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Abstract. The temperature in gas insulated bus bars are outcomes of coupled multiphysics
field, such as thermal field, fluid field and eddy current field in which skin effect of current
plays a considerable role. In this paper, the 3D model of GIS bus bar is established, and the
skin effect of current is considered by further fine grids in the calculation to reach accurate loss
value. Finite element method and fluid analysis are used to predict the distribution of
temperature field of three-phase GIS bus bar.

1. Introduction

The temperature rise for electrical equipment, such as GIS bus bar, disconnector and breaker, is very
important for their operating characteristics [1]. The effective temperature prediction of GIS is
significant for its structure design. In this paper, the temperature of GIS bus bar is predicted by multi-
field coupling analysis.

When the current flows, there is skin effect on the section of GIS bus bars. The skin effect of
current, arises from the electromagnetic induction of the current itself, and affects ohmic loss and eddy
current loss of conductor in the GIS bus bar at the same time. It is well known that the ohmic loss and
eddy current loss is the root of temperature rise of enclosure and insulating gas around the space
region in the compartment of GIS [2]. So it is necessary to make sure the loss of conductor and the
eddy current loss as accurately as possible[3]. Most of the analysis on prediction of temperature
distribution of GIS bus bar has less regard for the skin effect of current, which leads to loss calculation
not accurate enough. In this paper, the skin effect is considered under background of further fine
meshed grids, and the necessity of fine partitioning is also illustrated through single-phase conductors.
Early time, some literature assumes infinite bus, makes 2D analysis, affects the calculation accuracy as
well [4].

In this paper, 3D FEM is used to estimate the power loss, the heat transfer relationship between the
conduct and enclosure is calculated by the theory of fluid dynamics.

2. Skin effect of current

There is a phenomenon that the current density distributes uneven on the cross section of conductors
when alternating current flows, called skin effect. A single conductor model is used to present the
calculation of skin effect. It is made by copper with 0.4m in radius and 2m in axial length, where the
flowing current is 10kA and 50Hz in frequency. In this model the air domain boundary is far enough
to ensure the rationality.
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(a) Distribution of current density (b) Sampling line
Figure 1. Single phase conductor model

The deep length of skin effect in this conductor is 9.35mm, which is determined by the frequency,
conductivity and magneto conductivity in the following formula:

0= /Z—p (1)
wu

In the Figure 1, (a) is about the current density distribution, which shows the current is constrained
toward to surface of the conductor and the maximum of current density appears at the edge of the
conductor.

However, in the simulated analysis, the mesh generation of the skin effect layer has an inherent
influence on the calculation results. While the skin effect area is divided into different grid layer, the
results are different. In this paper, Two schemes are compared to explain it. Schemes 1 is the skin
effect layer divided into one grid layer and Schemes 2 is the skin effect layer divided into two grid
layer. At the same time, two kinds of sampling path shown in Figurel (b) that are employed to
illustrate it. The first sampling line coincides with the positive direction of the Y axis, the length of it
equals to the radius of the cylindrical wire while the second goes along the positive direction of the X
axis, and the length of it is 20mm, about twice thickness of skin effect layers of the conductor.

The current density of the conductor along path 1 is shown in Figure 2 when the skin effect layer is
divided into one grid layer and two grid layer.
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Figure 2. The current density along sample line 1
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Figure 3. The current density along sample line 2
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It can be seen that current density is different near the outer edge, and the maximum of current
density also changes correspondingly in the two different grid split scheme. While along path 2 shown
in Figure 3, when divided into one layer, the current density of the conductor has a transient increase
in the direction from edge points to the center, then decreases immediately, and the whole process is
similar to a parabolic shape, when to two layer, the current density goes monotonically decreasing
state completely. In the convergence process in this study, the analysis is basically terminated when
the electromagnetic energy error is less than 0.007%.

