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ABSTRACT

Air is a desirable alternative to $Fn medium voltage
(MV) switchgear. However, the thermal propertiesawf
is poorer compared with $Fand this paper presents a
first step in the process of finding an optimizbdrinal

from the first step in this process. Mapping of the
resistances and the thermal condition have been
performed on an air filled prototype with dimension
comparable to an Sffilled switchgear installation. The
temperature and power measurements are used ds inpu
data in simplified heat transfer simulations. ANSYS

design. Mapping of the resistances and the thermal fluent CFD software is used in addition to calcoias
condition have been performed on a custom made according to the empirical guidelines given in |HR

prototype. Together with CFD-simulations, these
methods are found to be useful for gaining insighd
improving the thermal design of MV switchgear. The
combined contact resistances (bolted and others) fana
found to constitute about 35 % of the total resist of
the prototype. Possible contributions from the sifiiect
and/or iron losses seem to be of little or no iefloe to
the power input.

INTRODUCTION

Medium voltage (MV) switchgears are used in the
distribution network to ensure a safe and religinever
supply to the customers. For decadess &S has been
used to ensure the reliability, compactness,
robustness of these switchgears. Unfortunatelys SF
suffers from a very high global warming potentisdy
switchgears are manufactured to be sealed foahfi to

60890 [3].

TEST OBJECT

The experiments described in this paper were paddr

on a (non-commercial) 12 kV custom made prototype,
made for the purpose of testing and verification of
models and simulations. The unit consisted of three
modules, as can be seen in Figure 1, with total
dimensions corresponding to Sled 12/24 kV
switchgear. Two of the modules (C1 and C3 in Figlre
were equipped with load break cable switches (L&)
puffer type enclosed in a closed plastic cylindEne
center module of the test object (V2 in Figure Bswthe

and transformer T-off which was equipped with a vacuum

circuit breaker (VCB). The switchgear was fillecdthvair
at atmospheric pressure. Commercial switchgear is
typically filled with an overpressure and has thus

have Sk emissions of < 0.1 % / year. Nevertheless, since Somewhat better thermal properties.

Sk emission can occur due to incorrect handling durin
installation and decommissioning, the industry is
interested in finding a suitable alternative.

For the future generation of MV switchgears, it is
desirable to keep the compact switchgear design [1]
Load currents cause ohmic losses and thus heatsidei
the switchgear. Air is a desirable alternative tB; S
however, since the thermal properties of air isrpoo
compared with S§ this causes some extra care to be
taken regarding the thermal design in order tesBathe
requirements of the temperature rise test specifiettie
standard IEC 62271-1 [2].

Thermal design has traditionally been devoted elittl
attention as Sf-has relatively good thermal properties.
To be able to keep the compact design when changing
a more environmental friendly gas, thermal desigads

to be more optimized. This paper presents the tesul
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Figure 1: Front view of the test object with two carledules
(C1 and C3) with LBS and a transformer T-off (V2) with
vacuum circuit breaker.
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All the conductors were made of bare or silver edat

Thermocouples were connected to the conductorgyalon

copper (Cu), except the busbars which were made of the current path, and the temperature just abavé. BS

silver coated aluminum (Al). Relevant material prdjes
are given in Table 1. The different conductor piceaee
connected by bolted connections. In addition, tlaeesan
open/close contact and a sliding contact insideLtBS
housing.

Table 1: Material properties [4]p is the specific resistance and
a is the temperature coefficient of typical alloysh® given
material.

Conductor p a
material  [Qmm%m]  [1/K]
Cu 0.0179 0.0039
Al 0.032 0.0036

EXPERIMENTAL PROCEDURE

Thermal testing were carried out at the 630 A rabeee-
phase current, at a frequency of 50 Hz, suppliechfa
high current injector test equipment, Hilkar Elekéknik
Ltd, type AK23. The vacuum module (center module)
was electrically disconnected, and the current was
passing from one cable module via the busbars gftrou
the second cable module. That means that the ¢umaen
passing through two LBS for each phase, as carebe s
in Figure 2. This is the normal path for the maimrent
through the switchgear during normal conditionsain
common cable ring distribution system. The heat
dissipated in the enclosed switchgear will be gmtieer
along this current path. There are ten bolted cciiones
along the current path, as shown in Figure 2. [dfitamh,
each of the LBS contained two bolted connectioms, a
open/close contact and a sliding contact.

busbar

bolted
connection

open/close
contact

sliding
contact

LBS LBS

1
Cla C3a

Figure 2: The current path for one of the three gdm of the

switchgear in Figure 1. The current (I) was passimgtgh one

cable module, via the busbar, and through the nmaltle

module.
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was monitored during heating until steady state
conditions were reached (temperature increasehassl

°C pr. hour). The temperature along the current,phth

air temperature inside the switchgear, and the powe
dissipated were measured at steady state condifities

the AC supply was disconnected and a DC sourc®of 1

A was connected for resistance measurements alang t
current path.

