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Abstract: To enhance nominal current of high voltage vacuum circuit breakers (VCBs), a gravity heat pipe was proposed to
replace stationary conducting rod of a high voltage vacuum interrupter. The heat pipe is composed of two coaxis tubes: the external
tube is made of oxygen-free copper and the inner tube is made of stainless steel. The bottom end of the inner stainless steel tube is
connected to the external copper tube by holes. Transient and static thermal performance of the heat pipe was measured, and the
thermal resistance of it was compared with that of a solid copper rod with the same dimensions. Experimental results showed that
thermal resistance of the heat pipe was about 1/3 of that of the copper rod, and it decreased slightly with the rising of the input heat
flux. 3D thermal simulation on a 126 kV/2000 A single break VCB was done to compare the thermal performance between the
proposed gravity heat pipe and the copper rod serving as the stationary conducting rod of the vacuum interrupter. Simulation results
revealed that in the heat pipe case, the maximum temperature between contacts was 67 °C lower than that in the copper rod case.
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INTRODUCTION

Recently, the development of high voltage (>72
kV) vacuum circuit breakers (VCBs) has drawn in-
ternational interests in circuit breaker community
(Matsui et al., 2005; Okubo, 2006; Renz, 2006;
Yanabu, 2006; Liu et al., 2007), due to high global
warming effect of SFg gas, which was specified in
Kyoto conference in 1997. However, it is difficult to
increase nominal current level of high voltage VCBs
because the only effective heat transfer approach is
heat conduction and heat radiation in vacuum inter-
rupters. Heat convection does not help. So technolo-
gies to increase nominal current of high voltage VCBs
have become a common interest in the field. It is well
known that approaches to increase nominal current of
a VCB include increase of diameters of conducting
rods and other current carrying conductors, and re-
duction length of conduction path and installment of
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heat radiators.

In addition, various technologies were proposed.
Matsukawa et al.(1998; 2000) developed a water-
cooled VCB and found that a continuous current of
18 kA would be possible in the VCB, and also de-
veloped a forced-air cooling VCB. This technology
enabled the nominal current of the VCB to reach 12
kA (8 kA in case of natural-air cooling). Fink
et al.(2003) developed a new contact material based
on a multilayer system, which had higher thermal and
electrical conductivity, thus the contact resistance
was reduced and the nominal current was increased.

Besides the above-mentioned high efficiency
methods, heat pipe is a new approach to increase
nominal current of a VCB because of its high effec-
tive thermal conductivity. It is widely used in the field
of personal computers (Xie et al., 1998), integrated
power electronic modules (IPEMs) (Martens et al.,
2005), avionics (Zaghdoudi and Teytu, 2000), and
many power electronics devices. Recently, heat pipes
were reported to be utilized in the vacuum interrupter
(Yamano et al., 2002), where a heat pipe was installed
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in the stationary conducting rod. Temperature rise
measurement showed that the maximum temperature
was between a pair of contacts. It reached to 130 °C
for the heat pipe installed case at 2000 A for 120 min,
while it was 185 °C for the solid copper rod case.

In previous studies, the heat pipe was inserted in
the stationary conducting rod (Yamano et al., 2002).
So there was interference thermal resistance between
the heat pipe and the stationary conducting rod of the
vacuum interrupter. In our study, the stationary con-
ducting rod was actually replaced by a gravity heat
pipe. We studied its transient and static thermal per-
formances, and compared it with a copper rod with
the same size. At last, we simulated the temperature
distribution of a 126 kV vacuum interrupter respec-
tively when the stationary conducting rod was the
copper rod and the heat pipe.

EXPERIMENT

Heat pipe structure and principle

Fig.1 shows the structure of the gravity heat pipe.

The heat pipe was a coaxial tube. The external tube
was made of oxygen-free copper and the inner tube
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Fig.1 Structure of the gravity heat pipe. The vapor flows
up along the inner stainless steel tube and the condensed
water flows down along inner wall of the external copper
tube. Heat generated from the contacts is transferred out
by cycles of vaporizing and condensing of the de-ionized
water. Q;, and Q. are input heat flux and output heat
flux, respectively (unit: mm)

was made of stainless steel. The bottom end of the
inner stainless steel tube was connected to the exter-
nal copper tube by 4 holes with diameters of 12 mm.
The heat pipe was vacuumed. When the vacuum de-
gree in the coaxial tube reached to 1x1072 Pa, the
de-ionized water was filled into and the cap was
sealed. For a gravity heat pipe, the best filling ratio is
about 18%~20% (Feldman and Srinivasan, 1984). We
set the filling ratio as 19%. Considering water at-
tached on walls, the actual filling ratio was about 17%.
The heat pipe is assumed to be installed vertically to
the ground as in the case of a live-type high voltage
VCB. The de-ionized water is vaporized by ohmic
heat from the contacts located at the bottom end of the
heat pipe. The vapor flows up to the condensed region
through the inner stainless steel tube, and condensed
on the inner wall of the external copper tube by heat
radiators. The condensed water flows back to the
bottom end of the heat pipe along the inner wall of
external copper tube because of its gravity. Therefore,
heat generated from the contacts is transferred out by
cycles of vaporizing and condensing of the de-ionized
water.

