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L. INTRODUCTION
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L. INTRODUCTION

TABLE 1.1
Vaoltage Ratings according lo ANSI, 1EC, AND GB/DL Standards
1-minac T-minac A5, Chopped wave 2 5, Chopped -wave
Application Ling-to-line withstaind voltage, withstand voltage, Basic inpul e inpul e viollage impulse voltage,
standards voltage kW (rms) kW (rrm) kW ipeak) valtage kW (peak) kW { peak) kY ipeak)
IEL A6 0 141 n
IEC 16 13 14.1 40
AMNE] Indor 4.6 1L 69 il
IEC 7.2 x 283 40
IEL 7.2 a 283 &il
AMEL Indoo B.25 EL] 0.9 95
IEL 12 = 9.6 6l
IEL 12 = A6 75
GRDIL 12 4 67.9 75
GRDL 12 a5 679 B5
AMSI Indo 15 &l 0.9 95
AN S ubdoor 15.5 51 0.7 110 126 142
TEL 17.5 ] 537 T3
IEL 17.5 = 537 93
IEL 24 k1] T 95
IEL 24 5 0.7 125
AMNE] Indor 27 1] B E 125
ARSI Dutdicr 25,8 i BB 150 172 194
IEL EL] m 98.0 145
TEL 6 ] 5.0 170
ANSL Indoor L] = 113.1 150
AMEL Oulcdoo &1 i 1131 XX 230 258
(iR 40,5 95 134.4 185
ANET O oo 483 10 HES 250 288 322
IEL 52 95 134.3 250
IEL T15 140 1950 325
AMEL Oulcdoo TL5 (%] 262 50 42 452
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LANVTRODUCTION

Basic impulse
level voltage

M |t =(1.2/1.67 us) Time (not to scale)

W

L, =50 us
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2.EXTERNAL DESIGIN

Movable
terminal

Open electrical

Bellows contacts Insulating envelope
1\ * M| [ Fixed
— i
Terminal
End
—
| =1
End Bellows Metal vapor
shield shield condensation shield

High voltage

power supply
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2EXTERNAL DESIGN
(1) The theory of breakdown in gas.

The electron collides with the gas in two ways:

1.

An elastic collision
An inelastic collision
Dissociation ( 25 ) : the process of splitting a molecule.

e+N»—e+N+N.

Excitation and Relaxation ( & Eb¥05tk7% ) : the process by which
light is emitted from the gas.

e+ N —> N*4e, N* — N 4+ hv,
.\ / ‘ 2. Relaxation ‘

Vacuum Interrupter Theory Design and Application 2013-08-30 7




2.EXTERNAL DESIGIN

The theory of breakdown in gas

3. Ionization: the process that directly results in an electric arc.

Values of lonization Potential

e+ N—=2e+NT. Gas lonization potential (V)
Air 14.0
A 15.7
* \ lonization / EOQ ﬁ;’
/” N 145
P 0 13.5
' | C 113
- Ag 76
Cr 6.8
W 8.0
Bi 8.0

Vacuum Interrupter Theory Design and Application 2013-08-30 8



2.EXTERNAL DESIGIN

E=3x105 vm

Jo=10%m

—_—
d =10mm I -
Dissociation e process
O begins over
05eV I again with 2
2eV lonization | @ electrons
+
— ® ~
KE=4+3eV Q KE =10 +3 eV 0.5 eV
o
Electron \
l ¢ KE=5+3¢eV O
o — | =5+3¢ ® ~ ®
5eV Elastic | ) O
Atom collision =8+3e
h=1eV
Excitation Excitation hv=1eV

Vacuum Interrupter Theory Design and Application 2013-08-30 9



2.EXTERNAL DESIGIN

(2) The breakdown voltage of the gas gap.

The breakdown voltage Ug for a given gas with an ionization potential U, is a
function of the gas pressure multiplied by the contact gap (pd) alone.

Ug = f(pd)

This is known as Paschen’s law. An example of Paschen curves in air and
SF6 for contacts with a uniform electric field between them.

