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ABSTRACT

The d-c arc characterisÈics in FC 75 have been investigated and

compared rvíth those in Transformer Oil and SFU Bas.

The arc voltage rnras compared in the Èhree media and. found to

have a lower value in Ëhe case of SFU Ëhan in either of th-e Ëwo liquids 
"

It has also been shown that the arc instabíIity inc-reased with an

increase ín the current and that t,he arc time duration was scattered,

probably due to the deterioration of Èhe medíum tested.

The effect of the gap length on the arc volËage Ì^/as also observed.
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INTRODUCTION

GENERAL

The object of this research \^ras Ëo study the d-c arc characteristics

ín Fluorínated Cyclíc Ether which is industrially known as FC 75 and

whose chemical formula is CrFrUO" The d-c arc properËies in this liquid

were also compared with those in Transformer 0i1 and Sulphur llexafluor-

ide (sF,) for the same circuit conditions and contact opening.
o

1.1 TRANSFORMER OIL AS AN ARC QUENCHING MEDIIIM

The a-c arc characteristics in Transformer Oil have been investigated

by many authors who studied iËs effecËiveness when used as an arch quench-

íng medíum, by examtníng the rate of recovexy of its dielecËric strength

after current zero. A1so, the construction of different círcuit breakers

and studyÍng the effectiveness of the deion grids as means of making more

efficient use of oil in arc rupËure !üere investigated (1). In the same

field of study, the superiority of oil blast circuit breaker Ëo plaín oil

as an arc quenching medíum was shovm (2). The validity of both the d-is-

placement and diffusion theories in fluid-flo\^r arc extínction vlere studied

(3) , showing that Èhe diffusion theory is more valid. The effect of the

length of the arc in Transformer Oíl was sËudíed by Slepian (4) who in-

vestigated the influence of holes and sloËs in oil circuiÈ breakers on

the quenching capabÍ1itY.

L"2 SF. AS AN ARC QUENCHING MEDIU}Í--------o
Sulphur Hexafluoride was first discovered by Moisson and Lebeau (5)
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in 1900. The gas díd not attract much attention untíl the 1940's r^rhen

Charlton et al (5) suggested that the halogenated gases possess better

insulating properties than many liquid and solid dielectrics. ln recent

work, Fukuda et a1 (6) confírmed that SFU has excellent and uníque elec-

trical properties as an arc quenching rnedium. The existence of fine arc

core, its tendency to loop ouË and the profile of negative ion formatíon

around current zero have been revealed.

Brovme (7) studied the behaviour of the a-c arc in SFU near current

zero by means of maËhematical models. Ile used Mayrrs differential equa*

tion in the case of high arc resistance and circuit controlled vo-ltage

e(t) which is of Ëhe form

dR *o--
dt-o ^-

r 2. .-o e(t)
'o

where R is Ëhe instantaneous arc resistance per unít length, No is the

pov¡er loss from the arc per unit length at tíme t = 0 and \ ís character-

isËic energy quantity that governs the dynamic behavious of ttr-e arc.

. The general solution of Ëhe above equation is of Èhe form

R = "t/o ln^ - r .\t .t(r) .-tlo ¿.]Lo 
ñ-ã uo

o
o'o

where 0 = ñ: and Ro = R at time t = 0.
o

He applied this form of solution to sËudy the arc behaviour after

current zero with various forms of applied voltage such as constant volt-

âBe: square Lr/aversine wave, as well as constant rate of ríse.

In further studies of the electrícal properties of SFUr iË was shov¡n

that its arc quenching abílity is of greater importance than its insul-

ation propertíes (B). The rate of recovery of dielectric strength is

high and iÈ was thought Èhat the electro-negativity of the gas or its
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decomposition producËs are basically responsible for this effect, but

the reasons for the rapid dielectric strength recovery are not yet fully

understood. Dífferent papers dealing with Ëhe study of SFU filled cir-

cuiÈ breakers (9,10) as \^iell as the gas characËeristics shor,led the ef-

fectíveness of SFU as an arc quenching mediurn. lt should be noted Ëhat

SFU compared with Nitrogen can attain successful interrupËíon even under

lOO l, 200 tíines more severe circuit condirions and it was shown to have

an arc Ëime constanË which is largely affected by the current levels in

Ëhe range of several amperes (11). Therefore, voltage or current trans-

íents cannot be ful1y simulaËed by using a single tÍme consËant.

The experimental work done on arc characteristícs in SFU (f1) showed

that the value of Ëime constanË obtaíned at the extreme neíghbourhood of

current zero ís smaller than 0.3 ¡tsec. ff the current level is increased

Ëo several amperes the value of the time constant is of the order 3 psec.

Occasionally the reciprocal of the tirne consËant can give a good indica-

tion of the a-c ínterrupting ability.

In a recent study using boundary layer techniques (14), the arc

equation has been integrated and Ëransformed inEo a partial differential

equation for dynamic arc radius 
"

Starting from a quasi-steady solution for the arc radíus at peak

current, the dynamíc arc equation was solved for a linear currenL ramp

to obtain the arc radius at currenx zeto. During the pre-zero arcing

periode energy may be removed from arc column by axial convection or by

radÍation and diffusion. For both convection and. rad.iation-d-iffusion

controlled arcs, the current zero arc radius at peak is attenuaÈed by

cerlain heat transfer parameters.
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The main dísadvantages of the gas are the harmful decompositíon

products and the need for a sealed gas system. Studies of decomposition

(f6) of SFU due to arcing indicate that such a large amounË of arc en-

ergy is required to decompose a cubic foot of the gas at atmospheric

pressure that a hundred or more high-power interruptions can be made in

the gas before even this relatively small volume r¿ou1d be decomposed.

