conductor current is concentrated in its outer ring while
enclosure current is concentrated in its inner ring. Besides,
electric intensity and magnetic flux density outside GIL are
nearly 0 without proximity effect;

(b) Radial temperature distribution of GIL conductor and
enclosure is non-uniform, while temperature at the top is
higher than that at the bottom. Meanwhile, axial temperature
is basically uniform with a slight change near basin insulators.
Proximity effect will cause about a 3% temperature rise in
SFg gas and a nearly 2% temperature rise in external air.
In addition, edge effect will cause temperature decrease at
first and then rise slightly near the terminals, as well as
weaken edge effect along with the increase of GIL element
length. In fact, temperature calculation will be slightly differ-
ent without considering compression factor. When ambient
temperature of GIL is lower than —5 °C, the change of
compression factor should not be ignored.

(c) Gas inside GIL flows upward from conductor bot-
tom along with conductor surface, which rises to enclosure
through conductor top and descends to enclosure bottom
along with inner surface of enclosure, and finally flows
back to conductor bottom. Such circulating forms main flow,
boundary layer and detachment flow. Meanwhile, proximity
effect accelerates the external air and shifts its flow direction.

(d) As GIL temperature distribution is radially non-
uniform, distribution of thermal stress field and thermal
expansion displacement of enclosure is non-uniform accord-
ingly. Besides, axial deformation of enclosure is asymmetric,
which upper part is larger and its lower part is smaller. Lastly,
a higher GIL enclosure temperature and a longer length lead
to larger thermal expansion displacement.
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The GIL multi-physical field is simulated in this paper,
and in the future, it can be investigated further about the
electromagnetic force, fluid resistance, and the influence
of multi-physical field on movement characteristics of free
particles, etc.
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