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Abstract
The 1nteract10n of an electric arc flowlng Wxthxn'
channels of‘an arc chute 1nstalled 1n a cross blast type axr

‘5jc1rcu1t breaker was 1nvestlgated Experxmental studles of
. oot J . .
'the thermal and electrxcal propertxes of such a layered arc

-

, were conducted by. means of blastxng -an electrxc arc, onto a.
u'ceram1c flat plate, 1nto a double plate channel or 1nto a
;mult1ple array of plates w1th1n a shock tube. ) o
| Two d1mensxonal boundary layer flow models 1ncorporated
5w1th temperature scallng were developed for an are flow1ng
(1) a sxngle plate and (2) a. double plate system. ‘The
‘ ,var1at1on of electr1c f;eld w1th current and the temperature

°

"prof1les of the arc are predlcted for both s1tuatlons.

'”Measurements of the fleld and current magnltudes wereafound

‘1n agreement w1th predxcted values w1tbln a dxscrepancy of
“about 20% w The arc 1ntenszty prolees between two plates

'Jwere found to match thh the 8th power of the pred1cted SN

temperature profxles for a sxngle plate. The spat1al spread

~;of the 1ntens:ty profxles above a plate reveals that the
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develops, the contact 1s opened When the contact 1s Just f

N

I B Introduct:on'

The escalatlng consumptxon of eleqtrzcal energy 1n the

past 50 years has 1mposed heavy dependence on power

generatxon and transmxss1on networks..gelxable operatxon of

5uch systems becomes an xndlspensable factor in. the

¥

prov1sxon of the necessary power. Any malfunctlonlng of the

networks can cause dlsastrous power blackouts [1]

. Rrotectxve dev1ces thus act as an 1mportant element inﬁn

~ O i
1nsur1ng normal-power transmission.

[

ercuxt breakers [2] are essentlally protectxve .

sthches used to: connect and dlsconnect varxous parts of the
: NI ‘
electrzc grzds under hazardous 51tuatlons. The presently

used c1rcu1t breakers bas1cally 1nc1ude the 011 c1rcu1t

breaker, the air c1rcu1t breaker, the sulfur hexafluor1de pﬁ

c1rcu1t breaker and the vacuum c1rcu1t brsgker.,Detalled

descr1ptzons of these devxces are ngen in Chapter 2

' o
/ :

All” these c1rcu1t breakers serve a single purpose - the X

extxnct;on of an elect;xc arc. The sw1tch basxcally conszsts

o

of'a pa1r of metal contacts wh1ch are in’ contact durlng

normal power transm1ss1on. When a hazardous sxtuatxon

separated a h1gh voltage grad1ent 1s 1nduced between the

l

o electrodes.‘The\contact po1nts are«heated up and form a thxn

I

brxdge of molten metal wh1ch eventually becomes ‘80" hot that _‘[”lr




RIS S 4 vaporxzes and an: electr1ca1 breakdown results vxth the l

Lot} i
\\ R

. "formatxon of an electrxc arﬁlbetween the contacts. The .

. physxcal nature ot the electrxc arc ‘has been studxed by many
fresearchers [3 4 5 6 7] :‘f\'d: ‘ygjf

S1nce the arc 1s a column of hot and 1on1zed gas, ‘the '
. : R Y ' ) o

'.quenchxngumechanrsmS'are;concerned,wlth‘the processes‘of.arc‘

Jcooling‘and'deioniaing.~0il axr) sulphur hexafluorxde and

“vacuum are used as guench1ng agents. Studles of the use of .:v.'

.

"such medla in varxous types of breakers can be found 1n some
G- \ . \
‘{areferences [B 9] Each agent has )ts own advantages and
‘.-' ! ; ! \ ! [
' vdxsadvantage5° however, the most successful dev1ces for

.

1nterrupt1ng the hxghest currents are those uszng a1r [1]

“f whar c1rcu1t breakers are generally o£ 2 types r

v Cot

*‘gmagnetxc a1r break cxrcuxt breakers wh1ch are l1m1ted to

3

,,cxrcuits of 15 KV or less and a1r blast c:rcult breakers.»,fﬁ,

.|l' ' '

The fxrst type [11,12 13] uses a magnet1c f1eld to force the ﬁ‘
electr1c arc 1ntc an arc chute where cool;ng and _\;M;W:gxva

N 0".

