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HIGHLIGHTS

® This paper presents a new application of thermosyphons in electrical equipment.

® Thermosyphon bushing’s performances have been validated by experiments and models.
® A thermal network model has been developed for thermosyphon bushings.

o Effective thermal conductivities of thermosyphon bushings could be estimated.

® The prototypes have been built and tested for a vacuum-insulated disconnect switch.

ARTICLE INFO ABSTRACT

Keywords: In order to improve the electric current rating of a vacuum-insulated disconnect switch, a copper-water ther-
Thermosyphon mosyphon has been embedded into an electrical bushing to achieve significantly higher effective thermal con-
Bushing ductivity and lower hotspot temperatures of the bushing. The temperature profiles of a thermosyphon bushing

Vacuum switchgear

conductor under different heat loads and filling ratios have been characterized by experiments. For the purpose
Thermal network model

of estimating the performances of any thermosyphon bushing with various dimensions, working fluids and filling
ratios, a thermal network model with lumped thermal capacitors has been established. Characteristic features of
thermosyphon bushings like the thick pipe walls and the distributed Joule heat sources are represented in the
model. This model successfully predicted the effective thermal conductivity and hotspot temperatures of a
thermosyphon bushing prototype designed for a vacuum-insulated disconnect switch. Because of the compact
designs of thermosyphon bushings, they can be implemented in a wide range of power equipment, such as

vacuum switchgear, disconnect switches, plasma chambers, and high-power physics experiments.

1. Introduction
1.1. Problem statement

Electrical bushings are devices that provide insulated paths for the
electric current passing through a wall or an equipment enclosure.
Bushings generally have slim and long bodies with metal conductors as
the core and electrical insulation structures surrounding the metal
conductors. When the electric current flows through a bushing, Joule
heating will be generated along the metal conductor, which causes
hotspots in the insulation layers if the heat is not properly dissipated
[1,2].

The slim and long bodies of bushings will also bring problems if the
bushing needs to conduct heat from one end (usually within the
equipment enclosure) to the other end (usually outside the equipment
enclosure). For example, in a vacuum-insulated disconnect switch
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whose switch is enclosed inside a vacuum chamber, the bushings pro-
vide the only electrically and thermally conductive path from the
switch-in-chamber to the outside. Therefore, the Joule heat generated
within the vacuum chamber could only be dissipated conductively
through the bushings, as the convective heat transfer is attenuated in-
side the vacuum chamber and hotspot temperatures in the switch are
too low to transfer heat through radiation. As the Joule heating is
proportional to the square of electric current, with restricted heat dis-
sipation capabilities of the bushings, the electric current rating of this
disconnect switch could not be upscaled. In our effort to increase the
continuous current rating of this vacuum-insulated disconnect switch
from 100 A to 600 A, the heat transfer capability of the bushings is the
bottleneck that should be tackled.

Traditionally, the high-voltage bushings are cooled by oil circula-
tions within their insulation structures. This method does not apply to
our disconnect switch because the bushings do not have enough
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Nomenclature

A cross section area (m?)

[ heat capacity at constant pressure (J/(kgK))
FR filling ratio compared to evaporator volume
g gravitational acceleration (m/s)

hge latent heat of vaporization (J/kg)

k thermal conductivity (W/(m'K))

1 length (m)

p pressure (Pa)

Q heat flow (W)

q heat flux (W/m?)