TEMPERATURE MEASUREMENTS

A number of thermocouples (20) of type K were mednt

on both sides of every contact pair along the ciirpath

for each phase. After the equipment was heatetbtulg
state, the temperature of each point was measaret,

the results are shown in Figure 3. The average
temperature rise along the current path was foondet

74 °C. The highest temperature increase was measured
inside the LBS.

The steady state temperature rise in all of thepmmants
should be within the permissible limits, as spedifioy
the standard IEC 62271-1, for the switchgear talide to
pass a temperature rise test. The limit iSG@5or bolted
connections (where at least one side is silverniokel
coated) and 65C for open/close contacts and sliding
contacts (silver- or nickel coated). These uppaitd are
indicated in Figure 3 by a dotted and a solid hantal
line, respectively. From the figure it is clear tththe
measured values outside and inside the LBS areehigh
than acceptable.

The temperatures at all the contacts are expectdzk t
higher than what is measured some short distaneg.aw
The open/close and sliding contacts are locateideéna
closed plastic housing. Measurements performedhen t
main conductor inside the LBS gave a temperatuge 1-
degrees higher compared to the outside.
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Figure 3: Measured temperature risaT) as a function of the
distance from point Cla (ref. Figure 2), i.e. alothg current
path. The temperature limits specified by IEC 6227are

indicated by the horizontal lines.
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The measured air temperatures are given in therés
of Table 2. The measurement of the air temperatutiee
top of the enclosureA(T,,) was performed 1 cm below
the top surface.

Table 2: Temperature of the ambient aig{J, and
temperature rise at the vertical mid-point insitie enclosure
(ATmig) and close to the top of the enclosud,(,) at steady
state.

Tamb AT mid ATtoo

[C] [ Cl  [C]
Measured 18 37 47
IEC calculation - 35 44
CFD simulation - 40 55

MAPPING OF RESISTANCES

Resistance measurements at ambient, no-load (‘cold”
conditions were made before measurements at load
currents (“warm” conditions). After the temperature

measurements were made at steady state with rated

current, the AC current source was disconnected aand
100 A DC source connected immediately afterwards.
Measurements of the voltage drops along the cupaiit
were made within a few minutes, before the tempegat

dropped more than 10 %. From these measurements the

resistances at “warm” condition®)( were determined.
The connection points were at the same locatiornfeas
temperature measurements were taken (the thermiecoup
wire was used as a connection to the outside of the
compartment).

The accumulated resistance for phase 1 is plotted i
Figure 4 for both “cold” and “warm” conditions. Tlab3
gives the total resistance from Cla to C3a (cdufé 2)

for each phase. The measurements were performed
between the inside bushing connection points.
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Figure 4: Accumulated resistance along the currpath for

phase L1.
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Table 3: Resistance (based on measured voltage) doopall
phases during both “cold” (§ and “warm” (R) conditions.
The measurements were performed from/to the ingidaitg
connection points.

Ry R
o] | [k
Total phase L1 215 260
Total phase L2 203 241
Total phase L3 221 260

By summing the contact resistances and the bulk
resistances separately, it may be concluded that th
combined contact resistances (bolted and others)
constitutes about 35 % of the total resistancecatd”
conditions.

An average value for the resistance of the bolted
connections was calculated to be 4.0 jrased on
measured values during “cold” conditions. Thisristhe
same range as values reported in [5].

The bulk resistance at “cold” conditions is in agrent
with theoretical calculations based on conductagtles,
cross-sectional area and specific resistance givéable
1. The expected increase in bulk resistance with
temperature can be calculated by [6]
R =R (1+a(T-To)) 1)
where R is the resistance at temperature R, is the
reference resistance at temperatlig and a is the
temperature coefficient af,. The measured increase in
bulk resistance is found to be as expected based on
equation (1) with the temperature measurements, the
resistance measured during “cold” conditioRg) @nd the
temperature coefficients for the relevant materials
Table 1. It seems the increase from “cold” to “warm
conditions is higher for the contact resistancenthze
bulk resistance. This is as expected since the deatyre
increase in the contacts is even higher than ®btlik.

The resistance was measured across the total LBS. |
addition, a measuring point was located at the main
contact inside the LBS, i.e. between the open/chosk
the sliding contact. The measurements showed Het t
resistance of the part of the LBS containing thdirgj
contact was about twice the part containing the
open/close contact (including other connections).