"de1onxzatxon take place. As the arc 1s dr1ven 1nto the

a

chute, its- 1ength and resfstance 1ncrease causzng a steady

.g‘1ncrease in voltage drop across the arc. Eventual}y, the

b : \

\

w“fd'circuxt 1mposed voltage across the contact 1s not hxgh




£ . ‘ . o

5{ subjected to a strong flow of compressed a1r along 1ts ax:s.:

*A' The arc 1s 1nterrupted by the process of
o N IR
" cross blast cerU1t breaker [)5 16 17],

“

'onvectlonm ln the*ff-"'

he a:c 1s’£orced by ;{"

compressed azr xnto an arc chute..T horxes explalnxng the

. v
SR N N ) l-\

arc quenchxng mechan1sms w1th1n the splxtters were propoSed

' .
o

‘Fl bY Prxnce [17] and Slepxan [18] Accord1ng to Pr1nce s

L]

'd1sp1acement theory the arc 1s cut xnto smaller sectxons \I'

|‘ K \.;

upon entgrlng the chute and the products are blown away

! VN o T ﬁ R '“:‘ Lo
| further down the chute. The theory further predlcts the'-:“jdf
recovery strength of the contact gap to be the product of S

S o ey

the rate of fluxd flow and the dlelectrlc strength of the

”~ _\ . Y

oncom1ng a1r d1splacxng the arc. However, Slep:an argued ‘b;g
that the physxcal d1scont1nuity of the arc at the front of
| the barrlers v1olates well known hydrodynam1c pr1nc1ples.: f}VsﬁQ;T

,:\

.

1onxzed and)un1onxzed géjjif SUCh mixzng 4ncrea5es the t”"{& Lo

., o

Y
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fclosely resemble the s1tuat1on.1n whlch the arc 1s swept

to the coollng of the cyl1nder. Streak p1ctures 1nd1cate the
o\‘ '

coolxng effect in. a boundary layer at the probe surface. The‘”
work was further extended by us1ng aerofo1ls w1th a circularlJ

leadlng edge and tapered traxlxng edge about 4 cm behlnd the

leadxng~edge [20] They found that boundary layer coolxng

plays a san1f1cant role 1n the Operatxons of the cross

blast type c1rcu1t breakers.‘However‘ the1r experlments d1d .

@ E— ' v .
not really 51mulate the actual arc motlon in the cross blast

) . . . o .
S Lo ’.l\‘

crrcu1t breakers. Lo n o

The present work 1nvolves a mbre reallstzc and detazled

v fowy
N

1nvestlgatxon of a layered arc flowzng on.a flat surface.

o
N

Instead oﬁ uszng a statxonary arc ahd a mov1ng probe system,

i

[

a combxnatxon of statlohary probes and a mov1ng arc 1s used

e

A system 1s adopted 1n wh;ch a stat1onary arc xs held

.\, r«.‘

N ) ' “I‘ N |v L4
el

5,1nto an arc‘chute in: a'cross blast c1rcu1t breaker'f.,--‘

~”al propert1es ofhthe arc are more_hg



the breakxng capab111ty of the carcuxt breaker.f“. :# S
‘,‘.‘ Sltuatlons Of the arc flOWlng (]) on a Slngle flat ‘

surface (2) w1th1n a pa1r of flat surfaces of ngen‘”,v 4“cv,7;yﬁ{~

, separatlon, (3) aga1nst a stack of plates at flxed gap \[ P
ff w1dths are br§efly analy;ed The electr1cal and phyqxcal ‘,dgfn_;““

‘;'characterlstxcs are measured and compared wlth the I o

- calculat1ons..Reasonable agreement between theory and . dﬁ[:iyffgr

.‘_‘

L‘t' . R :-“'
Belr e - I O LN ‘

: experlment 1s found. - f$r¢“~q' L ‘._-P,.“y<"‘ e L
. A brlef rev1ew of the four types of czrcult breakers 1s, K
ngen 1n Chapter Two The d1fferent types of 1nstruments gdh,::h"‘

3 : ‘ i s

"

used throughout the measurement are descr1bed 1n Chapter QI'J'V~QQIW

Three.‘The theory of an arc £low1ng along a 51ngle flat

| A\ !
. \ ) ' ¢
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In power transm1551on networks, cxrcuxt breakers serve ﬂf"

v\_“lﬁ

‘“\f;fas 1nd1spensable dev1ces for protect1ng the system from :ﬂfq
,' E : ; o o RS ’.' "\1 v ‘\~ - -‘.‘ o *
y l»selectrxcal and mechan1cal hapards.-The c1rcu1t breakers wzll e
y " ’ o : , . v .vv/ v ‘.f