R electrical resistance (Q2)

Ry thermal resistance (K/W)

Trer reference temperature, 293.15K

TB thermosyphon Bushing

14 volume (m®)

w thickness (m)

Greek symbols

a thermal diffusivity (m?/s)

ag temperature coefficient of electrical resistance (1/K)
B constant coefficient in Eq. (3)

Y linear coefficient of temperature in Eq. (3)
u dynamic viscosity (Pa‘s)

P density (kg/m®)

Subscripts

A adiabatic section

atm atmosphere

c condenser section

cony convection

e evaporator section

f liquid state of working fluid

i inner surface

out pipe-atmosphere interface at condenser

s vapor space

sat saturation

TB overall thermosyphon bushing

v vapor state of working fluid

insulation layers to contain the oil. However, the cooling liquid could
be contained within the bushing’s metal conductor. This solution would
be very compact, clean, compatible with vacuum and applicable in all
dry-type insulated bushings. As this metal-fluid combination works like
a heat pipe with regards to heat transfer processes, the overall device
could be called as heat pipe bushing. In our application, we call this
product as thermosyphon bushing (TB) because the bushings are ver-
tically installed and there is not a wick inside the metal conductor
chamber.

1.2. Literature review

The idea of incorporating a heat pipe in an electrical bushing has
been proposed in literature: Zhang [3] and Birgerson [4] have respec-
tively filed patents for structures combining heat pipes and electrical
bushings in transformer applications. Zeng [5] was the first one to call
his setup as “thermal siphon bushing” in a paper published in 2000.
Zeng [5] put water into the hollow copper conductor of a 350 kV BIL
1200 A paper-resin bushing, and this thermal siphon bushing could pass
1800 A heat-run test. That is, the electric current carrying capability of
the bushing was increased by 50% in thermosyphon state. Zeng [5] also
tried to find the critical current of this thermal siphon bushing through
simple calculations, but there were not sufficient presentations of cal-
culated results in the paper.

In 2002, Yamano et al. [6] inserted a heat pipe into the electrode of
a vacuum interrupter to reduce the temperature rise at the contact area.
The results showed that the contact temperature in a heat pipe installed
case was 130 °C after 2000 A conducted for 120 min, while the same
contact temperature hit 185 °C without a heat pipe. Temperature pro-
files were given to demonstrate this achievement.

Yu et al. [7] also applied a gravity heat pipe (bushing) into a 126 kV
2000 A vacuum interrupter for reduced hotspot temperatures. As the
thermal resistance of the heat pipe (bushing) was around 30% of that of
a pure copper conductor, the temperature of contact area was simulated
to be 67 °C lower by incorporating the heat pipe (bushing).

However, even though most of the studies provided complete tem-
perature profiles to demonstrate the outstanding thermal performances
of TBs, there is not a detailed discussion on the theoretical work like
why a TB is different from a traditional thermosyphon, and how to
estimate the potential performances of TBs through modelling. More
characterizations are also needed to define the structure, working

principles and applicable ranges of a TB in order to get this thermally-
optimized device more implementations into power systems.

1.3. Contributions

This work presents introductory discussions on TBs from both ex-
perimental and modelling perspectives. A TB conductor test rig was first
built to study its basic performances under different heat load inputs
and filling ratios. A lumped element thermal network model that was
originally built for thermosyphons has been improved to describe TBs.
The characteristic features of TBs such as distributed Joule heat sources
and thick pipe walls are included to better estimate the range of hotspot
temperatures and the equivalent thermal conductivity of a TB. The
operational limits of the TB can also be assessed with modelled results.
At last, a 15kV-rated TB prototype has been designed, manufactured
and tested for our vacuum-insulated disconnect switch application. The
performances of this TB prototype meet the estimates of our thermal
network model, which also demonstrates the thermal network model’s
validity.

2. Experimental approach
2.1. Test setup

For illustration, a schematic diagram of the TBs and the test setup of
TB conductor experiments are shown in Fig. 1. The TB’s pipe wall
material was chosen to be copper due to its excellent electrical con-
ductivity, the TB’s working fluid was chosen to be water due to its high
density, high surface tension, high latent heat, low viscosity and sui-
table boiling temperature. Different from a typical thermosyphon
whose copper wall thickness is minimized, a TB needs substantial cross-
sectional area of pipe wall for better electric current conduction per-
formances.

