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ABSTRACT The loss and heat of a self-cooling enclosure-isolated phase bus of large generator are studied
by establishing the electromagnetic-fluid-temperature field model of the bus using the finite element method.
Factors such as skin effect and eddy loss, the electro-conductivity temperature effect, gas flow, and gravity
are considered. The compositive calculation and analysis of the loss and temperature of the self-cooling
enclosure-isolated phase bus of a 600 MW generator are conducted, and the data are compared with the
test. The results show that the current and loss distribution in the conductor and sheath of the horizontal bus
correlate with skin effect. The distribution of the bus temperature around the vertical center axis is symmetric,
but the temperature of the top bus is higher than the bottom. If the influence of the acceleration of gravity
and heat radiation is not considered, the result will become unreasonable.

INDEX TERMS Electromagneti-fluid-temperature field, self-cooling separate-phase enclosed bus, loss,

heat.

I. INTRODUCTION
With the gradual development of power grids to high-voltage
and large-generators in China, using the self-cooling
separated-phase enclosed busbar has become increasingly
widespread in the large generator [1]-[5]. However, because
of the large current, good sealing, and limited volume of
this type of bus, the overheat faults directly affect the safety
of the generator and power grid. The design, manufacture,
operation, and maintenance level must be improved to elim-
inate overheat defects and avoid similar malfunctions. This
improvement requires a comprehensive grasp of the heat
source and the temperature distribution of this type of bus.
Therefore, accurate calculation and analysis of loss and heat
are essential for performance.

For the loss calculation on the large-current enclosed bus,
it is challenging to solve the loss of the bus conductor
and metal shell using the traditional circuit analysis method
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because of the skin effect, induced eddy current, conductivity
temperature effect, and other factors. Regarding temperature
calculation, because of the constraints of material properties,
geometric shapes, placement ways, gravitational accelera-
tion, surface radiation, and ambient temperature, analyzing
gas flow and heat dissipation or experimental determination
also becomes challenging, significantly affecting the accu-
racy of temperature calculation. In recent years, researchers
have made some outstanding achievements in the temperature
analysis of enclosed bus [6]-[9], but the coupling analysis
of multi physical fields for the loss and heat of self-cooling
separate-phase enclosed bus of large generator still needs to
be further carried out.

In view of these facts, this study uses the self-cooling
separated-phase enclosed busbar of a 600 MW generator as
an example. By comprehensively considering the mentioned
effects, we established a loss and heat finite element model by
combining the electromagnetic field with flow field methods.
Furthermore, this study calculated and analyzed the distri-
bution of the current, loss, and temperature of this type of
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TABLE 1. Basic parameters of bus.

Parameter Value
Shell Outer diameter (mm) 1450
Shell thickness (mm) 10
Distance between phases (mm) 1800
Conductor current (A) 23000
Conductor outer diameter (mm) 900
Conductor thickness (mm) 15
Ambient temperature (‘C) 40
Placement method Horizontally
—_— 1450mm
&
@
10mm Bus Corductor
U Shell
Air
— 900mm —

FIGURE 1. Schematic diagram of the cross-section of the bus.

bus. We then discussed the influence of the two principal heat
dissipation ways (convection and radiation) on the calculated
results of loss and heat.

Il. LOSS HEATING CALCULATION MODEL
Table 1 shows the basic data of the bus in this paper.

Fig.1 shows the cross-sectional structure of the bus. In the
annular closed space between the bus conductor and metal
shell,the filling gas is air.

A. ELECTROMAGNETIC FIELD BOUNDARY VALUE
PROBLEM

The electromagnetic field governing equation in the bus area
is [10]

VxWVxA)=] (D

In the solution of the two-dimensional electromagnetic
field, the vector magnetic potential and current density only
have the z-axis component, which is Ax = Ay = 0 and Jx =
Jy = 0. Equation (1) can be transformed into

8( 8AZ)+ 8( BAZ) 7 @)
—(v— —(v—)=—
dx  Ox ay  dy ¢
However,
J; = Js; + Je; and 3
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A
Jeo =~ 0" 0
where v is the reluctivity, Jsz is the source current density, Jcz
is the current density induced by the magnetic field change
in the conductive region, and o is the conductivity of the
conductive region.
For the two-dimensional sinusoidal time-varying electro-
magnetic field, the governing equation is changed to

d  0A; 0  0A; .
—(v—)+ —(v—) = —Jy; +jwoA 5
8x(V 3)6) 8y(‘) 3y) sz T JWO Ay Q)

The Coulomb norm V-A = 0 and the far-region boundary
condition set as A = 0 at a far from the shell constitutes a
sinusoidal time-varying electromagnetic field boundary value
problem of a closed bus.