The gaseous decomposítion products are belíeved Ëo be chiefly lower

fluorides of sulfur, and are readily removed by absorpËion in activated

alumina. The used up gas may Ëhen be replaced, buË the reduction in

pressure is so negligible that this need seldom be done. For a 11000

MVA 115-KV SF6 breaker filled Lo 45 psig, it is estimated thaË the ab-

sorpËion of the decomposition products from 50 interruptions at full

rated short circuit current of 5000 aaperes r^¡ould reduce the charnber

pressure bY onlY 1 Psig.

Although the unarced SFU is extremely sÈable and nontoxíc, some de-

composition products formed by arcing are Èoxic. Fortunately, these pro-

ducts have a strong odor, gíving ample warning of their presence" In

addiËion to the active gases, there are also some metallic fluorides

formed from reaction with the contacts during arcíng.

1.3 PROPERTIES OF FLUORINATED LIQUIDS(T2)

This group of compounds has a completely fluorinated structure and

for this reason they are nonflamrnable and chemícally non-reactive.

1.3.1 STABILITY

The fully fluorinated lnert liquids are

knornm. Because of the strong bonding between

among the most stable fluids

the aÈoms in their mole-
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cules, these fluids show a high degree of chemical, thermal and radiation

stability.

L.3 "2 CHEMICAL INERTNESS

The Inert liquids are nonflammable and exceedingly resísËant to

chemical atËack. They are untouched by a varieËy of strong acids, such

as Hydrochloric acid, strong bases, oxidizing agents and reducing agents.

1.3.3 THERMAL STABIL]TY

All Ëhe Inert líquids possess high ternperature stabílity. Test re-

sults for FC 75 after 240 hours at 7500F with copper, nickel or 304

stainless steel indicated only a trace amount of acid formation, and only

minor changes in composition via gas liquíd chromatography. At 797sF,

Ëhe rate of degradation \^ras more rapid, but even then only one to two per-

cenË of the starËing maËerial per day.

L"3.4 RADIATION STABILITY

The Inert liquids are moderately stable to gamma radíatíon. The

amount of gaseous products forured is much less for these fluoro-carbons

than for hydrocarbons. G (gas) value for FC 75 was less than 0.1 after

a dosage of 5 X 108 rads. The Inert liquids seem as sËable toward ion-

izíng radiation as some hydrocarbons.

1.3.5 ELECTRICAL PROPERTIES

The díelectric strength of the fluids is high, typically ranging

from 430 volts/mil for FC 78 to 560 volts/mi1 for FC 43. Contamínation
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with trace amounts of \..Jater or oí1 will reduce these values slightly.

The breakdov¡n strength ín the vapour phase is about 350 volts/mil for

EC 75. Therefore, electrical ínsulation can be mainLained by the vapors.

Thus, the vapor bubbles forrned during boilíng do not have a detrímental

effect upon Ëhe electrical insulating properties of the liquid. With

decreasing ËemperaËure, the vapor pressure decreases and so does the

díelecËric sËrength of the vapors.

The dielectric constants of the Inert liquids are less Ëhan 2.0

1.3.6 HEAT TRANSFER PROPERTIES

The lnert liquids exhibit good heat transfer capabilities. Theír

high densiËy, low viscosity and high thermal expansíon result in high

convecËive heat transfer coefficients, as shown in Figure lH. The

hígher heaË transfer coeffÍcients produces component temperatures lor.ùer

than those obtained r.¡ith other conventional coolants. The mosË effective

usage of the Inert líquids as coolanËs ís found when their low boiling

characteristics can be uËilízed. The heat Ëransfer coefficient obtained

is normally t to 2 wattslin2lo^.c
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1.4 APPLICATIONS OF FLUORINATEÐ LIQUIDS

The Inert liquids have been successfully íncorporated in a variety

of applicaËions . A Laxge percent age of these are based upon their hígh

efficiency as díelectric coolants, where electrical insulatíon and high

heat transfer properties are desirable. For example, Ëhe lnert liquids

are beÍng used to cool and stabilize the temperature of Klystron tubes,

even Lhough a wide range of aurbient conditions may exist. Ttr-is operation

at a reduced and constant temperaËure permiËs Ëransmission at a constant

frequency. The minÍaturization of many systems, such as pov/er supplíes,

transformers and amplifiers has been made possíble by use of the Inert

liquíds. This is be-cause of their ability to remove heat more efficiently

and to serve as elecLrical insulation, thus permitting consÈruction of a

more compact unit

Varíous types of transformers have been insulated and cooled by

these fluids. In Ëhe case of transformers, maintenance has been drasti-

cally reduced because the sampling and fÍltering required with conventional

oí1 is no longer necessary. The fluids are used as press.ure transferring

ff,ri¿" ín transd.ucers and furnish the protection from vibration and shock

for components in missile applí,cations. The high coefficient of thermal

expansion characteristic of these fluids has led to usage as worlcing

fluids in thermally actuated valves. Because of their high optical

transmjttance, many investigations are nor¿ underway with regard to their

being utilized as coolants in laser systems.

These are but a few of their uses. I4any others are found in the

areas of instrumentation, low temperature fluids and test baths.
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1.5 FLUORINATED CYCLIC ETHER

A completely fluorinated cyclic ether of chemical formula CrFIUO

has been given the commercíal designation FC 75. Its molecular structure

is not yet clearly establÍshed but it is believed- to contain a five or six

membered ring wíth a fluorinaËed side chain. The oxygen atom is contained

in the cyclic ring strucÈure.