The physical parameters of the TB conductor are shown in Table 1.
In the setup, a Magna-Power TSA5-900/208 power supply provided
constant DC current through the TB and four parallel-connected 1 Q
heating resistors at the same time. The resistors in evaporator section
were heat sources that represented the heat loads from vacuum-in-
sulated disconnect switch. Joule heating also existed within TB’s pipe
walls due to the flowing electric current. The evaporator and adiabatic
sections were packed inside the thermal insulation foam in the TB
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Fig. 1. Thermosyphon bushing (TB) structure and TB conductor test setup with
thermocouple locations for temperature readings.

Table 1
Dimensions of TB conductor and TB prototype.

Properties Parameters

Total length 0.40 m (conductor), 0.50 m (prototype)

Evaporator length 0.09m
Condenser length 0.18 m (conductor), 0.13 m(prototype)
Inner diameter 1.27 cm

Outer diameter 1.90 cm (conductor), 2.54 cm (prototype)

conductor test. At the condenser section, forced air convection cooling
was achieved by two DC fans providing airflows up to 64 m>/h. Alu-
minum blocks were attached at both evaporator and condenser of the
TB conductor to minimize contact resistance between the TB cylindrical
wall and the heat source (resistors) or sink (fans). The internal vacuum
of the TB was achieved by a vacuum scroll pump and the pressure was
monitored by a vacuum gauge. By changing the electric current flowing
through the TB, the heat load inputs ranged from 20 W to 100 W (or
150 W under high filling ratios). The actual amount of power generated
in the heating resistors and the pipe wall were measured by a voltmeter.

The temperatures were measured at the bottom of the evaporator
(T,), the interface between evaporator and adiabatic section (T3), the
interface between adiabatic and condenser section (T), and the top of
condenser section (T;) as shown in Fig. 1. Temperatures in TB con-
ductor experiments were obtained by type-K thermocouples attached
onto the surface of TB walls. Data was collected at intervals of 1s and
the temperature reading resolution was 0.1 °C.

In this study, the Filling Ratio (FR) is defined as the working fluid
volume over the evaporator volume. In order to locate the optimal
working conditions of TBs, apparent filling ratios of 10%, 30%, 60%,
90%, 100% and 120% were tested in the TB conductor experiment.

Applied Thermal Engineering 161 (2019) 114180

20W 44w 70W 20W 40W 64W 80W 100W

5 80 T 80 4
o
= T4 = /
o | EF | . T o /
2 T 2 o T3
© 60 -==T2 T 60 / | —
A Y R — T3 2 / Lem T2
£ £ oo
g “] | Bl e
— 40 T2 40 f
S ] i /‘
5 (agf"-’ % 5 ! — T1
£ g £ Lot et
B 20 D 20 [faZemerr
& &
1} FR=10% i} FR=30%

0 0

0 50 100 150 0 50 100 150
Time[min] Time[min]
20W 40W 64W 80W 100W 20W 40W 64W 80W 100W 150W

O'80 o 80
L Cs
2 e T4
3 2 T3
S 60 T 60 [
o} /- T4 g f—‘rl” T2
£ — T3 £ a4
g /4 /"‘ g f— o /~ ™
5 40 P o jeee T2 = 40 ’,..—df"“"' onsaer
Il Ve o S /"“ S /'-"
g / 1 w’f-"/: g e’ asan
E /:,m:: ; T1 E ,";,..«-
‘g_ 20 paEAn ‘g 20
i FR=60% i FR=120%

0 0

0 50 100 150 0 50 100 150
Time[min] Time[min]

Fig. 2. Temperature profiles in TB conductor experiments under 10%, 30%,
60% and 120% filling ratios.

2.2. Experimental results

Fig. 2 shows the temperature profiles of four tests with TB conductor
under 10%, 30%, 60% and 120% filling ratios respectively. The heat
load inputs at evaporator ranged from 20 W to 150 W as illustrated by
different shades in Fig. 2. The tests usually started from equilibrium at
ambient temperature, kept constant heat input for a certain period of
time (usually 30 min), then moved to the next heat load input without
resetting.