B. CALCULATION OF LOSS
Through finite element post-processing, the current and loss
of an element can be obtained from

I, = / / Jzedxdy and (6)
Ae
L,
p, =124 7
e e O'Ae ( )

where Jze is the current density of an element in the conduc-
tive area, Ae is the area of the element, and Lef is the axial
length of the busbar calculation area.

Therefore, the expression of loss in this area is

Pe=7) P ®)

where k is the total number of elements in the area.

Therefore, the calculated loss in the bus conductor and
metal shell can be calculated as the heat source for the tem-
perature field calculation.

C. FLUID-TEMPERATURE FIELD CALCULATION MODEL
For the self-cooling separated-phase enclosed bus, the heat
source dissipates heat by convection and radiation.

In the solution of the two-dimensional temperature field,
the heat conduction differential equation of the bus in the
rectangular coordinate system is

a ()\8T)+ B(ABT)_ ©)
ox  ox dy  dy v

where X is the thermal conductivity of the medium, T is the
temperature to be calculated, and qV is the heat source density
obtained from the loss calculation mentioned earlier.
Equations (10)—(13) can express the steady-state natural
convection of air [11].
Mass conservation equation

dpu) ~ d(pv)
ax + y

0 (10)
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Momentum conservation equations

ou ou oP 0 du 0 odu
pluss v ) == 4 =) + (o) (1)
dx  ox ay dy

0x ay 0x
8v+ av 8P+8(8v)+8(8v)
U—+v—|=——+—O—)+ ——
P dx ay dy  ox ”ax ay n&y
+8Bp AT (12)
Energy conservation equation
Mgy pe®Ta = 060y 2600y 4 0y 1)
CU—— cYy— = — _ J— — 1
P 0x p ay ox  0x ay  dy av

where p is the gas density, P is the gas pressure, 1 is the gas
kinematic viscosity coefficient, and u and v are the compo-
nents of the gas velocity in the x and y axes, respectively.
g is the acceleration of gravity, § is the thermal expansion
coefficient, AT is the temperature difference between the hot
and cold surfaces, Tq is the gas temperature, and c is the
specific heat capacity.

By ignoring the temperature difference between the inner
and outer walls of the metal shell and considering the influ-
ence of radial heat dissipation, the boundary conditions for
the outer surface of the bus conductor are

aT 4 4
-\ Ty = Yin (Th — T2) + einop(Ty — T5) (14)

For the outer wall of the metal shell, the boundary condi-

tions are
oT

—ha = tou (T2 = Ty) + eouon(T3 =T (15)

where Al and A2 are the thermal conductivity of the bus
conductor and metal shell, respectively. ¢ in and « out are the
convection heat dissipation coefficients of the outer surface
related to the gas flow condition and geometric parameters
of the bus. ¢ in and ¢ out are the equivalent emissivity of
the outer surfaces of the bus conductor and metal enclosure,
respectively. The equivalent emissivity is related to the emis-
sivity of the painted surface and geometric parameters of the
bus. T1, T2, and Tf are the temperature of the conductor and
shell outer surfaces and the outer environment of the cylinder,
respectively. ob is the Stefan-Boltzmann constant.

The air far away from the outer surface of the shell is
unaffected by the heat source. It is used as the far-region
boundary of the flow field calculation, and the temperature
is set to the ambient temperature of 40°C.

D. DETERMINATION OF CONDUCTIVITY IN THE
CONDUCTIVE AREA

The conductive area includes the bus conductor and metal
shell, and its conductivity value directly affects the accuracy
of the loss and temperature calculation. This study considers
the temperature influence on conductivity by adopting the
iterative trial method to determine its conductivity. For each
conductive area, first, assume an average initial temperature
tl to obtain its corresponding conductivity. Then, calculate
its loss and average temperature t2 using electromagnetic
field and temperature field calculations. Finally, use t2 as the
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average initial temperature and repeat the above calculation
until t1 is close to t2.

lll. CALCULATION RESULTS AND ANALYSIS

By using the above model, this study has analyzed the distri-
bution law by calculating the bus current, loss, and tempera-
ture. Then,combined with the bus temperature measurement
results, the influence of two principal heat dissipation ways
(convection and radiation) on the loss and heat calculation
results is studied and discussed.