FC 75 fluorinaLed liquid is chemically stable under the requirernents

usually established for the apptication of insulating liquids in elec-

trical equipment. It is claimed to be sËable r¿hen heated to temPeratures

even as high as 500 - 6000C. Although easily miscible with other fluor-

ínated líquids, FC 75 compound has but little solvent action on the in-

sulating materials normally used in electrical equipment. WiÈhin the tem-

peratures of normal use (up to 2:00f) , FC 75 will not atËack the usual

insulatíng resins and is noL corrosive to metals. Although volatile,

this fluorinated liquid and its vapour are nonexplosive, nonflammable,

and physiologically nontoxíc. If the liquid is to be applied at temper-

atures well above 90 - 1000C, purity must be maintained in order to avoid

excessive corrosion of Ëhe resin insulaËions and metals wiLh which it

may be in contact"
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DESCRIPTION OF THE TEST CELL AND THE TEST PROCEDURE

2.L DESCRIPTION OF THE TEST CELL

The cell consisted of a brass cylinder of four inches internal dia-

meter, six inches in height, and 314 of. an inch wall thickness, fitted

v¡ith two quartz windows, each one an inch in diameter. The two contactsi

were made of Tungsten, each one inch in diarneter and I/4 of an inch

thick. The upper contact was movable r,¡hile the bottom contacË was fixed.

The gap separation could be adjusted by moving the boÈtom contact up or

dovrn. The range of gap separation can be adjusted between zero and Ll2

inch. The positive Ëerminal of the supply v/as connecËed to the upper

contact through a flexibl-e braid to allow Ëhe electrode to move freely.

The boËÈom contact was kepÈ åt Earthrs potential. In order to prevenË

the braid from touching the cylinder during iËs movementr a piece of

Teflon v/as used between the cylinder and the braid. All entrances such

as windows and bottom elecËrode opening r¡Iere sealed by means of t'0"

rings. The upper conËact r¿as fixed to a plunger of a solenoid which,

by applyíng tlO volts a-c to it, was energized and the gap \.fas opened.

A diagram of Ëhe test cell is shornm in Figure (f ) .

Itfhen the cell was used Ëo test transformer oil, it was toËally filled

in order to suppress any f.Lre hazard due Ëo production of gases during

arcing, such as hydrogen, methane, acetylene, carbon rnonoxide, ethane and

ethylene. Inlhen testíng SFU, one of the cell inlets r^¡as connected to SFU

cylinder r,¡hile the other opening was left free and the gas was allowed to

círculate for a while in the cell, and since SFU is heavier than air, it

was expected to have a certain amount of SFU ins.Íde. 0n the other hand,
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v/hen testing FC 75, the cell was partially filled enough to cover the top

contact when it is fully open, because there \,^Ias no f.ire hazard due to

Ëhe products of the arc. This difference in the volume of Èhe two liquids

has mínor effect on the results because the net volume of the cel1 is
a

270 incih" and to cover the top contact when iË is fully open the volume

involved is 180 inch3; hence Ëhe effect is small.

t) THE TEST CIRCUIT

The positive Ëerminal of a d-c generator (100 KI^I, 550 volÈs, LBz

amperes and 900 R.P.M.) was connected through one pole of a two-pole

switch to the upper conËacË, and Ëhe rernaining pole of the switch was

used to connect the a-c signal to the terrninals of the solenoid. When

Èhe switch was closed, Ëhe d-c voltage \Àras applied to the contacËs and

at Èhe same Ëime the a-c was applíed to Ëhe solenoid, buË Ëhe contacts did

not open immediately due Èo the mechanical time delay betr¿een the voltage

application t.o the solenoid windíng and its mechanical reaction. The

negative terminal of the d-c generator was connected directly to the

resistance in the circuíË and Èhe midpoint betv¡een the bottom contacË

and the resistance r,ü'as connected to ground.

The test circuíÈ is shov¡n in Figure (2) . The arc voltage r,{as measured

by taking Ëhe voltage signal across the arc to one channel of a Tektroníx

type 549 storage oscilloscope (points I and 3) while the arc currenË T¡ras

measured by taking the voltage signal during the arc across the resist-

ance in the circuit to the second channel of the oscilloscope (poínts 1

and 2).
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2.3 TEST PROCEDURE

The load resístance used in the circuit had the value of lB ohms

and the applied d-c voltage started wíth the value of 250 volts. The

arc voltage and arc current values v/ere Ëaken at incremenLs of applied

voltage of. 25 volts. Since the maximum volÊage available from the d-c

generator was 550 vo1Ës, the load resísÈance was replaced by 10 ohm re-

sístance for studying the arc characÈeristics at higher currents. For

each value of the applied voltage, three ËesËs v¡ere made and the arc

voltage and arc current were calculated by taking Ëhe average of Ëhe

three test results 
"

The average values of the arc voltage and current were measured

as well as their values at the arc initiation poinË and at the arc ex-

tincËion point v¡hen Ëhe contacts were fully opened.

The opening between the two contacts r,/as set to Ll| as weIL as LfZ

of an ínch. To adjust the contact opening Ëhree steel gauges of l/8,

Ll4 and, tl2 of an inch \¡Iere prepared and usíng an ohm-neter, it was pos-

sible to set the gap at any of these Ëhree settings. To ensure that the

gap setting would not change due to Ëhe harnmering of the top contact on

the bottom one, a set scre\¡lwas placed under the bottoÍL contacË to pre-

venË its downwards movement during the experiment.

2.4 MEASUREMENT OF THN OPENING TI}TE OF THE CONTACTS

To rneasure the time required for the conÈacts to be fully opened

from the instant the a-c voltage was applied, a slight modification was

made to the tesË cell. Another contact was fixed to the movable part so

that as soon as the gap was fully opened, iË would contact a srnall lead
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at the same potential as the cell (Earthrs potenËíal) as shor"m in figure

(3) .

The power was supplied by a 9-volt batËery and as soon as the d-c

volËage was applíed, the contacËs were opened buË the current flor¿ed for

a short time due Ëo the time delay between apptying the a-c voltage and

the upwards movement of the contact. The f 1or'i of currenË r¡?as interrupted

duríng the movement of the contacË and was re-established when the new

contacË was made as shovm in Figure (4) , This test r¡las carried out for

boÈh air and transforrner oil for Ll4 of. an inch gap. IË was found that

there T¡/as no significant difference beËween the tiu¡.es of contact movernent

in oil or aír. Although the viscosities are differenË, this probably was

because the Ëime delay Td'as very short in boËh cases. Several tests were

made at a contact opening of L/4 of an inch and Ëhe photographs taken

showed that the time delay \das 12.5 m.sec. (Figure C4)). It was also

f ound Ëhat this Ëime delay r¡ras reproducable.



ilov

Cothode Roy

Oscilloscope

FIGURE 3

Additionol Contoct
Test Cell

Moin Contocts

H
o\



L7

FIGURE (4)

Opening Time of the Contacts for 1/4"

time scales = 5 m.sec./dj-v.