The temperature profiles differ noticeably from FR = 10% test to
FR = 120% test. There was an abrupt overheating at evaporator in
FR = 10% test under 70 W heat load, which directly pulled the eva-
porator temperature (T,) up to 80 °C. It might be the dryout phenom-
enon that caused this temperature rise, a detailed analysis on opera-
tional limits of the TB conductor will be presented in Section 3.2.

In FR = 30% test, the temperatures at locations other than the
condenser kept rising continuously. While in FR = 120% test, there
were flattened tops of “staircases” which indicated the steady state
operations had been achieved. FR = 60% test had a mixed profile of
these two patterns, with all temperatures kept ramping up at low heat
inputs, the TB conductor approached steady state operation at the end
of 100 W input test.

More details about TB conductor temperatures under different FRs
and heat inputs are shown in Fig. 3. Data selected here are temperature
readings after 20 min of constant heat input operations. The error bars
indicate the standard deviations of corresponding groups of tempera-
ture readings.

Several common trends could be generalized from this figure. First,
the FR = 30% test had the highest evaporator temperature, highest
adiabatic temperatures, but lowest condenser temperature. Local film
dryout at the evaporator might cause this temperature distribution, so a
low filling ratio is not recommended for better thermal performances of
TBs. Second, higher FRs could decrease the evaporator temperatures at
higher heat inputs. Third, the FR = 120% test had a more uniform
temperature distribution throughout the TB, this would lead to a higher
effective thermal conductivity (shown in Fig. 4).

The most attractive point of TB is its significantly improved effective
thermal conductivity kg, which represents a steady-state, conduction-
dominated, one dimensional heat transfer throughout TB as shown in
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Fig. 3. Steady-state and semi steady temperature readings in TB conductor
experiments under various FRs and heat load inputs.
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Eq. (1). In the TB conductor, Q is the total heat input containing heat
influx at evaporator and distributed Joule loss throughout the TB.

=3 Q _ s Q
k Arg AT ATl — T. (€8]

Fig. 4 shows correlations between k. and input heat loads or FRs
based on TB conductor experiments. The error bars of Fig. 4 represent
the root sum square uncertainty of kg derived through propagation of
uncertainty law. There was an obviously positive relationship between
kes and input heat loads, but the relationship between kg and FRs was
not clear. k. improved significantly from 30% FR to 60% FR, and from
90% FR to 120% FR, but stayed rather close between 60% FR and 90%
FR.

However, high filling ratios did not benefit kg at low heat inputs
because of the high heat capacity of increased water volume. To
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balance the performances at both high and low heat loads, a filling ratio
between 60% and 90% will be implemented in the TB prototype for
vacuum-insulated disconnect switch as described in Section 4. This
60-90% FR is equivalently 13.5-20.25% of total vapor volume, which
meets the optimal filling ratio suggested by Imura [8].

The experimental approach is the most reliable way to obtain per-
formances of a TB, but sometimes it is not readily available. Due to the
lack of available thick-wall copper tubes in the market, the TB con-
ductor has different wall thicknesses from final TB prototypes for the
vacuum disconnect switch as indicated in Table 1. The TB prototypes
were manufactured by an electrical bushing company with a rather long
leading time. Meanwhile, in order to efficiently predict the perfor-
mances of final TB prototype, and possibly any TB with different di-
mensions and working fluids properties, a thermal network model of TB
has been developed and trained by TB conductor experimental data.