Qfggfdxsconnect malfunctxonxng parts from the-system ,.ff“f 'ﬂ~f$ﬂf@

,Quconf1guration whenever fallures occur. leferent types ofw

--... \ylu) ,,‘,

_;c1rcuit breakers are desmgned with d1fferentzcurrent

lvv L

RIDA "\

‘1nteurupt1ng capaCxtles to f1t var1ous czrcuxt rat1ngs. 011
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'1f the hot hydrogen gas 1s expOSed to axr,_and so the arcxng

contacts are 1mmer5ed deep enough An 011 to prevent any hot

R
v
v

hydrogen 985 COmlng in contact w:th alr.n)Q;ﬁer

L
, .

[

In some 011 breakers, a r1g1d JnSulatzng chamber

"
"\r

f encloses the arc1ng contacts to 1mprove the arc xnterrupt1on e

Y .

. eff1c1ency 51nce hlgher gas pressure 15 bu11t'up as the
f:jarc1ng contacts separate. When the contact rod 1s pulled fy,-"
(p\away from ahe chamber outlet hydrogen gas escapes at hxgh h‘y‘5ﬂ

PR R
o K

speed and the arc 15 thustsubjected to a strong flow of gas wwfﬁf[
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ratzngs, ax1a1 blast a1r breakers are usually used [21] f'wf{ggn-

the cross blast type c1rcu1t breaker, an arc chute 1s bu1lt e

[

1n for arc coollng purposes. The chute 1s compr1sed of ‘a; ;nx'[ 1\3 B

v ) "y

stack of metal plates 1nsu1ated thh ceramxc on the surface; pt‘fkpu
b . L‘ ‘,,‘ . St “.‘k.Vw

The plates are separated at a flxed dlstance. Upon contact

separatxon, an arc 1s formed and 1s drxven 1nto the arc dffﬂ(}@vﬁ

v

\ compressed a1r. The arc 1s stretched

.\-

ext1ngu1shed among the gaps [22] In the a 1a1 blast type,'

PREI B

‘\'

arc 1s\thus draStzcally cooled and quenched R ,

]

Although such breakers have certain advantages qyer the;}‘ﬁﬂ
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l

) thh relatlvely small radxus are kavOrably £ormed thhxn

\
!

thls gas. The heat of the arc core cannot be conducted awdy

o by the surroundlng gas because of the low thermal

!

”.conduct1v1ty of the gas As a result the regzon close to

v ( 1

f“the arc core w1ll remaln,at ‘a relatlvely low temperature

;.‘

”‘leadlng to'a low electr1cal conduct1v1ty The arc ist hsv“
_ | /s/fhr‘

o, A

"Q*confxned to a th;n core hav1ng a hxgh temperature and 1s v

‘f;surrounded by a non conducting layer.,The thermal t1me 3 hﬁ f“d

‘”“constant"whlch xs proportlonal to the arc radius, becomes R
“;,very small A small thermal t1me constant allows the 1n1t1al

- temperature of tbe arc to decrease rapldly.'At temperatufe
T o Al | ) L
Hl'below 3000 K the molecules of sulphuc hexafluor1deﬁ(SF ) ;hf
'ﬁg;a"d 1ts decomposlton products (SF ’ SF SF etc ) would
‘%Q_strongly absorb the electrons ofﬂthe decaylng arc and create
lghfnegat1ve lonsﬁ It‘ls belleved that these 1ons have low n;.hht.h”'
flﬁfmob1lxt1es, causlng a rap1d 1ncrease‘1n the dlscharge

‘O‘ " B . g '4 v l'l A KR ' ' v "i 1"' :

ﬂﬂ:r651stance [10]

'.‘

w ‘. ' \‘< \ | ,.