POWER MEASUREMENTS

The resistances of the conductors and the conmectio
between the separate conductors are the main heat
sources to the system. The measured values areveowe
made with a DC source, and additional losses may be
expected when operating at AC supply due to a plessi
skin effect. In addition, losses may occur in mdigne
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steel surrounding the current path due to Eddyeciisr
and hysteresis losses. The latter may eventually be
eliminated by using nonmagnetic materials, but with
some possible cost consequences.

To investigate a possible contribution from these
additional effects, the power dissipated in thetchgear
was measured directly with a Gossen Metrahit Energy
M249A wattmeter. The measurements were performed
on the outside bushing connection point, and al tota
power loss of 350 W was found.

the resistance

The ohmic heat loss based on

measurements are
Pobm = Rtotl2 (2
whereRy; is the sum of the measured resistances for all
three phases at rated current. Using the valuesngiv
Table 3 and adding the resistance across the lgsshin
gives a value of 348 W. Based on this, any contioios
from skin-effect and induced currents in the enales
seems to be insignificant. This is in contrast tmnd et
al. [7] who found a skin-effect factor of 1.508 farGIS
with a rated current of 2500 A. This suggests toay
possible influence of the skin-effect depends gjipon
the current and the conductor design.

IEC CALCULATIONS

The IEC TR 60890 [3] provides a method to calcuthee
temperature rise of the air inside the enclosure by
empirical data found by tests on other assemblies.

The effective surface area of the enclosure in rfeigl
was found to be 2.21%nThe installation was considered
to be a separate enclosure, detached on all sidtgut
ventilation openings, zero internal horizontal pens,
and covered top and side surfaces. The input ptvssr

heat sources were modeled as constant temperature
sources where the measured surface temperatuneréFig

3) was used. An assumption of flat plate free cotiva

was used to model the heat transfer from the caitsill
surface to the surrounding air.

Figure 5 shows the simulation domain with some route
walls removed. Figure 6 shows the simulated tentpera
field inside the compartment at a center plane. [ahge
component close to the top is the bus bar. The
temperature increase at the vertical mid-point loé t
enclosure and close to the top was found to b&C4and

55 °C, respectively, which is somewhat higher than the
measured temperatures in Table 2.

Figure 7 shows the simulated velocity field in S&me
plane as in Figure 6. Even if the simulated velo€igld
shows local higher velocity the temperature showtear
layering where the higher temperature air is ctdiécat
the top of the compartment. Higher heat transféesra
from the air to the wall can be achieved by incirgas
velocities along the wall.

Figure 5: Switchgear simulation domain.

was set to 326 W based on the measured resistances

along the current path plus half of the resistaacess
each bushing.

The calculated temperature rises at the verticdtpoint
of the enclosure and close to the top was fourmetd5
°C and 44C, respectively. This is 2-& lower than the
measured temperature rises given in Table 2.

CFD SIMULATIONS

CFD-simulations was used to identify high tempewratu
regions and areas with low heat transfer (low vidkxs).
The simulations were carried out by the ANSYS-Fuen
software. The fluid was modeled as incompressitéeli
gas which takes into account density variationtheair
due to changing temperature. No turbulence modsl wa
used since the flow velocities are low inside the
compartment. The connectors and switches that act a
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Figure 6: Simulated

inside eth

temperature field
compartment. Image shown is a cut-plane in the cesft¢he
compartment where the structure in the top pathébusbar.
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Figure 7: Simulated velocity field [m/s] inside tbempartment.
Image shown is a cut-plane in the center of the estment.

CONCLUSIONS

The hottest spots were located inside the LBS. The
prototype (custom made for the purpose of testindg a

verification of models and simulations) would navk
passed the temperature rise test criteria giventhiay

international standard IEC 62271-1 as measured
temperatures up to I& above the acceptable limits. The

contact resistance was found to constitute appratein
35 % of the total resistance in the switchgear uteis.

Power measurements showed that contributions ftam t

skin effect and induced currents in the steel cotnmpent

are most probably insignificant in the prototypestte

switchgear at 630 A.

Calculations performed based on the empirical dimes
given in IEC TR 60890 gave air temperatures insige
switchgear only 2-3C lower than measured.

A simple CFD-model has been developed. The model

gave realistic temperatures and velocity profilesiciv
can be used to optimize the heat transport.
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The resistance mapping, temperature measurements,
resistance models and thermal modelling (CFD)
performed in this study are found to be useful mesh

for gaining insight and improving the thermal desigf

MV switchgear.
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