3 T T T T 1 ,
2 Air /‘
102 SF, _— //
7 =
g 7
5 - A
. 1L/
.'.. /
> 2
= -
S 10 \ Ry
@ 7 ..' A
g s //
g 3 \\ ) L~
c
2 2
3
1 -
@ 7 \
H \\ ket .
3 N
2
101

1 23 5810 23 5810223 5810 2 3 5 810 2 3 5 810°
Pressure x contact gap, mbar mm
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2.EXTERNAL DESIGIN

(3) Creepage distance

The ceramic lengths required to support different BIL voltages are for clean

cylinders in arelatively clean and low-humidity environment. The distance along the ceramic between
the end plates, d.. 1s called the creepage distance. In circuit breaker standards it 1s usual to specify
a creepage dereep as: de/maximum-rated voltage (rms), line to ground (in mm kV—1), that is.

:

75 mm l_

Contour wave ceramic vacuum interrupter designs for 12 kV application in air, manufactured

by Eaton’s electrical business.

Vacuum Interrupter Theory Design and Application 2013-08-30 11




2.EXTERNAL DESIGIN

(4) Insulation ambient and encapsulation

Insulating outer shell
(e.g., cycloaliphatic
epoxy, porcelain, etc.)

-
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vig
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s
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2
.

Cycloaliphatic epoxy Insulating filler (e.g.,
encapsulated polyurethane)
vacuum interrupter encapsulating the vacuum

interrupter

/_‘/// AT EEE I ITEEIS zj
-l
f/////'////'/’// Ll J

(@) (b)

Polyurethane
Insulation
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S.ELECTRICAL BREAKDOWIN IN VACUUM

Units of Pressure—Conversion Table

Pascal (Pa) Torr Standard atmosphere  Millibar Dyne/cm?
| Pascal = (N/m?) 1 75%x 1073 087 x10°° 102 10
I torr = 1 mmHg 133 1 1.32 x 1073 1.33 1.330
| standard atmosphere 101,000 760 1 1.010 1,010,000
I millibar (mbar) 100 0.75 9.87 x 10~* 1 1.000
| dyne/cm? 10! 75x107% 987 x 1077 103 1

Note: 1 standard atmosphere = 1013.25 hecto-Pascal (hPa), 1 hPa = 1 mbar.

Vacuum Interrupter Theory Design and Application 2013-08-30 13



3.ELECTRICAL BREAKIDOWIN XN VACUUM

Pressure Ranges in Vacuum Technology and Some Characteristic Features

Rough vacuum Medium vacuum  High vacuum Ultra-high vacuum
Pressure (mbar) 1,013-1 1-10—2 1073-10~7 <1077
Pressure (Pa) 10°-102 10210~ 10-1-10- <1073
Particle number density 10251022 1022-1019 1019-1015 <1013
(nm=3)
Gas mean free path (Ag),cm  <10—2 10—2-10 10-103 ~ 107
Monolayer formation time in ~ <10=> 10-9-10—2 10—2-102 =102
seconds
Other features Convection Marked change in ~ Marked reduction  Surface effects
depends on gas thermal in volume related  dominate
pressure conductivity collision rate

Vacuum Interrupter Theory Design and Application 2013-08-30 14



3.ELECTRICAL BREAKIDOWIN XN VACUUM

1000

| Bl
- EEH fl Up = 1230°%
%“100 — | | il Ug = 584958
limanily—r% The breakdown voltage
= g i1 B BRI U; as a function of
| il contact gap in vacuum.
SR Here it can be observed
1000 that the value of U; seems
to be reaching a limiting
_ [ value as the contact gap
5 o 1 increases above 100mm.
% T
g 400 "A
; =
“ 200%
0

0 20 40 60 80 100
Contact gap, mm
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

top = 9 =406 min |_d& = ~-ac
e - T W

0]
o

D
o

IS
o

Breakdown voltage, kV

20T

107 10® 10° 10%* 102 102 107
Pressure, torr

pressure and contact gaps.
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

v ==
S
% UEN = U1 + UA 1_.9_{”_1 Ve
-
5
k> Uy, is the breakdown voltage at the nth
@ voltage application
o Ui

C** is a conditioning coefficient

Number of voltage applications to breakdown, fii

The typical characteristics of the conditioning curve
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3. ELECTRICAL BREAKIDOWIN XN VACUUM

Protabil ity of b ea koown, %
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

ia) 23]

o
B
= T 5 ¢
: : 3
8 -
=1 [=]
= =4
2 2
o =
=1 3
£ s
a O
T T T T T T G-E” T T T T T T
78 100 125 150 175 200 75 100 125 150 175 200
Breakdown voltage, kV Breakdown voltage, kY