{Qfm, ture,,erode»the varlous comgonedtsﬁ'jfhufﬁ'L

quired to reduce’ 'the. arcbcond ”‘t:,a.m:e‘_'by.~
;to’temp,raturepdecag,;xl d;pends.on“th' ra




© the durability of this ‘type of breaker.
N IEERTE - | Q

an . . . . . Vi . ‘ . 4
O - Lo ' . . . . S :

Y ot . ‘ . .
: v . A 1 ) . “ .
o v . . ‘lh

ft”ZLS.Vachumﬁcircbit breaker
The vacUum cxrcuxt breaker has been developed 1n recentf

years [23] The latest appllcatlons are conflned to over?h

. :“ ’ ¢
. [ o

voltages less than or equal to about 40 kV because of

| varxous de51gn constra1nts,‘In thls type of 1nterrupter, the\,

‘.“, 1

metal contact 1s shlelded w1th1n a vapor condensatlon sh1eld

!
. S ‘yn‘

under h1gh vacuum The contact can be opened by thhdraw1ng
. . ‘o L4 »«.‘

the bellows contacteﬁrom the statxonary contact.'Materxal .

for the metal contact 1s chosen to have hlgh electr1caI’

S ) oo

\ conduct1v1ty and low weld strength..Upon separatlon, theﬂ'

‘,,.

h1gh electrzc f1eld between the contact gap Wlll create hot

s

Spots on the surface of the metal ‘Metal s vaporxsed from

‘tv ! ,_o‘_' S

the surface and condenses on the shleld T 1s type of

breaker has“the advantage?of m1n1mum malntenance, compact

! ! A i

sxze ahd 1s no1se free excepn for the noxse from the f' R

[
3 -
at R

‘aﬁf operating mechanxsms. Furthermore, the maxlmum contact

IS

stroke need only be 1n the range of several m1111meters to

o

several cent1meters.¢aufﬂiwg;Qf“fhgﬁfaﬁj{hff.jﬁﬁﬁ”

. . R
LIS . P N
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' Dxfferent types of c1rcu1t breakers have been brxefly

- | i

\ S

expla1ned Each type has 1ts partxcular arc COolxng

' .
. ., .? [

featuresu However, the mechanlsm of arc quenchxng is stxll a.e :

'{fchallengxng problemu An understandlng of arc coollng
—'mechanxsms 1s a major part of the study of cxvcuxt breakers.
“ BN Co o Co . ““‘ . L ”4‘ v . w‘v ' . ".”’\"‘” ‘."‘ L

’

@s Summary IR R D T
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3.2 Shock tube

k)
ot

inBtFlnstrumdﬂtation S

ey i -
' . . A vy e st

i?ﬂ Outline-._”-v‘ “i .’,.‘”‘,‘ - 't s . R

An arc bexng dlscharged in the presence of a fast

'nflowlng gas generated 1n a shock tube was' studxed The means;

for generat1ng an arc and the approprzate gas flow as well

LY

.as the varxous dxagnostxc technlques used throughout.the

anest1gat1on are‘descrxbed.

£ o :
U oo . L

Thefflow of ggs was generated_withln4a shock tube as

shown' in Figure“

"

drxven section and a dump tank- The overaﬁl tube length was‘*

approxlmate X two meters Mylar sheets of thlckness =25 um. -

and ~50 um

shock speeds. Air was usually used as'a ‘driver gas. The

y 1

pressure xn the dr1ver sectxon was kept at 34 kPa absolute
(3 atmosphere absolute) for the thxnner Mylar sheet and 600

kPa absolute (6 atmosphere absolute) for the th1cker one.

The pressure 1n the dr1ven sect1on was kept at 100 kPa

: absolute (atmospherlc) or 10. kPa absolute (1/10 atmospherxd ‘

« . c«., I /

pressure)“‘h‘test compartment followed by a dump tank was

connected ‘onthe end offthe dr:ven sect1on.\A pressure

,f,,'

transducer was mounted~on the dr1ven sectxon close to the

d

lear“dxaphragm‘for trrgger1ng purposes. Axr release valves‘

1. The‘tube»included a-driver sectfon a

‘re used as dlaphragms for creatlng the des1red* N

N
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.. wete conpected to both'driver and driven sections.