Gap
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ANAIYSIS OF THE RESULTS

This section deals rv-iÈh Ëhe analysis of the experimental results ob-

Èained. The parameters analysed include arc voltage, arc current and arc

duration. The instantaneous arc resistance is obËained by díviding the

corresponding arc voltage by the currenL. The experimental data for FC 75,

transformer oil and SFU were obtained for the same circuit conditions and

i,¡íth the same conËact openings in order to have a conulron basis for compar-

ison of the results. Table (1) shor,'s the measured values of the average

arc voltage, average arc current and the corresponding values of arc re-

sisËance for FC 75 for a range of applied volEage ranging from 250 volËs

to 575 vo1ts. For each step of the applied voltage three readings for

the arc voltage and arc current were taken and the values in Table (f)

were calculated by taking the average of the three readings.

The relation between the average arc resistance and current is plotted

ín Figure (B). From Table (1) ít is seen that the arc voltage remained

constant aË 60 volts and was not affected by Ëhe increase in the applied

voltage, but the arc current increased and hence the arc res.istance de-

creased. Table (2) shows the values of the arc voltage, arc current and

resistance for FC 75 corresponding to the instant of the arc initiation

for a gap of L/4 ot an inch"

The results of Table (2) are ptoËted in Figure (9). Frorn the above

results, ít can be seen that the arc voltage at the startíng poinL is

fixed at l0 volËs and the parameter that increased with the increase of

the applíed voltage v/as the value of the arc current aË the ins.tant of arc

ínitiation "
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Applied Voltage = 375 vo1Ës

Top oscillograms show arc current.

BotËom oscillograms show arc voltage

FIGURE (5)

Applied Voltage -- 425 volts

Arc Characteristics in FC 75 for Ll4"
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Applied Voltage = 475 volts Applied Voltage = 525 volts

Top oscillograms show arc current.

Bot.tom oscillograms show arc voltage.

FIGURE (6)

Characteristics in FC 75 f.ox I/4"

Scale Per Division

time = 20 m.sec.
current = 2 amperes
voltage = 20 volts

Arc Contact OPening
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Applied Voltage = 550 volts Applíed Voltage = 575 volts

Top oscillograms show arc current.

Bottom oscillograms show arc voltage.

FIGURE (7)

Arc Characteristícs in FC 75 lor l/4'r Contact

Scale per Dívision

Ëime = 50 m.sec.
current = 2 amPeres
voltage = 20 vo1Ës

0pening
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TABLE (1)

The relation between the applied voltage' arc

arc resistance f.ox a contact opening of. L/4 of.

Applied Voltage
(volts )

250

275

300

325

350

375

400

425

450

47s

500

525

550

350

37s

400

425

450

475

500

525

550

575

voltage,

an inch

arc current and
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20

2L

22

24
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26

30

32

34

32

34

36

42

46

4B

50

52

54

56

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

60

Arc Resistance
(ohrns )

4,60

4 .30

3.75

3 .35

3 .00

2.85

2.72

2.50

2,40

2.30

2 .00

1.BB

L.77

1.88

L.77

L.66

L.42

1 .30

L.25

L.20

1.16

L.L2

1 .08

Arc Voltage
(volts)

Arc Current
(amperes)
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TABLE (2)

The relatíon between the applíed volËage, arc voltage, arc current and

arc resistance in FC 75 at the instant of arc inítiation for conËact

opening of Ll4 of an ínch.

Applied Voltage
(volts)

Arc Voltage
(volts )

Arc Current
(amperes)

Arc Resistance
(ohms)

250

275

300

325

350

37s

400

425

4s0

47s

500

525

550

350

37s

400

425

450

47s

500

s25

550

575

+

I

I

I

aJ
U

du
o.t
o
0,
tr

É

o
@
Fl

+

+

I

al
U

d
+J
U)
'.{
vt
OJ

t{.

o
O
-t

I

I

+

10

l0
10

10

l0
10

10

10

10

10

10

10

l0
10

10

l0
10

10

t0
t0
10

l0
10

15

L6

IB

2o

2L

¿J

25

27

28

30

32

34

35

36

40

44

4B

50

52

54

56

5B

60

0.675

0.625

0.560

0 .500

0.476

0 .435

0 .400

0.370

0.360

0.333

0.310

0.295

0.285

0.277

0.2s0

0.230

0 .210

0.200

0.L92

0 .185

0.L79

0. r73

0.L67



The relation beËr¿een

arc resi.stance in FC

of Ll4 of an inch.

TABLE (3)

the applied voltage,

75 aE the instant of

26.

arc voltage, arc currenE and

arc extinction for an oPening

Applied Voltage
(vo1ts )

Arc Voltage
(voIts)

Arc Current
(amperes)

Arc Resistance
(ohms)

250

275

300

325

350

375

400

425

450

475

500
'525

550

350

375

400

425

450

47s

500

525

550

575

+

I

I

0)
o
É
d
+J
(/l

..1
o
0)
Sr

.Ë
o

@
J

I

+

+

I

I

q)
o
É
d
.u
U]
'rlo
0)
l'l

E

O
-{

I

+

B6

96

72

1r6

100

92

L20

BO

L76

r20

L76

LI2
96

B0 .6

93.3

113 .3

L?6,6

L26.6

r53 .3

r34

L26.6

100

153 .3

12.0

1r .6

14.B

L4.2

16 .0

lB .0

18.8

2L.B

1B .6

23.2

22.8
t7)

2B.B

29.3

33 .3

36 .3

36 .0

36.6

36.0

4r.3
44.0

47 .3

42.6

7 .20

B .30

4.86

8.20

6.25

5 .10

6.40

3.66

9 .50

5.20

7 .70

4.10

3 .34

2.95

2.80

3 .10

3.52

3.45

4.25

3.25

2.86

2.r3
3.6



rABLE (4)

The relation betr¡een the applied volËage,

Ëíon in FC 75 for a contact opening of. L/4

27.

arc current and arc tíme dura-

of an inch.