TABLE 1.10
Values of the Weibull Parameters for the 2- and 3-Parameter Weibull
Distributions Shown in Figures 1.22a and b

Factors 2-rarameter Weibull dstribution  3-Farameier Weibull distribution
Shape 10.6 48

Scale (& — Upiminj] 163 kY gl kv

Threshold Up(mén) 0 T2kY

& 163 kY 163 kY

Mean 156 kY 156 kY

Standard deviaion 17.6 17.9

Correlation (3.962 (. 904

Vacuum Interrupter Theory Design and Application 2013-08-30 19



3.ELECTRICAL BREAKIDOWIN XN VACUUM

Four parts to understand vacuum
breakdown phenomena in vacuum
interrupters

ﬁThe electric field

2.The conditions that lead up to the
vacuum breakdown, that is, the
prebreakdown effects

3.The breakdown processes and the
transition to the vacuum arc

4. The transition to a self-sustained
vacuum arc

Vacuum Interrupter Theory Design and Application 2013-08-30 20



3.1 ELECTRIC FLELD

EumI

Vacuum Interrupter Theory Design and Application

Finely polished

Finely polished and coinad

_wﬁn “?Ibw n '1. Fu 'EI et e A = = .
ra— —
200 pm 200 pm
Mirror finish

Ry S

IEum

2013-08-30
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3.1 ELECTRIC FLELD

AN AT e

(a) Microprojections (b) Grain boundaries (c) Surface inclusions
at the surface (insulating)

A&%w%

(d) Surface inclusions (e) Adsorbed gas (f) Microparticles
(metallic; 2.q., from layers
composite contacts)

D U

(g) Edge of craters (h) Pores and cracks (1) Inorganic films
(2.0., oxides)

Vacuum Interrupter Theory Design and Application 2013-08-30 22



3.1 ELECTRIC FLELD

£ Cu contacts Ry s = 0.03 pm (mirror)
O Cu contacts Ry s = 0.47 pm

@® Cu-Crcontacts Ay s =1.41 um L] W Contact gap, d= 10 mm
A Cu-Crcontacts Aga=4.42um O @ Contact gap, d=6.8 mm
350
- ~ 300 |-
i = i hﬂ[
& 300 S
3 /Z 4 5 B {d ]J\D\
3 3 J\\{‘
@ 200 e © \\w
g / g P ™~a_|
S 150 v S 100
2 )¢ ,@/ = F
o o
o 100 - T —
|- { A L Cu Cu-Cr
o &Q x"j O B
& 5 I
w0 30
0 5 10 15 0.01 0.1 1 10
Contact gap d, mm Contact surface center ling

average roughness RAp . um

The 50% breakdown voltage U, as a function of
contact gap and the contact’s surface center-line
average roughness for Cu and Cu-Cr contacts
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3.1 ELECTRIC FLELD

Contact radius, mm | Contact gap
\ 30 mm
4 [ ' ; T 20 MM —— ——
I |
Equipotential Ceramic c::'i“ 25 i o _ 10mme=——-————
lines envelope B | 5 MM =————
=] ] = £ 2 2\ —
R é = | \ 1TMMesesennn
—— ! \ | [ [ ] (] E15 JI""],
— — | E . .-"",f B 1
=7 ‘\ / _g -_'_""_:-::_J.-":.L |\ \M
Il Ul e it RN =¥
I z 1.0 .-.. L . ey s:,|
% bt | 1'L - - P :\\\
E 05 a N = 3
[=] | e . pest
8 .‘:".'l__' :T-'-?-‘Eﬁ\
0.0 = =

Metal vapor Electrical 0 5 10 15 20 25 30 35
Condensation shield ponack Position from the center line of the contacts, mm

The potential lines when a voltage Geometric field enhancement factor g
is applied across the open. as a function of the distance from the

center of the contact and the contact
gap for the structure shown in left
Figure .

E(d) = Bmpy(d) - Kod"" ™V

The breakdown voltage in contact

gap d can be calculated by the

equation. EE{if}
Ec(l)
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3.2 PREBREAKIDOWN EFEECYTS

effects

[Pre-brea kdown
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3.2 PREBREAKIDOWN EFEECYTS

250 T

200

. .. 1
Field emission current

as a function of the
applied voltage.