A. TEMPERATURE MEASUREMENT TEST

In order to verify the accuracy and rationality of the cal-
culation results in the following discussion, the temperature
measurement experiment of the bus is described as follows:

The temperature measurement test of the bus samples
is carried out in accordance with the requirements of the
Chinese National Standard “GB2706-1989 Test Method for
Dynamic Thermal Stability of AC High Voltage Electrical
Apparatus” and “GB763-1990-Heating of AC High Voltage
Electrical Apparatus in Long-term Work”. This requires to
specially manufacture a set of three-phase prototype test
section whose structure and size parameters are the same as
those of the actual product. The length of each phase is not
less than 3 to 4 times of its cross-sectional size, and at least
one detachable connector.

The results showed that: when the ambient temperature is
40°C, the average temperature rise of measuring points of the
conductor is 44.04°C (allowable temperature rise is 50°C),
that is, the measured average temperature of the conductor is
84.04°C. The average temperature rise of measuring points
of the shell is 24.13°C (allowable temperature rise is 30°C),
that is, the measured average temperature of the shell is
64.13°C. The relevant measurement results, together with the
calculation results, are listed in the TABLE 2 and TABLE 3.

B. ONLY CONSIDERATION ON CONVECTION HEAT
DISSIPATION

When setting the boundary conditions of the temperature
field, set the emissivity of the busbar conductor and metal
shell outer surfaces to O to simulate the heat dissipation by
air convection alone.

Fig.2 shows the obtained current and loss density distri-
bution curves along the thickness. Fig.3 and Fig.4 show the
temperature distribution and airflow, respectively. TABEL 2
shows the calculated values of loss and temperature.

Fig.2 shows that in the bus conductor and metal shell,
the current density distribution shows an obvious skin effect.
In the bus conductor, the current density near the outer surface
is higher than near the inner surface. However, in the metal
shell, the current density near the inner surface is higher than
the outer surface. Therefore, the loss density is distributed
by the same law. Note that to ensure the accuracy of the
calculation, the skin effect must be considered in the loss
solution.
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FIGURE 2. Current and power density distribution curves when ignoring
radiation heat.

FIGURE 3. The temperature distribution of the bus when ignoring
radiation heat dissipation.

Fig.3 shows that the temperature distribution of the bus cor-
relates with the symmetrical geometric law and the upper part
is higher than the lower part. Whether it is a bus conductor or
a metal shell, the highest temperature is at the top and the
lowest temperature at the bottom, predominantly because of
the gas velocity vector distribution shown in Fig.4. Because
of the symmetrical geometric construction of the bus, the gas
flow and heat dissipation conditions are the same on the left
and right, making the temperature distribution symmetrical.
Moreover, because of the influence of gravitational accelera-
tion on the gas flow, the vertical temperature distribution of
the bus indicates that the upper parts are higher than the lower
parts.

However, regarding specific temperature calculation val-
ues, TABLE 2 shows that when only convection heat is con-
sidered, although the calculated average temperature differs
from the preset value by only 1 °C, it is far from the actual
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FIGURE 4. Vector diagram of airflow when ignoring radiation heat
dissipation.

TABLE 2. Loss and heat calculation results when ignoring radiation heat
dissipation.

Bus

Metal shell
conductor
Loss (W/m) 557 433
Preset conductivity (2 -1.m—1) X 107) 2.54 2.79
Preset average temperature t1 ('C) 177 87
The highest calculated temperature Tmax ('C) 186 95
The lowest calculated temperature Tmin (C) 170 81
The average calculated temperature t2 ('C) 178 88
Measured average temperature Tavm (C) 84.04 64.13
Average temperature calculation error 112% 37%
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FIGURE 5. Current and power density distribution curve when
considering radiation heat dissipation.

measured value. The calculated average temperature of the
bus conductor is 2.11 times the measured value, with an
error of 112%. The outer surfaces of the bus conductor and
metal shell are painted with black or light gray paint, and its
emissivity is between 0.8-0.96. Therefore, they have a strong
radiation heat dissipation capacity. Ignoring radiation heat
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FIGURE 6. The temperature distribution of the busbar when considering
radiation heat dissipation.
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FIGURE 7. The airflow vector diagram of the busbar when considering
radiation heat dissipation.

dissipation in the temperature field modeling calculation does
not conform to the actual physical conditions. It will cause
large errors in the temperature calculation results.