Applíed Voltage
(volts)

Arc Time DuraËion
(m. sec . )

46.8

68.4
o'r t

76.4

110 .8

B3 .6

67 .6

6B

86.4

79.6

6B

103 .2

108.8

B2

L26.6

90.6

110

L26 "6

L22

BB

r36 .6

B9 .3

250

27s

300

325

350

375

400

4¿)

450

475

500

525

550

350

375

400

425

450

475

500

52s

550

+

q,
U
É
d
.u
o
'-{
U)
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tr

É,ç
o

rl

+
+

I

o
o
d
d
Ð
(/)

'r{
ÚJ
q,l
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+

Arc Current
(amperes)

13

T4

16

1B

20

2L

22

24

25

26

30

32

34

32

34

36

42

46

4B

50

52

54
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The arc voltagee arc current and the corresponding resisÈance

measured at the end of contact openíng for a Ll4 inch gap are included

in lable (3).

The average value of the arc voltage at the instant of arc extinction

was 115.5 volts, while that at the instant of arc initiation (table (2))

was 10 volts. This gives ari average value of 62.7 volts for Ehe arc volt-

ageo which agrees with the measured values introduced in Table (1) wiEhin

an error of !37". Table (4) shows the relation beËween the arc current and

the arc time duration for FC 75, for a contact opening of Ll4 of an ínch.

From the above iL was noticed thaË the arc time duraÈíon shorn¡s con-

síderable scatter. This is due Lo the deterioratíon of the liquíd and

Êhe exístence of the by-products of the arc. It was observed that when

the liquid was allowed to rest and then tested again the arc time duration

r¿as short and then increased with the íncrease of the number of arc in-

terruptions, which appears Ëo indicate that Ëhe Ëime duration depends on

the existence of Ëhe by-products of the arc and t.he degree of dereriora-

Eion. The average time duraËíon for the arc vlas calculaÈed and found to

be equal to 97 m.sec. From Tables (3) and (4) it was seen that the arc

voltage at. Ëhe instant of arc exËinction and Ëhe arc tíme duraËion are not

reproduceable" The oscílIograms taken for the arc characteristics showed

that before the arc rüas completely quenched, the liquid tended Ëo quench

Èhe arc several times but bef ore quenching I^/as completed, it restriked

and the value of the arc voltage at the instant of arc extinction vias

affected by these instabilities.

To compare the arc characteristics of FC 75 for different arc lengths,

the liquid was tested at 200 volLs applied from the d-c generator and 10



') ()

ohm load resistance connected in the circuit for three different contact

openings.

The results are given in Table (5).

TABLE (5)

The relation between arc voltage, arc currenË, anrc resisËance and

arc time duration in FC 75 for differenË contact openings.

Fig. No. Gap
Open.

Arc Voltage
(volts )

Arc Current
(amperes)

Arc Resistance
(ohnrs)

Arc Duratíon
(m. sec . )

L2

11

10

L/2"

Ll4"

r/8:'

70

60

40

T6

IB

2L

4.37

3 .35

1.9

65 .3

65"3

55

From the above resultsn it can be seen that when the gap lengËh in-

creased, the arc voltage increased and the arc current decreased, but

thearcgradientdidnotremainconstant.I{henËheliquidinËhetesË\
.. . ...l

cell was examined, it was noticed that it consisted of Èwo different com-

pounds irunisible in each other " I^Ihen Ëhese tvro compounds were lef t over-

night, they separated into two dístínct layers with a very thin layer of

carbon between Ëhem.

The chemical analysj-s of the tv¡o compounds showed that:

(f) compound resting on surface -

carbon : 0.407.

Hydrogen : Ll-.257"
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Top

Bot

oscillograms show arc current.

Eom oscillograms show arc voltage.

FIGURE (10)

in FC 75 for l1B" Contact Opening and 200 Volts

Applied Voltage

Scale per Division

m.sec., current = I ampere voltage = 10 volts

Àrc CharacterisEics

Ëime = 10
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Top oscillograms show arc curreriË.

BoËtom oscillograms show arc voltage.

FIGURE (1I)

Arc Characteristics in FC 75 lor 1/4" ContacÈ Opening and 200 Volts

Applied Voltage

Sca1e per DivisÍon

Ëime = 20 m.sec., currenË = 1 ampere voltage = l0 volts
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Top oscíllograms show arc current.

BotËom oscillograms shor¡ arc voltage.

Arc Characteristics

FIGURE (12)

in FC 75 for l-f}" Cor-i-act Opening and 200 Volts

Applied Voltage

Scale Per Division

m.sec., current = I ampere voltage = 10 voltstime = 20
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(2) compound at the bottom -

Carbon : 22.537"

Hydrogen : O.I7!

Nitrogen : 0.37!

In the chemical analysis, Ëhe compounds were not tested for oxygen

or fluorÍne. The presence of hydrogen and nitrogen in the tr¿o compounds

can be explaíned by consídering Èhe fact that the cell was noÈ fully filled

and thís gives a chance for the by-products of Ëhe arc to combine wiËtl

nitrogen and water vapour in the aËmosphere.

IË r¡as noticed from Figures (f0), (11), and (12) that as the contact

opening increased, the arc characteristics became erratic. This is clear

in the dífference between Fiþure (12) and (f0) correspond.ing to contact

opening of 112 and 1/B of an inch respectively. These instabilitíes

occurring míght be due to the increase in the arc resistance or as sho¡¿n

in Table (5) due to the increase in the energy stored in the arc column.