3. Theoretical analysis
3.1. Thermal network model

The construction of a computational fluid dynamics model is ex-
pected to be time-consuming and complicated if only the steady-state
effective thermal conductivity k. and the temperature profiles of TB
need to be determined. Comparatively a thermal network model using
lumped resistors or capacitors is a more effective approach. Networks
built upon combinations of thermal resistors are widely presented in
previous literature [9-12], and they have been used to derive the
analytical expressions for thermal conductivities of heat pipes [13].
Resistors-based thermal networks are easy to calculate and analyze, but
they failed to address the transient performances of heat pipes. Lumped
capacitors approach, on the other hand, has been built to study the
temperature profiles of heat pipes changing with time [14-17]. Con-
sidering the transient processes measured in TB conductor experiments,
we choose the lumped capacitors approach to construct the TB’s
thermal network model.

However, thermal network models built upon traditional heat pipes
or thermosyphons could not be directly used in TBs, because TBs have
much thicker walls and distributed Joule heat sources along the metal
conductor. While traditional thermosyphons use thin-wall pipes and
have concentrated heat source at the evaporator. To address these two
characteristic features of TBs, we improve the thermal network models
with lumped capacitors [14,17] to further explore the steady-state
performances of TBs.

Fig. 5 illustrates the heat transfer processes through the thermal
network of a TB. The liquid return process has been neglected because
of its limited effect on the overall heat transfer [14]. The TB is divided
into evaporator, adiabatic and condenser regions vertically with the
vapor space interconnects all three regions. Horizontally, it is divided
into atmosphere-pipe interface (the aluminum block as evaporator
clamp block and condenser clamp block shown in Fig. 1), wall con-
duction, wall-fluid convection and fluid space. Every region is further
divided into two sides to represent the temperature gradients over one
region, subscription ‘1’ represents the inflow side boundary and sub-
scription ‘2’ represents the outflow side boundary with shared inner
temperature at the middle of one region.

Applying the law of energy conservation to the copper wall con-
duction regions results in following equations of states:

drT,
PnVnCp,nd—tn =Qn1—Qun2+Qn,.n=¢eaqa,c @

where Q; , is the Joule heat source. It has a linear relationship with local
temperatures as shown in Eq. (3).

Qj,n = IZRTn = Ieref,n(l — agr Tref) + IZRref,naRTn = ﬁn + yy,Tn ,n=e,a,c
3

For the heat conductions through a thick tube wall at evaporator
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Fig. 5. Thermal network with flows of energy balances in TBs.

and condenser sections of TBs, the Fourier’s law can be written as:

T — T, A, — A;
Q = kA, ‘w 0 A, = oA

= , W
ln(Ao/Ai)

=r-h
0 1 (4)
Due to the thickness of TB wall, the cross-sectional area of outer
surface differs largely from inner surface, so that the two cross-sectional
areas are calculated for each side. Therefore, the input-side heat influx
Qn,1 and output-side heat outflux Q, » are expressed as
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Taking Egs. (3) and (5) into (2), Eq. (2) can be rearranged to

ar,
dt
2 20, A 20, A
= L - n (Am,nl +Am,n2) Ez + nmnl 7;1,1 + nmn2
PaVaCon  VaWn Vawn VaWn
T2 + 1
0 VaCon (6)
k
Ay =—2—,n=e,a,c
pncp,n

Suppose the complicated heat transfers and phase transitions in the
fluid space can be represented by a simplified heat conduction process,
a first-order differential equation in Eq. (7) can also be derived for the
fluid space. For simplicity, we assume a uniform temperature T; both in
the boiling pool and the vapor space, this temperature uniformity
normally happens when the working fluid reaches its saturation tem-
peratures.

de _ Qs,l - Qs,l _ 1 [ZkeAm,eZ

2keAmc
= (T — Tp) + =2
dt P VisCps P Vsps

We We

(Ta— T)

)