Temperature measurement

In high voltage VCBs, the maximum tempera-
ture rise locates in the interface between a pair of
contacts. The contacts are the most significant heat
source in VCBs. To simulate this situation, Fig.2
shows the experimental setup. In the experiments,
ohmic heat of the contacts was simulated by an elec-
tric heating plate positioned at the bottom of the heat
pipe. The electric heating power, which was measured
by a watt-meter (HIOKI 3286), was controlled be-
tween 100 to 200 W by a transformer to simulate heat
of contacts in a 126-kV single break VCB with
nominal current around 2000 A. In the upper part of
external copper tube, there was a condensed region
(length of 80 mm in Fig.1), under which the external
copper tube was covered by asbestos used as an
adiabatic envelope to simulate thermal insulation in
vacuum. Forced air cooling by a fan was used to cool
the condensed region. The wind velocity was about 2
m/s in a wind tunnel. We used 12 copper-constantan
thermal couples to measure temperature distribution
along the heat pipe, as shown in Fig.2b. The meas-
uring point 1 was positioned at the bottom of the heat
pipe. The measuring points 2 and 3 were positioned
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under the liquid level. The measuring points 4 to 9
were positioned uniformly in the thermal insulation
region. These 9 measuring points were covered by
asbestos. The measuring points 10, 11, and 12 were
arranged uniformly along the length of the condensed
region. The temperatures were recorded with a 2-s
interval by a temperature monitoring instrument. The
ambient temperature was 20 °C.
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Fig.2 Experiment setup. (a) Photo of experiment setup;
(b) Arrangements of temperature measuring points
1~12. Points 1~3 were under the liquid level, points 4~9
were in the thermal insulation region and points 10~12
were in the condensed region (unit: mm)

RESULTS

Transient thermal performance of the heat pipe
Fig.3 shows the transient temperature distribu-

tion of the heat pipe when the electric heating power
was 200 W. It can be seen that the temperatures
increased rapidly before 125 min. After 150 min, the
heat pipe worked at a static state.
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Fig.3 Transient temperature characteristics of the heat
pipe. The locations of 1, 2, 5 and 12 can be referred to
Fig.2. The ambient temperature was 20 °C

Static temperature distribution along the heat
pipe
Fig.4 shows the static temperature distribution
along the heat pipe at various heating power. Note
that the temperature difference between the measur-
ing points 1 and 2 was much higher than those be-
tween remain measuring points. This is because there
was thermal resistance between the base of the heat
pipe and the body of heat pipe due to welding. The
temperature distribution from points 4 to 9 was almost
flat. This is because almost all of heat was taken away
by the water vapor flowing up from the bottom to the
upper part of the heat pipe under very small pressure
difference and temperature difference.
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Fig.4 Static temperature distribution along the heat
pipe. The ambient temperature was 20 °C
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Thermal resistance comparison between the heat
pipe and a solid copper rod

We compared the thermal resistances of the heat
pipe and that of a solid copper rod with the same
dimension. The heat transfer process in the copper rod
is shown in Fig.5a. It can be simplified as a 1D
thermal conduction problem because the heat flux on
the bottom is uniform, and moreover, the dimension
in length of the rod is much larger than that in di-
ameter. Therefore, as shown in Fig.5b, the tempera-
ture of each point at the copper rod corresponding to
each measuring point at the heat pipe can be calcu-
lated by solving the 1D thermal conduction equation
as Eqg.(1a). In the solving process, we assumed that
boundary conditions of the copper rod, as shown in
Egs.(1b) and (1c), were the same as those of the heat
pipe. Therefore, the temperature of point 12 at the
copper rod was equal to that at the heat pipe.