3.1 ANALYSIS OF THE EXPERII'ÍENTAI RESULTS OBTAINED FOR TRANSFORMER OIL

Transformer oil rnias tested under exactly the s.ame circuit conditions

as !üere used for FC 75 and also f.or Ll4 of an inch. contact opening.

. Table (6) shows measured average arc voltage! arc current and the

corresponding arc resistance for different applied voltages.

Figure (13) shows the relation between the average arc resistance

and the average arc current " The above table shows that Lhe arc voltage

r^ras constant at BO volts and was not affecËed by the increase in the applied

voltage. On the other hand, the arc current increased with the increase

in the applied voltage and hence the arc resistance decreased.
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Applied Voltage -- 325 volts Applied Voltage = 375 volts

Top oscillograms show arc current.

BotËom oscillograms show arc voltage.

FIGURE (14)

Transformer Oi1 for If4"

Scale per Division

time = 5 m.sec.
current = 0.5 amperes
voltage = 10 volts

Arc Characteristics in Contact 0pening
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Applied Voltage = 525 volts Applied Voltage = 575 volËs

Top oscíllograms shor¿ arc current.

Bottom oscillograms show arc voltage.

FIGURE (T5)

Arc Characteristics in Transformer Oil for 1/4" Contact 0Pening

Scale per Division

time = 50 m.sec.
current = 2 amperes
volËage = 20 volts
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TABLE (6)

The relation between the applied voltage, arc voltage, arc current and

arc resistance in transformer oí1 for a contact opening of I/4 of an inch.

Applíed Voltage
(vo1ts)

250

275

300

325

350

375

400

425

450

47s

500

525

550

575

350

375

400

42s

4s0

47s

500

525

550

57s

+
L2

L4

L7

1B

20

2L

22

24

26

27

28

32

34

36

37

40

42

44

4B

50

52

52

s4

55

BO

BO

80

BO

BO

80

BO

BO

BO

BO

BO

BO

BO

BO

BO

BO

80

BO

BO

BO

BO

BO

BO

80

Arc ResisËance
(ohms)

6.7

5,7

4,7

4.45

4.0

3.8

3.64

3.34

3.07

2.96

2.86

2.5

2.35
)r)
2.L6

2,0

r.9
L,82

L.67

1.6

I.s4
L.54

1.48

L.46
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o
É
d
tJ
rJ)

'11
o
c)
tl
É

o
co
r-t

+

+

I

OJ

o
É
d
rJ
(f)

.Fl
v)
c)
It

.E
o
O.l

I

+

Arc Current
(amperes)

Arc Voltage
(volts)
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The voltage and the current at the ínstant of arc initiation were

also measured and the results are shovm ín Table (7).

Figure (16) shows the relation between the arc resistance and current

at the insËant of arc initiation. From the above results, it was noticed

that the arc voltage at that instanË was constant at l0 volts r*hile the

arc current increased. Table (B) shows the relation between the applied

voltage, arc voltage, current and arc resistance when the contacts T¡Iere

fully open.

Table (9) shovrs the relation between the applied volËage, arc current

and time duration. These results give an average time duration of 92

m.sec. It is clear from these results that the values of the time dur-

ation of the arc show considerable scaÈter " This large scatter may pro-

bably be attributed to Èhe varíation in Ehe thermal conductivity of the

1íquid which changes due to Ëhe deterioration of Ëhe oil and due to the

formation of the by-products of the arc.

From the oscillograms taken for Ëhe arc characteristics, i.t was

notíced that before the arc \^ias completely quenched, the líquid tended to

quench the arc several tímes but it restriked before the quenching was

completed and Ëhe value of the arc voltage before arc extincËion was

affected by these instabilitíes "

Transformer oi1 was also Ëested aÈ three different gap settings and

the applied voltage \,ras 200 volts with a load resistance in the circuit

of 10 ohms.

The results obtained are shov¡n in Table (10).



40"

TABLE (7)

The relation between applied voltage, arc voltage' arc current and arc

resistance in transformer oiI at the Ínstant of arc initíation.

Applied Voltage
(vo1t s )

Arc Resistance
(ohms)

0.67

O .5BB

0.555

0 .50

0.476

0 .45s

0,4L6

0.37

0.36

0 .36

0.333

0.295

0.295

0,27

0.244

0.226

0.209

0.206

0.20

0.185

0.L92

0. rB5

0.L79

250

275

300

325

350

375

400

425

450

475

500

525

550

350

37s

400

42s

450

47s

500

52s

550

575

+
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10
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10

10

10

10

l0
l0
l0
10

10

10

t0
10

10

10

l0
10

10

l0
10

l0

15

L7

1B

20

2L

22

24

27

28

28

30

34

34

37

4L

44

4B

48 "6

50

54

52

54

56

Arc Current
(amperes)

Arc Voltage
(volts)



4L.

TABLE (8)

The relation between the applied voltage, arc voltage' arc current and

arc resistance in transforner oí1 at t.he instant of arc exÈínction'

Applied Voltage
(vo1 ts )

Arc Resistance
(ohurs)

L2.9

8.1

5.6

5.9

7.2

5.9

4.76

3.48

3.43

4.55

4 .05

2,66

2.55

6,4

J.O

2.6

2.3s

r .98

L.77

2.L

2.06

2.04

2,05

r.62

250

275

300

32s

350

37s

400

42s

450

475

500

525

550

57s

350

37s

400

425

450

475

500

525

550

575

r20

93 .3

80

90

113 .3

100

93 .3

BO

80

100

100

BO

B6 .6

166.6

80

BO

BO

BO

BO

93 .3

93 .3

93 .3

100

B6 .6
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Arc Current
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Arc Voltage
(volts)

9.3

1r .6

14 .3

15 .3

15 .6

L7

18 .6

23

23.3

22

24.6

30

32.6

26

22

30 .6

34

42.6

4s "3

44.6

45 .3

46

48.6

53 .3
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TABLE (9)

The relation between the applied voltage,

duraËíon ín transformer oí1 for a contact

arc current and arc time

opening of. Ll4 of an ínch.