Egs. (6) and (7) give four differential equations of temperatures to
be solved for, then the basic parameters of TB including k. can be
derived from T,, T, T. and T, once obtained. However, there are still
intermediate variables like T,» and T, ; in expressions that should be
substituted first. Here, two assumptions are proposed to derive the
boundary conditions. First, the algebraic sum of the heat fluxes meeting
at a vertex of the thermal network is zero. Second, no temperature
gradient exists over the connection lines of the thermal network. Based
on these two assumptions, we can derive the following boundary con-
ditions as shown in Eq. (8). Under sufficient cooling conditions, the
surface temperature of the condenser clamp at condenser T, equals the

To1— Ty Ty — T
Qn1 = k,,Am,,,lT/z » Qn2 = knApn2 w2 n=eac (5) atmospheric temperature T,,. The heat transfer coefficient determined
" " by a forced convection cooling is h,, and the surface area for
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Fig. 6. Comparisons between temperatures from TB conductor experiments and thermal network model. Vapor temperature T, and effective filling ratios FR.g

derived from thermal network model are also included.
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dissipation at condenser is Ay,

Te,l = 7:1,1 s Qe,l = Qin - Qa,l 5 Te,conv,l = T::,Z

Te,cunv = TA = TL‘,cunv 5 Qe,Z = Qe,conv,l

Tc,conv,z = Tc,l s Qc,cunv,z = Qc,l

Tc,2 = 721,2 s Qc,z + Qa,2 = houleul(Tc,Z - oul) (8)

As for the heat convection processes at the interface of inner pipe
wall and working fluid, we assume a nucleate boiling process at the
evaporator and a filmwise condensation process at the condenser under
normal working conditions. So, the heat transfer coefficient at eva-
porator h, is based on Imura’s equation [18], while heat transfer coef-
ficient at condenser h, is based on Nusselt’s equation [19]. The effect of
different filling ratios is also considered by introducing an effective
filling ratio FR.4 This parameter represents the percentage of effective
heat transfer area at evaporator after the TB has entered steady or semi
stable operations. The thermo-physical properties of water and steam
used in Eq. (9) are calculated with equations from [20] and [21].

L-T
h, (FRc_Kf'Ae,i)(Te,Z -T) = kcAm,cZ‘,vei/zy2

0.657,0.3 ,0.7 ,0.2,0.4
h = 032 PR ) (Rt \ 2
e — Y- 0‘25h0~4 0.1 Putm
Py g Ky

Te1-Tc
wel/2

hcAc,i(Ts - TL‘,I) = kcAm,cl

ork3g (o — py)hgy +0.68¢p £ (Ty — To) \O-2°
hc=o.943(” AL it )

#ch(Tv -1

9

So far, we have derived all boundary conditions to substitute the six
intermediate temperature variables by four state temperatures T, Tg, T,
and T;. A detailed list of expressions for the intermediate temperatures
is shown below.

T = QinWeWa + 2ke Am,e1Wa Te + 2kqaAm,a1We Ta
el 2keAm,e1Wa + 2kaAm,a1We
2keAm,e2Te + wehe (FReff‘Ag’i) Ty
2keAm,e2 + Wehg(FRe/f’Aeyi)
Toa=To

2keAm,cawa Te + 2kaAm,a2we Ta + hout Aout wawe Tout

Te,z =

T, =
a2 houtAoutwawe + 2keAm,c2wa + 2kaAm,a2we
T . = weheAc,iTs + 2keAm,c1Te
ST ke Amer + weheAc
Teo=Tap (10)

3.2. Model validation and discussions

Even though most of the model inputs are measurable values like
the electric current I, the resistive heating power Q;, and the atmo-
spheric temperature T,,,, there are empirical inputs that need to be
determined with pilot test data. TB conductor test results are thus used
to generalize the dissipation heat transfer coefficient h,, and effective
filling ratio FR.y for the thermal network model. The outer surface
temperatures in the model, T, ;, T, and T, are correlated with mea-
sured temperatures, T,, T,, T, and T;, through Eq. (11) below.