Moreover, the ohmic loss of the conductors is calculated by the two different mesh method. When
the depth of skin effect meshed into one grid layer, the heating power values is 66.2 W, when meshed
into two grid layer, the ohmic loss is 62.7 W. It can be seen that the result of schemes 2 is smaller, and
the relative error is about 5.67% in the two case.

The skin effect is mainly due to the conductor inductance, which is caused by inductance current,
and the current is forced to flow crowded along the outer edge of conductor. The further to outward of
conductor, the larger about the effect from closed magnetic field that linear related to conductor radius.
It goes in accordance with the theory evidence well. As we all know, the finer the division, the more
accurate the result of the calculation is. Hence, the skin effect layer that divided into two grid layer is
better than one grid layer and multichamber mesh generation is necessary to obtain a satisfactory
result. The current density of the single conductor along the radial direction is shown in Figure 4,
while eddy current loss density along the radial direction is shown in Figure 5.

1.6E+06
1.4E+06 =——current density

1.2E+06

1.0E+06 .
8.0E+05
6.0E+05
4.0£+05

2.0E+05
0.0E+00

curerrent density [A/m?]

distance [mm]

Figure 4. Current density
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Figure 5. Eddy current loss density
3. Mathematical model

3.1.Electromagnetic Field
The assumptions in this process are as follows:

1.Ignore the displacement current.

2.The current in the conductor is sinusoidal and balanced.

3.The magnetic reluctivity of enclosure and conductors are both constant.

In this GIS bus bar, electric and magnetic fields exist together and influence each other all the time.
The relationship between the fields quantities are expressed by Maxwell” s equations as follows:

VxH=J 2
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B=uH 3)
B=VxA4 4)
S=Jet, (5)
J, =0E= —O'(a—A+V¢)
ot (6)

Where H is magnetic field 1nten51ty, Jis current density, B is flux density, His magnetic reluctivity,
A is magnetic vector potential, Jeis eddy current den51ty, sis source current density, O is electoral
conductivity, ?is scalar magnetic potential.

When the effect of harmonic current is ignored, and the Conductivity specification is used, the
governing equation becomes:

04 -

ViAd=""—uJ,
o ‘ (7)

Applying the Galerkin method to the above equations, the power loss density in each element can

be obtained by:
P
o (8)

3.2 Fluent-Thermal Field
Fluid flow and heat exchange are common in nature and exist in all kinds of mechanical equipment. In
the process of fluid motion and heat transfer, the universal laws must be followed: mass conservation,

momentum conservation and energy conservation.
The increase in fluid mass of a unit is equal to the net mass flowing into it in a unit time. Therefore

the continuity equation under the law of conservation of mass is

9p Ty
¥+V(pU)_0 ©)

Where 7 is fluid density, U1is fluid velocity, both # and U are varying with time and spatial position

Momentum conservation equation:
9p) S N (pul)=nVu+S, _%
ot d (10a)

X
_%

a(pv)+V(va) nViv+S,
(10b)

Z

Y
(pw) 2 dp
V(powU \ S ——
5 (pwU)=nV-w+ 5 (100)
S S
v and " are the

Where ¥ |V and W are fluid velocity in X , Y and z direction, respectively, °x,
sources including distributed resistances and viscous loss terms, ? is the gas pressure, and Stokes

formulation is used in these equations
On the basis of Fourier heat transfer law, the energy conservation equation is expressed as
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9PD) | v(piT) =iV2T+ST
ot c, an

S 1S source term

Where T'is temperature, 4is coefficient of heat transfer, €ris the specific heat,
include dissipation loss and inner heat source.

As for insulating gas surrounded conductor with current following, heat conduction, convection
heat dissipation and thermal radiation are the main form of its heat transfer. In the interior of GIS bus
bars, natural convection plays a major role, while effect of the heat radiation can be ignored. On the

surface of the enclosure, both thermal radiation and convection are the protagonists. The heat balanced

equation is as follows:
P+P=0,+0, (12)

=00+ 0.0 (13)

Where e and % are power loss of bus bars and enclosure, respectively, % and @-are heat spread

between enclosure and the surrounding air by convection and radiation. %« and Qe are heat transfer
between conductor and enclosure by convection and radiation.