Applied Voltage
(volts)

Arc Duration
(m.sec.)

23.3

28.83

19 .3

28 .83

42.3

47 .3

68 .6

76.6

6r .3

78.6

96

116

51 .3

B2

56

66,6

78.6

42.6

63 .3

28L.6

L96.6

433 .3
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275

300

325

350

37s
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425
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475
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525
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575
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400

4s0
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Arc CurrenË
(amperes)



43

Top oscillograms show arc current

Bottom oscillograms show arc voltage.

Arc Characteristics

FIGURE (17)

in Transformer Oil for l/8" Contact Opening and 200

Volts Applied Voltage

Scale per Divisíon

m.sec., current = I ampere voltage = 10 voltstime = 10
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Top oscillograms show arc current.

BoËtom oscillograms show arc voltage

FTGURE (18)

Arc Characteristics in Transformer Oil for l/4" Contact Opening and 200

Volts Applied Voltage

Scale per Division

Líme = 10 n.sec., currenË = 10 amperes, voltage = 10 volts
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Top oscillograms show arc current.

Bottom oscíllograms show arc voltage.

FIGURE (T9)

Arc CharacËeristics in Transformer oil for Ll2" Contact opening and 200

Volts Applied Voltage

Scale Per Division

time = 10 m.sec.r current = I ampere voltage = 10 volts
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rABLE (10)

The relation between arc voltage, current, resistance and time

duration in Ëransformer oil for contact opening of. L/2, LÌ4 and l/B

of an inch.

From the above results, iË is clear Ëhat the arc volËage íncreased

as the conËact openíng increased while the arc current decreased buË the

voltage gradient did not remain constant.

3.2 TESTING THE BREAKDOWN STRENGTH OF TRANSFORþßR OI; AND FC 75

The a-c breakdown strength of both Ëransformer oi1 and FC 75 was

tested in the two conditions before and after arcing. The cell used for

this purpose was l^Iestinghouse oil test cup standard gap 0.1 inch.

The results obtained are shovm in Table (ff).

Fig. No 
"

Gap
Setting

Arc
Voltage
(volts)

Arc Current
(amperes )

Arc Resi-stance
(ohrns )

Arc
Duration
(ra. sec . )

19

1B

T7

L/2"

LÌ4''

1/Bl'

100

BO

65

L4

L4.3

l5

7 .L5

5.6

4.34

24.8

25.3

64.L
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TABLE (11)

Breakdown values of transformer oil and FC 75 before and after arcíng

The above values are low due to the presence of moisture in Ëhe

sample of oi1 tested.

RESULTS OBTAINED FOR SF

studied for three contact

experimental results for a

load resistance are given

contacts connecÈed to a d-c supply in SFU was

openings Ll2, L/4 and 118 of an inch. The

contact opening of. Ll2 of an inch and 10 ohm

ín Table (LZ¡.

Transformer Oi1 FC 75

Before Arcing After Arcing Before Arcing After Arcing

28 KV. (R.M. s . )

24.5 KV. ( " )

29 KV. (R.Ir.S.)

31.5KV. (")

3l KV. (n.U. S . ¡

31 KV. (")
12 KV. (R.ì,r. S . )

12KV. (")

3.3 ANALYSIS OF THE

The effect of opening



The relation between the

and arc resístance in SFU for

TABLE (12)

applied voltage, arc

a contact opening of

48.

tage, arc currenf,

of an inch.

vo1

Ll2

Applied Voltage
(vo1ts)

Arc Voltage
(volts)

Arc Current
(amperes )

Arc Resistance
(.ohrns)

200

250

300

350

400

450

s00

60

60

60

60

60

60

60

T6

20

25

30

36

40

44

3.75

3.Q

2.4

2.Q

L.7 6

1.5

I .36

. From the above resulËs, it ís clear Ëhat the arc voltage is consËarit

at 60 volts and the arc current increases with the íncrease in the applied

voltage. Figure (20) shows Ëhe relation beËween Ëhe arc resisËance and

the arc current in SFU.

tr{hen the conËacts opening l^ras reduced t.o LÌ4 of an inch, it was

noticed thaÈ the arc voltage dropped to 50 volts but the voltage gradient

did not remain constant. Tabfe (13) includes Ëhe values of Èhe applied

voltagee arc voltage, arc current and the corresponding resistance for a

conÈact opening of Ll4 of an inch.
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Applied Voltage = 300 volts Apptíed Voltage = 450 volts

Top oscillograms show arc current.

BotËom oscillograms show arc voltage.

time = 50 m.sec., current =

Scale per Division

1 ampere time = 0.2 sec., current

FIGURE (21)

SF- Gas for If2" Contact OPening
C)

voltage = 20 volËs/dívision

= 2 amperes

Arc Characteristics in
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Applied Voltage = 225 volts Applied Voltage = 275 volts

Top oscillograms show arc current.

Bottom oscillograms show arc voltage.

Frcr.rRE (22)

Arc CharacËeristics in SFU Gas for 1/4rt Contact

Scale per Division

time = 50 m.sec.
current = I ampere
volÈage = 20 volts

0pening



The relation

res].stance an 5¡6

TABLE (13)

between applied voltage,

for a contact opening of

52.

arc voltage, current and arc

Il4 ot an inch.