150 ,

100 n

Field emission current I, nA

50

0 -—-D—-[I}-D-—-D-D---E.'* o
20 22 24 26 28 30 32 34 36
Voltage across the contact gap, kV

1
e

100 I d
® 2 mm gap
Field emission T |
current as a function 5
of the contact gap ” 3 1o ~
field (U/d). g
¢ /

30 40 50 60 70
Electric field Usd, MV m-1
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3.2 PREBREAKIDOWN EFEECYTS

300

O Needle

200

The number of emission @ Plane

sites as a function of the

[[] Hemisphere

100

—

J

0 5 10 15
Applied voltage, kV
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® Nonannealed
O 673K
[ 773K
Ml 873K
300
8
The number of emission $ 200 c;
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. 2 *
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£
2
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3.2 PREBREAKIDOWN EFEECYTS

U(d)
Electron Surface gas
beamﬂi_‘._,.,.«- desorption
D Electrons
deposit energy
into anode Metal
Cathode o vapor Anode
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3.2 PREBREAKIDOWN EFEECYTS

Cathode Anode
[re=12(ry)] e I
2rp
. " Electrons beam spreading
oy follows the electric field
)IZ_ - lines 2rg
1
i oo Ty =2r(dpir,)12
H‘ --..n."""-n.....a
h ! . L 2
i d L
Let =100, h=0.5 um, rp=5nmand r,~ 2.5 nm
d=10mm ra=70 um {or 0.07 mm)
d=20mm ry=100 um (or 0.1 mm)
d=30mm ry=120 pum (or 0.12 mm)
d=50mm ry=160 um (or 0.16 mm)
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3.2 PREBREAKIDOWN EFEECYTS

Anode Cathode Anode

Cathode

(c) Electron beam heats microparticle
to high temperature (calculated to be

in excess of 2500 °C). Metal vapor from
micro-particle trails behind it (for Cu at
2500 °C it is about 1/, atmosphere)

Anode

{a) Electron beam heats small anode
area, as temperature increases, yield
strength of material decreases

Cathode Anode Cathode

(d) Electrons emitted from micro-particle
gain energies of few eV from the electric
field and ionize the trailing metal vapor

(b} Electric field exerts a force
on anode surface and can pull
a microparticle from it

2013-08-30 30
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3.2 PREBREAKIDOWN EFEECYTS

, 30

5 25 (a) Chamber 1

=

@ 20

o

8 15

E

= 10

S 5

s

E L5 5 o 5 o |

= 10-20 20-30 30-40 40-50 50-80 60-70 70-80 =80
Microparticle diameter, um

8 50

S

= (b) Chamber 2

&

8

E

IS

a I I

5 10-20 20-30 3040 40-50 50-60 60-70 70-80 =80

Microparticle diameter, um
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3.2 PREBREAKIDOWN EFEECYTS

(O | Metal particle

J

( Contact surface |

e —

(/:_"?)\ ) | Impact
\ _/

\ \o fg 2 Crater, crown of

0 nn® o”"|  thomns structure
£ )| developing and

TT— particle release
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3.2 PREBREAKIDOWN EFEECYTS

Vacuum Interrupter Theory Design and Application

Single path
Cathode

Multiple paths
C O
Cathode ( )
U )

Y  Could leave the

contact gap
2013-08-30 33

Anode

Anode




3.2 PREBREAKIDOWN EFEECYTS

Micro-Discharge

= 50
| T T
o ol i —
= L
A current pulse > T Ly
seen during a ST F I
microdischarge < 500
across a vacuum = ]
c
0
gap £ ~l_1
3 | |
—500
0 2 4 (] 8 10 12 14 16 18 20

Time, ms
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3.2 PREBREAKIDOWN EFEECYTS

Micro-Discharge

—
(o]
o

|
Contact gap

N
o

O 4mm
A 6mm
O 8mm
Vo 10 mm

The charge
passed by a
mircodischarge

Total charge for one
period of AC voltage, pC
o)} w0
o o

=
e

16 19 22 25 28
AC circuit voltage, kV(peak)

w
o
\

0
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3.2 PREBREAKIDOWN EFEECYTS