Tyt R FERRA R
,w;‘ i N C et

iﬁt‘3 3 Test sectxon"yc. I | , ' R

\" 'The testxng sectxon was a rectangular axr txght Delr1n
cev1ty,leswshown in F1gure 3.2(a), '1n whxch the 1nteractton‘
.between the arc’and gas flow takes place.‘A wedge cut: from
~ ceramic stove top mater1a1 whxch was 0t4 cm' thlch wasvv~
Jmounted within‘the cavitj. The wedge'angle.isqwithin‘20°'to-
‘ the~£lat‘surface. ﬁrass strips at a separation'of~1 cmnwere
set flush uith‘the top‘surfece.Of the”ceranic. Two"S éﬁ
dlameter and 1. 25 cm thlck-glass‘wxndows\were 1nstalled ,on
opp051te sides of the cav1ty to allow optxcal observat1on‘of
‘the arc. Two ax1ally allgned Staxnless.steel cyllndrical
efectrodes were mounted at a dxstance of 1 cm (centre of
electrode to leadlng edge) from the 1ead1ng edge of the
'wedge. Appropr1ate d1men51ons are ngen 1n F1gure 3 Z(b) A
"plasma plug’ was: embedded 1n one of the metalllc electrodes
for 1n1t1at1ng the dlscharge. The txps of the electrodesiu'

‘were made w1th tungsten alloy whxch can w1thstand arc

corros1ons better«than other materxal

A plasma plug is a mod1f1ed version of a. standard surface
discharge igniter. It is made of a 1/16" dxameter tungsten
rod surrounded by a ceramic pipe which, in turn-. is.

: ,surtounded by a steel pipe. One end of the: pipe is coVered

- with a circular steel disc with a ‘hole punched .at ‘the centre.

. of ‘the disc,. The rod. is positioned'at a certain distance

from the disc (Figure 3.2(c)). A plasma plume. is created.
“through the “hole of; the disc.by charg1ng the rod to-a h1gh g
voltage and grounding the. outer steel. gyclinder., Further 0

”-f}_details can be found in the work by Simeoni.: [24]
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3 4 Power supply and plasma pLug 1gnxt10n cxrcu1t

K]

R

The power supply for the arc consxsted ofxa ser1es RLC

cxrcu1t whlch 1nc1uded three 240 uF 5 kV capac1tors

2w v P U

connected 1n parallel as show 1n Flgure 3 3 A copper c011

‘ thh an’ 1ndp&t3yce of about 7 mH was connected 1n serles

thh the capac1tor.lA shunt resxston of 1/6 Q was used as a

current monltor. Res1stances were added to prov1de the,

.._.,_ . \ .
v.

apprdprxate current, A plasma plug 1gn1t1on c1rcu1t, shown“g
SRR

1n Fxgure 3 4 qu used to 1n1t1ate the mazn dlscharge.‘k_ﬁfﬁ"

bt ' ' »;N- RS "‘ '; "‘ S

Throughout the experxments, the capacxtors were charged

between 600 v and 2 kv | 'Vrn_i,tw'

. ' ),4..'
v R S A v .

\ \ ot o ' . o . " . ' .
! Y o Vol R T
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electron beam, be1ng controlled b§ a sweep1ng potentxal

streaks across a fluorescent 5creen on whxch a trace of}thef‘“7,

y"jmtlllum1nat1ng obgect 1s dxsplayed If the object has a"txme

v

'varyxng brxghtness, the trace on the sCreen w111 reveal such
B . ‘."' ' . ‘ y ' ' '
“\Q changes. The camera 1s used to record the llght 1ntens:ty of

\.r, . R

partacular arc portxons. A streak;ng perlod of 50 us was .h

chosen for the observatzon of temporal changes of the j;@xgﬂ;“

Uu',v‘~- SEEE N

[
) l . ; % K N . '

S physxcal dlmen51ons of the arc

The SP 2000 Motlon Analyszs'System 1sfa h1gh speed

' “7v1deo camera wh1ch 1s capablerof storlng 2000 frames of data

.

:1per second [25]

L

It Includes a camera and ‘a hlgh speed R




\
[

v

sxgnals are modulated 1nto v1deo s1gnals so that they can be

’rate 1s l1m1ted to a max1mpm of 2000 frames per second

y
,,"‘ i

The recordinglunlt cons1sts of a h1gh speed d1gltal to

808109 converter and an analog tape recorder.’Scanned’ L

\

\ AR

d1splayed on any standard NTSC"monxtor. Recorded v1deo

\
" i

51gnals can be played back at a speed of one,‘two(/tbree,.; ”y‘.