d’T
— =0, la
dx? (12)
—ﬂFﬂ =Q,, (1b)
OX |, o
T |12-copper-r0d = TlZ-heat-pipe ! (lC)

where A is thermal conductivity of the copper,
WI/(m-K); F is cross-sectional area of the copper rod,
m?; Qin is the heating power, W. Qj, is equal to Qg at
the thermal static state.
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Fig.5 Thermal conduction along the copper rod. (a) Heat
transfer process; (b) 1D thermal conduction mode. In a
stationary conducting rod of a live-type high voltage
VCB, the heat transferred from one end to the other end
of the copper rod

In Fig.6, we compared the measured temperature
distribution on the heat pipe and the calculated tem-
perature distribution on the copper rod when the
heating power was 200 W. Note that the temperature
gradient along the copper rod was much higher than
that of the heat pipe. The temperature of point 1 at the
copper rod was 93 °C higher than that at the heat pipe.
The thermal resistance of the heat pipe is calculated
according to

Ry =— 2

where Ry, is thermal resistance of the heat pipe, °C/W;
and AT is temperature difference of the two ends of
the heat pipe, °C.
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Fig.6 Measured temperature distribution along the heat
pipe and calculated temperature distribution along the
copper rod. The electric heating power was 200 W

The thermal resistance of the copper rod can be
calculated according to

Rcr == (3)

where | is the length of the copper rod, m.

Thermal resistance of the heat pipe at various
electric heating powers and that of the copper rod are
shown in Fig.7. Note that thermal resistance of the
heat pipe decreased slightly with the increasing of
electric heating power. This was due to the boiling
and condensing heat transfer coefficients increasing
with the heat flux. Thermal resistance of the copper
rod was 0.7 °C/W. It was about three times of thermal
resistance of the heat pipe.
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Fig.7 Thermal resistances of the heat pipe and the
copper rod. The heat pipe and the copper rod have the
same dimensions

THERMAL SIMULATION

As mentioned above, the gravity heat pipe had
higher heat transfer performance than the solid copper
rod. We did thermal simulation on a 126-kV single
break VCB (Wang, 2006; Liu et al., 2007) to compare
temperature rise of the two cases. The stationary
conducting rod of vacuum interrupter is either the
solid copper rod or the gravity heat pipe. The rated
current of the 126-kV VCB is 2000 A.

Internal structure of the conducting path of the
126-kV VCB is shown in Fig.8. Electrical current
flows into the VCB from terminal 1, and flows out
from terminal 2. Two heat radiators were used. The
heat radiator structure is shown in Fig.9.

2 4 Heat radiator 1
Terminal 1

Flange 1
Current conduction sustain 1
Current conduction ring 1 Stationary conducting rod

. Stationary contact
Moving contact r

Moving conducting rod

Current conduction ring 2 Current conduction sustain 2

Heat radiator 2

Flange2 Terminal 2

Fig.8 Cross section of the conducting path of a 126-kV
VCB with nominal rated current 2000 A

Fig.9 Structure of the heat radiator. Structure of the
heat radiators 1 and 2 were the same

To determine the boundary conditions, we cal-
culated general heat transfer coefficients including
natural convection and heat radiation on surfaces of
the heat radiator and on other surfaces exposed in the
air by a commercial computational fluid dynamic
software. The computation domain of the heat radia-
tor is illustrated in Fig.10, which includes the zone
between two neighbor fins’ center sections because
fins were symmetrical distributed on the heat radiator
base. Two side faces of the computation domain were
respectively central planes of two neighbor fins.
Height of the computation domain was 5 times of the
fin height. The ambient temperature was set at 10 °C.
Temperature of the heat radiator base was set at 40 °C.
The calculated general heat transfer coefficients on
the fins surface, heat radiator base surface and ter-
minal surface are 7.74, 2.26, and 9.25 W/(mz-K),
respectively. Surfaces of the stationary conducting
rod and the moving conducting rod are adiabatic for
they are in a vacuum enclosure.

Central plane of a fin
Central plane of a fin

Air

/

Heat radiator fin

Heat radiator base

Fig.10 Computation domain of the heat radiator. Two
side faces of the computation domain were respectively
central planes of two neighbor fins. Height of the
computation domain was 5 times of the fin height. t is
thickness of heat radiator fin, the ambient tempera-
ture was 10 °C, temperature of the heat radiator base
was 40 °C
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The thermal simulation results of two cases in
the 126-kV VCB are compared in Fig.11. The highest
temperature at the contact is 317 °C in case of solid
copper rod, while it is 250 °C in case of gravity heat
pipe. So the highest temperature is decreased by 67
°C when the gravity heat pipe is used as the stationary
conducting rod.
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Fig.11 Simulated temperature distribution in a 126-kV
VCB with nominal current 2000 A. The ambient
temperature was 10 °C. Stationary conducting rod is (a)
solid copper rod; (b) heat pipe