Micro-Discharge

155 —
150 ﬂ I |
\_/ 1
Correlation Cr—Cu(30)
between the 145

mircodischarge
initiation voltage
and the ultimate
vacuum
breakdown
voltage

140 T ;IE

() r—Cu(?S
o
(30)

Cu W—-Cu(3

Breakdown voltage Ug (kV, max)

130

28 30 34 36
Microdischarge onset vmltage Ungi (kKV, rms)
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Vacuum breakdown and transition to vacuum arc

Cu—Cr contacts, gap 5 mm with a Cu contacts, gap 5 mm with a
rough finish (=100 um) mirror finish (=5 nm)
A Particles placed on the anode A Part?cles placed on the anode
@ Particles placed on the cathode @ Particles placed on the cathode
140
100 —————— e ————— ————— —
120
= 80 =
x A& 1T =~ 100 H (s wi
- - g with no
= /‘ > particles
2 60 $ g 80
S Ug with no S 60 —t—"{
< 40 | particles S —9
g 20 ‘!: "
D 5
@ @
0 0
1 10 100 1 10 100 1000
Microparticle diameter, um Microparticle diameter, um
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Vacuum breakdown and transition to vacuum arc

Particle size Polarity of
150 contact where
particle placed
+ —
7um e O
> 80um H O
5
g 100
[s)
:C’ No particles
=
(@]
k=,
s
&
= v/
2 50 /274
= // @)
0 2
z 7/4
0 5 10 15

Contact gap, mm
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

[ Vacuum breakdown and transition to vacuum arc }

We/mr* = 6.6€0fmPBeUg/d.

Ug = K.d'/?
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Vacuum breakdown and transition to vacuum arc

Time =4.5ns Time =7.4ns

it :) 6400
2800 6000
2400 2000 5600
| 1600 i
L~ 556 L 4800

4400 3600 | 35900

| 800 —— 4000 2800 | 2400

| 2000
[ 1600

Maps of the isotherms inside a microprojection at 4.8 ns and 7.4 ns
after the initiation of the high density field emission current
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Vacuum breakdown and transition to vacuum arc

(a) Anode U=100 kV
[ E
N Jerny <
|
|
10mm)| — — — R
_,J_
o t}@cne
E = fIU,-b'ﬁ sorbed
@ neutrals 2 pm
Cathode Micro
projection
(a) Anode U=100 kV
[ E
ttttt - .
[ Je(2) = Jei)
[
| I I B |
10 mm
En=pud S5+ = -
= p +\;lf‘5’ +
Cathode Micro

projection
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

Voltage across the contact gap, kV

Vacuum Interrupter Theory Design and Application

The breakdown voltage

250
The current is limited by
200 | the circuit impedance
150 [ —
100
50
0
0 100 200 300 400
Time, ns
2013-08-30 42

500
450
400
300
250
200
150

100
50
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

350

300

N}
w
o

200 /J'/
150 V«T/ Y
100 2/ ;

0 2 4 6 8 10 12
Contact gap, mm

Voltage fall time, ns

o)
o
hat
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

Ug < 40kV
E.ie Ud) = Ug + Lid) decreasing # [Nd)=25V
Jrora increasing I limitad by circuit impedance -
anods
[ ] [ || ] I ) L ] [ 1
l. .
Possibla expanding
Possible particle from heated plasma from ancds
Pozziblg anode, electron beam heats it
desorption and | | @nd produces metal vapor trail, Vacuum arg
icnization of which can be ionized. lons
surfaco gas travel to cathode Expanding neutral
mionolayer plasma from cathoda
fnﬂém (V. 2x10'm.s-)
. i Py
= _re'.l o mB‘tE!J Jroma T =

T s

Gathnda} *_ A ;
——— ‘é‘ H' — o - T

As LAd) increases £ L — Az =C Meutral plasma Very high
increases and je anode surface explosive nupiure of from cathode pressure metal
increases. Particle heating at gap cathoda micro reaches anode in plasma layer
impact at cathode voltages <40 KV projection producing time < 25 ns (P=3=x0°Pa
may craate high g a high-prassure
sites and'or produce metal vapor region
meatal vapor close to
high g sites
FIGURE 1.74 The vacuum breakdown sequence for contact gaps <(0.5 mm.
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

1 3 5 7 8 9 10
< 200
—
= 100 1
3 —
0 e
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