4. Calculations
The three-phase bus bars model calculated in this paper is shown in Figure 6, the air region outer of
the enclosure is large enough to ensure the precision. The model is meshed with 768003 elements,
while the skin effect region meshed more meticulously by two layers shown in Figure 6 too.

Table 1 the geometry parameters of the model

. . Outer diameter Inner diameter ~ Axial length
Classification
(mm) (mm) (mm)
Conductor 70 40 7108
Enclosure 387 376 8912

The geometry parameters of the GIS bus bar are shown in Table 1, both the conductor and the
enclosure are made in aluminum. the material parameters of the model at 300 K are shown in Table 2.
Table 2 the material parameters at 300 K

Thermal ) . .
Classification conductivity Specific heat Viscosity
(W/ (mK) ) (J/(kg'K)) (10-°Pass)
Aluminum 2.2 897 -
Air 0.021 1005 18.1
SFs gas 0.014 665 1.42

The basic assumptions of the analysis are as follows:

1.Three-phase conductors are triangulated arrangement.

2.The maximum of load current in each phase is 10 kA, and three-phase current are balanced and
do sinusoidal changes at frequency of 50 HZ.

3.The GIS is indoor, ignoring the effects of solar radiation.

4.The ambient temperature is 20 C constantly.

5.The initial air pressure is 0.45 MPa.

6.Ignore the effect of basin insulators on convective heat dissipation.
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(a) Enclosure (b) Conductors in the
enclosure

0005 00

(c) Meshment of skin effect region in the bus
bars
Figure 6. Analytical model and the meshment

The distribution of current density in conductors and enclosure is presented in Figure 7. It can be
seen that the current density is larger in middle conductors, while the current density of the other two
phase conductors are similar. Both the current density of conductors and enclosure are uneven. For the
enclosure, the current density is larger on the top of it, because the magnetic fields are affected by
stationary components of the GIS bus bar and magnetic lines are squeezed, the current density is

(a) Conductors (b) Enclosure
Figure 7. Current density in conductors and enclosure

The temperature of conductors and enclosure is shown in Figure 8. Although the temperature is
different in the three phases but there are similarities that the distribution of the temperature is uneven
and the maximum temperature is in the middle. For enclosure, the temperature distribution of it is
gradual, the maximum temperature appears on the top of the enclosure, the minimum temperature is at
the bottom, and the difference is 22 K. In fact, convection heat is not only driven by temperature
difference, but also influenced by gravity. So the convection at the bottom of the enclosure of the GIS
bus bar is faster than the top of the enclosure.
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(c) Left side conductor (d) Enclosure

Figure 8. Distribution of temperature

The distribution of the velocity vector for natural convection is shown in Figure 9. Laminar and
turbulent flows exist. The flow velocity is larger around the conductor, which is turbulent. When the
flow rate is small, it is laminar flow. For the triangulated arranged conductors, the flow velocity is
relatively small at the top conductor of the triangle, while the flow velocity around the bottom
conductors is larger, because the velocity is affected by the acceleration of gravity. Velocity is higher,
heat dissipates rapidly, and the temperature in the region is lower. This corresponds to the temperature
distribution.

Figure 9. Distribution of the velocity vector

5. Conclusion

In this paper, the 3D model of GIS bus bars is set up, the eddy current field and fluent-thermal were
coupled to predict the distribution of temperature and velocity vector. In order to get accurate eddy
current loss, skin effect was considered and the skin effect area is further fine meshed. The method of
considering the skin effect is described by single phase conductor. Then the loss is used as heat source
of fluid analysis. The temperature distribution are highly consistent with the distribution of velocity
vector of SF6 gas for the three-phase GIS bus bar.
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