Applíed Voltage
(volts)

200

225

25Q

275

300

Arc Voltage
(volts )

Arc Resistance
(ohrns )

2 "95

2,64

2.4

2.L6

L.92

Figure (23) shows the relation between arc resistance and arc current

for a contact opening of LÌ4 of an inch. When the contact opening was

changed to 1/B of an inch, the arc voltage dropped to 40 volts. As far

as the arc time duratíon is concerned, it v¡as found that for a conËact

opening of. I/4 of an inch the arc duraËion r,¿as 340 m.sec. and the arc

characteristics l,fere unstable. The by-products of the arc were highly

corrosive and affected to a large extent the performance of Ëhe contacts

and the solenoid in the sense ËhaÈ after each seË of readíngs for the

same gap setting, the contacts were changed.

- The values of the arc voltage ohtained in this experiment were higher

than those obtained by Swarbrick (5) for Ëhe same contact opening. This

difference is probably because Ehe arc voltage included large electrode
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drops and also because the arc in thís experiment \^Ias not stabil.j.zed

whÍle ín sr,¡arbrickf s work effectÍve sr,abi],ízatíon was obtained by forcing

Ëhe arc to burn in a cylindrical column of discs "
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4.1 DISCUSSION OF RESULTS

The present investigations in both FC 75 and transformer oil showed

thaË the average arc voltage remained constant and did not change with

variation of the applied voltage. The value of the average arc voltage

vias found to be higher ín transformer oil than in FC 75. On the other

hand, the average arc current in both cases increased wíth increase in

the applied voltage. When Ëhe arc voltage aË the ínstant of arc initia-

Ëion was measuled for both compounds, it was found that the value was Ëhe

sarne and equal to 10 volts. In the two liquids the instanËaneous arc re-

sistance r¿as calculat.ed by dividing the arc voltage by the corresponding

value of the arc currenË
V

R =-zal
a

Sínce V was constant, this equaËion represents a rectangular llyperbola
a

as shown in Figures (B) and (13).

The arc duration tíme in both cases shor"red considerable scaÈter and

Ëhis was probably due to the change of the condition of Ëhe liquid' from

one rest to another. This was uLainly because of the deterioration of the

liquÍd and to the effect of the by-products of the arc. lt vras noticed

Èhat Ëhe arc average time duration in FC 75 was longer than that in trans-

fonner oil, in spite of the fact that Ëhe thermal conductivity of FC 75

is much higher than that of transforrner oí1.

At higher values of current, it was noticed that before the arc was

completely quenched,, both liquids tended to quench it several Èímes, but
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iË restriked before the quenching had been completed. These instabilíties

might be due to the recovery of the liquid dielectric strength but before

it was completely recovered, breakdovm occurred agaín. These instabilíties

affected the value of the arc voltage at the ínstant of arc extínction.

When the products of the arc, ín the case of Ëransformer oil , r^/ere

examíned, it was found that the remaining compound was compleËely black

due to the presence of carbon while, in the case of FC 75, it consisted

of Lwo immiscible compounds wiËh a very thin layer of carbon between them.

The a-c breakdown sËrength of the two líquids before and after the

experímenË indicated thaË the breakdornm strength of transforrner oil díd

not decrease due to deterioration r¿hi1e on Ëhe other hand, thaË of FC 75

decreased from 3l KV. to 12 KV. The chemicâl effect of the arc products

on the cell and its components, in the case of Ëransformer oil, was mild

while, in the case of FC 75, this effect rnras stronger due to the presence

of Fluoríne in Ëhe liquid and íts by-products were highly corrosive.

From Ëhe experÍmental results obtained, iË was clear that the arc

volËage in the two liquíds was higher than that ín SFU, but the arc time

duration was shorter. If typical values are considered, the arc voltage

in transformer oí1 was B0 volts, for FC 75 iË was 60 volts, while for SFU

it was 50 volts (all the values correspond to an opening of. ll4 of an inch)

For the same contact opening, the arc Ëime durations were 92, 97 and 340

m,sec. respectively. The chemical effect of the arc products on the cell

and its componenLs lras mild in the case of Ehe two liquíds compared to

Èhe effect in the case of SFU Bas. lt was notíced that the upper contact

was always more affected than the boËËom one in Èhe Èhree media. Due to

COMPARISON BETWEEN LIQUIDS AND SF. GAS AS ARC
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the fact Ëhat SFU arc Ís very filamentary, and hence suffers greatly'from

ínstabílities, Ít makes the free burning arc characteristics difficult to

be measured exactlY.

The growths of the ínstability in FC 75 with the increase in arc cur-

rent is shovm by the oscillograms presented ín Figures (5), (6) and (7) '

This phenomena reveals itself also in the case of SFU '

IÈ should be noted that the accuracy of the results obtained in this

experiment is withLr- !20% error depending on the precision of reading the

values of arc voltage, arc current and arc duratíon frorn the oscillograms'

but Ëhe results can be considered comparable to each other since the

measuring techníque involved was the sane for the three media.

4 "3 CONCLUSION

The studíes presented in thís thesis provided a comparíson betvreen

Ëhe d-c arc characteristics in fluorínated cyclíc ether (FC 75) ' trans-

former oil and. sulphur hexafluoride (SF6) gas.

The results obtained for the arc voltage showed that it had a lower

value in Èhe case of SFU, about 50 volts which increased to 60 volts in

FC 75, while in transformer oil it reached B0 volts for a contact opening

of. Ll4 of an inch.

The measured values of the d-c arc Ëíme duration showed considerable

scatter, presumably due to the deterioratíon of the cornpounds and the by-

products of the arc " The values of the arc voltage obtaíned for SFU were

high compared with the values obtaíned by Swarbrick. It is likely Ehat

the present values included large electrode drops. From the oscillograms

obtained for Ëhe arc characËeristics, it was noticed that in all three
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media ttre arc \,Ias quenched and before it extinguished completely, it re-

striked again due to the rise of dielectríc strength after the current

reached nearly zero value. This caused ínstabilities in the arc character-

istics. Although the thermal conductivity of FC 75 is múch higher rhan

that of both Eransformer oil and SFU, and it was anËicipated that FC 75

would quench the arc more readily than the Ë¡rro former medía, experiments

showed otherwise.
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