_ L+ T L+% . _D+h
2 P el 2 an

As the thermal network model has been built upon the assumption
of steady-state operations, temperature values from Fig. 3 are used as
references for data fitting with model outputs in order to determine the
empirical inputs: ho, and FRg The best fits of ho, and FR.g are shown
in Fig. 6 with a comparison of experimental temperatures and simulated
temperatures.

The errors between experimental results and theoretical values are
below 5% in most cases and below 10% in all cases. Errors mainly exist
in adiabatic temperature T, and condenser temperature T,, which are
probably caused by the assumptions of ideal heat dissipations in the
thermal network model: no heat dissipation in the adiabatic section and
uniform heat dissipation coefficient in the condenser. In reality, the

T =

e,1
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thermal insulation foam could not prevent all dissipations, and the
upper half of the condenser section, which was surrounded by cooling
fans, would have larger heat transfer rates than the rest of condenser
section. Such differences in the heat transfer coefficient h,, at the
condenser noticeably affects model results, because h,, is a critical
parameter that influences both T, and T, in the model calculations.

By the assistance of thermal network model, we can also obtain
vapor temperature T, and effective filling ratio FR. that could not be
easily measured in experiments. The effective filling ratio FR.y re-
presents the percentage of effective evaporator area utilized in heat
transfer. As shown in Fig. 6, FR.g is only 40-60% of the apparent filling
ratio. Considering our TB conductor setup, this reduction was probably
caused by the partially flooding in the condenser section.

So far there are two phenomena being attributed to the operational
limits: the dryout in FR = 10% test and the reduced FR.4 values pos-
sibly caused by partial flooding. With the vapor temperature T ob-
tained from the thermal network model, we could calculate the max-
imum heat transfer rate defined by various operational limits, including
sonic, flooding, boiling and dryout limits. Using the empirical correla-
tions provided in [9,22], the maximum heat transfer rates Q at different
vapor temperatures for the TB conductor are shown in Table 2 below. It
can be seen that the sonic limit, flooding limit and boiling limit at high
filling ratios are far beyond the heat loads of TB conductor under
working conditions. At low filling ratios like FR = 30%, the TB con-
ductor worked at the boundary of boiling limits, so that the evaporator
temperature kept rising up as shown in Fig. 2. At even lower filling
ratios like FR = 10%, the calculated dryout limit is merely 10 W. In-
putting high heat loads like 70 W would certainly lead to abrupt tem-
perature rise at evaporator as shown in Fig. 2. Therefore, low filling
ratios in TBs should be avoided for the possible dryout at evaporator.

The significance of this thermal network model is that it provides a
shortcut to obtain the estimated temperature profiles of a TB under
steady-state conditions, which can easily lead to the calculations of the
effective thermal conductivity k. and operational limits. As discussed
in the model descriptions, three out of five input parameters of the
thermal network model can be directly measured or assumed: electric
current I, heat load Q;,, and ambient temperature T,,. The heat dis-
sipation coefficient at the condenser h,, depends on TB’s cooling
methods and condenser geometries, this value could be found in nu-
merous handbooks. The only empirical parameter here is the effective
filling ratio FR.s. As summarized from TB conductor experiments stated
above, the FR.¢ can be chosen as 40-60% of apparent filling ratios (or
initial filling ratios) with slightly higher FR. at higher heat loads.

4. Thermosyphon bushing application example: In a vacuum-
insulated disconnect switch

4.1. Thermosyphon bushing prototype
As indicated in the introduction, a TB prototype has been designed

for a vacuum-insulated disconnect switch to improve its continuous
current rating from 100 A to 600 A. Different from the TB conductor

Table 2
Calculated heat transfer limits at different vapor temperatures.
T, Maximum heat transfer rate Q [W]
Sonic Flooding Boiling Dryout
[°C] FR FR FR FR FR
30% 60% 90% 120% 10%
20 914 697 58 5026 3723 3009 6
30 1615 826 76 6564 4862 3930 7
40 2736 963 97 8388 6213 5022 9
50 4460 1105 122 10,511 7786 6293 10
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presented in Fig. 1, the TB prototype has a ring ceramic insulator to
provide mechanical support and electrical insulation from the vacuum
chamber, a knife-edge flange to be mounted onto the vacuum chamber,
and a pumpout valve for vacuuming and sealing purposes. The struc-
ture of a TB prototype is presented in Fig. 7.