Uy = 90 kV
E.is. Ud) = U

Jrora INCraasing

+ L/[d) decreasing # Ll{d)= 25V

* [ limited by circuit impedanca

Subsurface
% anode heafing

e

Ancde

Expanding neutral

Pos=ible particle from heated || Explosive rolaass E:-Iasma from anc:de
Possible anoda, electron beam heats it || of high pressure (Vy=Tx10°m s7)
desorpiion and and producas metal vapor trail, | | matal vapor, which Vacuum arc
ionization of which can be ionized. lons can ba ionized
suriace gas travel to cathoda Expanding noustral
mianolayar plasma from cathoda

Gas (Vg = 2x10%m s-)
(o N o andfar roma @
1e metal

D\XD ims@]@

,“fi}I(f_»)ﬂv §

e

sites and'or produce
miatal vapor close to
high f sites

mietal vapor region

As Ud) increases E B — AS i =0 Meurtral plasma from Vary high
incraases and jo deep anoda axplosive rupturs of cathoda and anoda prassura metal
incraases. Paricle heating for gap cathode micro combineg; for 2mm plasma layer
impact at cathoda voltages > 90 kW projection producing gap = 17 ns, for (P=3<0°Pa
may create high f§ a high prassure 10 mm gap = 300nsac

FIGURE 1.76 The vacuum breakdown sequence for contact gaps =2 mm.
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Transition to self-sustaining vacuum arc

|§
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[t ] [om | [1000s ]

FIGURE 1.77  Schematic of the discharge zones in a vacuum gap as the vacuum breakdown process develops
(1) cathode fall region, (2) cathode spot plasma, (3) expanding cathode plasma flare, (4) vacuum zone, and
(3) expanding anode flare [128].
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Time to breakdown
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FIGURE 1.80 The variation in the time to breakdown for a pulse voltage with a peak value of 250 kV across
a 20-mm copper, contact gap (/ =2A/div, UV = 100 kN/div): (a) and (b) no breakdown, (c) a breakdown after
30 s and after the peak of the voltage pulse and (d) an immediate breakdown once the voltage exceeds a given
value [136].
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3.ELECTRICAL BREAKIDOWIN XN VACUUM
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3.ELECTRICAL BREAKIDOWIN XN VACUUM
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3.ELECTRICAL BREAKIDOWIN XN VACUUM
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3.ELECTRICAL BREAKIDOWIN XN VACUUM

Current Conditioning

A: current conditioning, 20 kA, 10 times
B: current conditioning, 5 kA, 10 times
C: high voltage conditioning
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A comparison of ac spark conditioning and
current conditioning using Cu-Cr contacts
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN

E; (8 mm) = Bo(8 mm) x [110 x 10°]/[8 x 107°]
E, (8mm) = 1.6 x [110 x 10°]/[8 x 107°] =2.2x 10" Vm™'

U(d) = E(8 mm)[d x 107°]/B(d)
Uy =22 % 10

TABLE 1.15

BIL Withstand Voltage for Increasing Contact Spacing for the Contact and
Shield Structure Shown in Figure 1.96

Contact spacing (mm) Maximum g (d) from Figure 1.98  U(d) kV, from Equation 1.88

8 1.6 110
10 1.75 126
11 1.8 134
12 1.9 139
15 2.2 150
20 2.7 163
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN

293pd (293pd \'/?
Up = 2440 | —— | + 61 | —

TABLE 1.20
Average Hypothetical Atmospheric Pressure, Temperature, and
Air Density as a Function of Height above Sea Level

Height above Density

sea level (m) Pressure (mbar) Temperature (°C) (kg m—3)
0 1014 23.1 1.19
500 957 20.5 1.14
1000 902 18.0 1.07
1500 850 15.5 1.03
2000 802 12.9 1.01
2500 155 9.8 0.93
3000 710 6.6 0.88
4000 627 0.5 0.80
5000 554 —5.7 0.72
6000 487 —10.0 0.65
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4. ANTERNAL VACUUM INTERRUPTER DESLIGN

293pd (293pd\/?
Ug = 2440 | —— | + 61 | —

T- absolute temperature in degrees Kelvin
P- atmospheres

d- breakdown gap (meter)

For d=10mm
Ug at sea level/Ugz at 5000m=1.56
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