DISCUSSION

Thermal circuit of the vacuum interrupter
Thermal circuit from the stationary contact to
ambient in case of solid copper rod in the 126-kV
VCB is shown in Fig.12. Ta, Thrib, Tsr-ups Tsr-lows Teont
are temperatures of the ambient, bottom of the heat
radiator 1, upper end of the stationary conducting rod,

lower end of the stationary conducting rod, and the
stationary contact (Fig.8), respectively. Rur1-a, Rsr-nrt,
R, Reont-sr are thermal resistances of the heat radiator
1 to ambient, upper end of the stationary conducting
rod to the heat radiator 1, the stationary conducting
rod, and lower end of the stationary conducting rod to
the stationary contact, respectively. Q is the heat
transferred from the stationary contact to the ambient.
The thermal resistances were calculated as Eq.(2).
The temperatures (Fig.11a) and the thermal resis-
tances are shown in Table 1.

Ta
thl-a

Thrio

Rsr-hrl

Tsr—up <Q>

Rsr

Tsr-low

Rcont-sr

Tcont

Fig.12 Thermal circuit from the stationary contact to
the ambient in a 126-kV VCB with nominal current
of 2000 A. The ambient temperature was 10 °C,
stationary conducting rod is solid copper rod. The
simulated temperature distribution is shown in Fig.11a

Table 1 Temperatures and thermal resistances in the
thermal circuit

Temperature Thermal resistance

°C) Value (KIW) Value
Teont 317 Reont-sr 142/Q
Tor-tow 175 Rgr 93/Q
Tsr»up 82 Rsr-hrl 39/Q
Thrl-b 43 thl-a 33/Q
T, 10

From Table 1, we see that the highest thermal
resistance is Reontsr, Which depends on the structure of
the stationary contact. In order to reduce Reontsr, @
balance between thermal performance and high cur-
rent interruption performance, i.e., magnetic field and
mechanical performance should be considered in
electrode design. But it is a topic out of scope of this
study. The second high is Rg, which depends on di-
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ameter and length of the stationary conducting rod.
The objective of using the heat pipe is to reduce Rg;.

Inner diameter of the heat pipe

Thermal performance of the heat pipe is affected
by its inner diameter because the vapor area has im-
portant effect on the heat pipe performance. Thermal
performance of the heat pipe improves with increas-
ing of the inner diameter, because high thermal con-
ductivity of the heat pipe depends on the vapor space.
However, the ohmic heat of the heat pipe also rises
with increasing of the inner diameter because electric
resistance of the heat pipe increases. Fig.13 shows the
ohmic heat of the heat pipe (Fig.1) changing with its
inner diameter. We find that the ohmic heat rises
slightly with the inner diameter increasing up to 40
mm, and it rises quickly when the inner diameter is
over 40 mm. Therefore, in design of the heat pipe,
both the thermal performance and its ohmic heat
should be considered, and the inner diameter of the
heat pipe should be optimized.
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>
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Fig.13 Ohmic heat of heat pipe changing with its inner
diameter. The heat pipe is shown in Fig.1. The nominal
current is 2000 A

CONCLUSION

We measured transient and static thermal per-
formances of the gravity heat pipe serving as a sta-
tionary conducting rod of a high voltage vacuum
interrupter. Thermal resistance of the heat pipe was
compared with that of a solid copper rod with the
same dimension. We can draw conclusions below:

(1) Temperature gradient on the body of the heat
pipe was much lower than that of the solid copper rod.

(2) Thermal resistance of the heat pipe was about
1/3 of that of the solid copper rod in our experimental

condition. The thermal resistance of the heat pipe
decreased slightly with the increasing of input heat
flux.

(3) Thermal simulation results showed that the
highest temperature at the interface of a pair of con-
tacts reduced by 67 °C when the gravity heat pipe was
used to replace the solid copper rod which was usu-
ally used as a stationary conducting rod of the 126-kV
single break VCB with nominal current of 2000 A.

Although the gravity heat pipe is promising to be
used in high voltage VCBs, there are still problems to
be solved. First, structure of the heat pipe should be
optimized to enhance thermal performance and si-
multaneously it should meet mechanical strength
requirements. The start-up problem of the gravity heat
pipe should be further studied. Also, high electric
current flows in the wall of the heat pipe when it is
used in high voltage VCBs. Now we do not know
whether or not the working condition in the high
voltage VCB influences the life and reliability of the
heat pipe. These problems should be studied in future
work.
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