4.2. Thermosyphon bushing prototype test results

In order to resemble the working conditions in the vacuum-in-
sulated disconnect switch, the TB prototype was tested within a six-way
cross vacuum chamber following the same procedures described in TB
conductor experiments. The test setup of the TB prototype is shown in
Fig. 7. The temperatures were obtained from RTD sensors at fine re-
solution with a time interval of 3.

For comparison purposes, the TB prototype was tested in both un-
filled state as a pure copper conductor (FR = 0%) and thermosyphon
state as a TB (FR = 60%). Fig. 8 clearly shows the advantages of the
thermosyphon state: the TB prototype worked in thermosyphon state
could transport up to 100 W of heat with highest temperature stabilized
to 70°C, while the TB prototype worked in unfilled state suffered
constant temperature rises which went beyond 70 °C at only 40 W heat
load. Similar to the results reported in literature [5-7], the heat transfer
capability of an electrical bushing has been significantly improved after
incorporating a thermosyphon.

The thermal network model built in Section 3 worked effectively in
estimating the range of hotspot temperature T, and effective thermal
conductivity k. of the TB prototype. As shown in Fig. 9, measurements
obtained from TB prototype experiments mostly fall into the range
defined by the thermal network model using 40-60% effective filling
ratio FR.y range. This 40% to 60% FR.s range was generalized from
conductor experimental results as stated in Section 3.2. The singularity
at 20 W input could be caused by the unstable processes during the
test—the hotspot temperature of 32.2°C had not turned the working
fluid into its saturation state. Generally speaking, the thermal network
model trained by TB conductor experimental data could successfully
estimate the potential performances of TB prototype, which had dif-
ferent physical dimensions and filling ratios from the TB conductor. The
validity of our thermal network model is thus demonstrated.

5. Conclusion

Incorporating a thermosyphon into an electrical bushing can sig-
nificantly improve the bushing’s thermal management capabilities,
which leads to a higher current rating of corresponding power equip-
ment. This paper takes a medium-voltage, vacuum-insulated disconnect
switch as the application of developed TBs, a TB conductor and a TB
prototype have been designed, simulated and tested respectively under
the working conditions of vacuum-insulated disconnect switch. One of
the major novelties of our work is to introduce a thermosyphon-based
thermal network model into TB scenarios, adding characteristic fea-
tures of TBs like thick pipe walls and distributed Joule heat sources to
better estimate the temperature distributions along TBs. The effective
thermal conductivities, hot spot temperatures and operational limits of
TBs could be estimated using this thermal network model, and the
validity of model had been confirmed by both TB conductor and TB
prototype test results.

The TBs built in this work have shown distinguished thermal
management performances. Compared with unfilled state, the TB pro-
totype worked in thermosyphon state could double the heat load
transfer rate with the same hot spot temperature, and the maximum
effective thermal conductivity achieved is around 8700 W/(m'K) in TB
conductor tests and 3600 W/(m'K) in TB prototype tests.

Based on our observations, future work on thermosyphon bushings
include visualization studies to identify the dominant mechanisms of
thermosyphon bushings, modelling performances of thermosyphon
bushings based on conjugate heat transfers, and development of heat
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pipe bushings with wicks inside the metal conductors.

In today’s fast-evolving power systems with vacuum-insulated
power equipment getting more popularity, the TBs could become a key
enabling component to improve the continuous current ratings of these
vacuum-insulated power equipment, and make them more competitive
in meeting the needs of ever-growing electricity consumptions nowa-
days.
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