C. COMPREHENSIVE CONSIDERATION OF TWO HEAT
DISSIPATION METHODS: CONVECTION AND RADIATION
When setting the boundary conditions of the temperature
field, the emissivity of the surface painting of the bus con-
ductor and metal shell are taken as 0.9 to consider the influ-
ence of radiation heat dissipation. Fig.5 shows the obtained
distribution curves of the current and power density along the
thickness direction. Fig.6 and Fig.7 show the temperature dis-
tribution and airflow condition, respectively. TABLE 3 shows
the calculated values of loss and heating.

TABLE 3 shows that after considering the radiation heat
dissipation, the calculated temperature of the bus conduc-
tor and metal shell is reduced to approximately half than
when ignoring radiation. Compared with the measured data,
the calculation error of the average temperature is only 1%.
The calculation accuracy is much better than when radiation
is neglected and satisfies engineering accuracy. Because the
shape of the air convection path is unchanged, the temperature
distribution of the bus is a symmetrical geometric shape,
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TABLE 3. The calculated results of heat loss when considering radiation
heat dissipation.

Bus Metal shell
conductor
Loss (W/m) 511 420
Preset conductivity ((® -1.m—1) X 107) 2.8 2.86
Preset average temperature t1 (C) 85 65
The highest calculated temperature Tmax ('C) 85.4 64.6
The lowest calculated temperature Tmin (C) 84.3 63.8
The average calculated temperature t2 ('C) 84.85 64.2
Measured average temperature Tavm (C) 84.04 64.13
Average temperature calculation error 1% 1%

which is similar to that without radiation (Fig.6 and Fig.7).
However, the maximum temperature difference in the upper
and lower parts is reduced significantly from 14 °C-16 °C to
~1°C.

Regarding the calculated loss value, temperature affects
both conductivity and loss. In the iterative trial of loss and
heat calculation, after considering radiation heat dissipation,
the final value of conductivity increases as the calculated tem-
perature decreases, reducing the loss of the bus conductor and
metal shell. However, Fig.5 shows that in the bus conductor
and metal shell, the current and loss density distribution still
exhibits the skin effect.

Radiant heat dissipation significantly influences the value
and accuracy of the loss and temperature calculations.
In addition to the influence of convective heat dissipation on
the calculated values of losses and temperature, the airflow
path also causes the upper part temperature of the bus to be
higher than the lower part. Only by comprehensively consid-
ering the effects of radiation and convection can the actual
physical conditions of loss and heat be simulated and correct
and reasonable calculation results obtained.

IV. CONCLUSION

(1) For a horizontally separated closed bus, whether it is
in the bus conductor or metal shell, the current, loss, and
temperature distribution are not uniform. The distribution
of current and loss embodies the skin effect, whereas the
temperature is symmetrical, and the upper part temperature
is higher than the lower part state.

(2) In the loss and heating modeling calculation, ignoring
the radiation heat dissipation could cause large calculation
errors. Moreover, when considering convection heat dissipa-
tion, the influence of gravitational acceleration on gas flow
should be considered, otherwise, it is challenging to obtain
a reasonable temperature distribution law. Only by compre-
hensively considering the effects of convection and radiation
can the calculation results conform to the actual physical
conditions and engineering accuracy.

(3) Compared with the conventional circuit-heat circuit
calculation model, the calculation model in this study is
based on the numerical calculation of electromagnetic-
fluid-temperature field. It gives more consideration to the
skin effect, eddy current loss, convection and radiation
heat dissipation, gravitational acceleration, conductance rate
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temperature effect, and other factors. Therefore, a more accu-
rate quantitative calculation and analysis of the loss and heat
of the self-cooling high-current separated-phase enclosed bus
can be performed. Furthermore, the distribution and change
laws of various electromagnetic and thermal physical quan-
tities in the operation of the bus can be better theoretically
revealed, and it provides a useful reference for the operation,
maintenance, design, and manufacture of this kind of bus.
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