four or 51xty frames per second Although the data transfer

u/\y4

i

o 1 . t ! \ ' ‘c"..‘\ . .y\,’.,:.‘;
sensor sca1n1ng rate can bg stepped up to a maxlmum of 'f'@f;pﬁ[

t N

12 000 plctures per second For eachvscann1ng of the s1x3'¥

,-.|. . ' . o
'l \\. o ".,_'

blocks of pxxels, only a s1ngle block of data w111 be Gy‘kaFW“»‘

l
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pqsxt1on of the attenuator 1s made to record the densxty at
any partxcular part of the specxmen whxch may be f11m plate
or Other transparency The }nstrument records densxty

o G : S \.. o o

d1rectly and lxnearly w1th1n the range of aens1t1es

.\‘

-

pec1f1ed A select1on of grey wedges provxdes a range of

e R . AR BEIN
! ‘.‘~ "\ v"“ . -\H‘

densxty scales to be used fox recordlng f
3 5 4 P601S ngh Voltage Probe bv‘-Qﬁffnbf"Uf{*‘Tgﬁfﬁf T

The P6015 Hv probe 15 a 1000X attenuator probe. Tt has

.,-» ‘. ; " . ’ AT
LR . e
A

mr an 1nput res1stance of 100 Mﬂ and capac1tance of about 3(}

' -ﬁ " Y ‘ . |'|
.’ .

K

.s_*!rv' K
) . ~

A compensatt\f box 15 assocxated thh the probe for\‘.1&’~"'”*
. ; - \*—-—'—"'—-’

"7compensat1ng any exce551~e xmpedances 1n the czrcuzt whxch

« “,‘

: ‘mlght d1stort the 1nput sxgnals.Hyngiﬂ”nf'Tl?Vfi}ffﬁfjf




g}fg4;*Modellfngﬁandfbiperingntsfbffarcﬂflowlng\bnﬂa.flatﬁplateffn[h,
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A layered electrlc arq held agaxnst the surface ofla p'"
' (1\ Lo i . v.““ S i
flat plate by gas flow was analyzed theoretxcally The\‘;~kn5¢f3Vu

W

energy balance between heat conductxon convectlon and joule B
o

Ca R
g \,,,04

heat1ng was solved to obtaxn temperature proflles throUgh fﬂ";fd'

the arc and the electr1c f1eld current characterlstlcs of o
the syStem These theoret1cal results are\compared w1th 'h
measured Values obta1ned by means of blastlng an electr1c L !

arc'b1th a strqng gas flow generated in’ a shock tube. ;
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Lo ' o 3 RS - v ' : ] o
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1nc1u51on of temperature varxatxon. The temperature proflle

N !

R I V!

't'

_dfoj thnough the arc 1s solved Wlth the comblnatlon of the‘vh

mod1f1ed Prandtl boundary layer theory and the heat flow fu'f,

el equat1on for convectlon and conductlon. The electric

f1eld current characterlstlc of the system 1s then obtaxned
P ! i 0 " v o / ' v
ﬁy;‘m from the 1ntegrat1on of the current den51ty throughout the_r‘,ﬂf

o arc.Jduifqlg[ﬁ;g',w o .‘fajlwwl BT ICRRIN ;y» \
. 4‘3‘ mheQrYN‘:.’r ‘ - ,‘“ ‘v.“:'}“." " \ ‘l.v“ll E , :.“w l“‘”, l. \‘Iy‘
*~f?;ﬁ”ylp;"tu B L S ‘~‘f.‘x‘;,“r TS
» . ‘1" Lo ‘.' = g
;i 4 3 1 Prandtl boundary layer theory over a. flat plate“» |

For boundary layer flow along a- flat surface, thej“\mr
q' o o ‘\ .\' , . v \
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plate (Fzgure 4 1), u. and v are the components of the flow

’ veloc1ty 1n the x and y d1rect1ons. Introduc1ng a parameter

‘\ "M'J‘ K ' ’ . ' e .
. LI ) " ‘ ' v

and a’ stpeam functlon, [va f(n)]'/2 betn yeiééity:
[ . . " ‘.“ ) I!f“ ' !

"components are found to be related as

et (a3)

k|
"o
b . '

wd e -l e
T e T SO Tt e e

S By substltutlng Equatlons 4 3 and 4 4 1nto Equatlons 4.1
2 g R ’
'f\,and 4 2 the equat1ous can be reduced 1nto an ordxnary

d1£ferent1al equatlon .ehQ-f;FnA,“eﬂfff




25

CFow
VELOCITY Up .

e .

\— PLATE,

. Figﬁré 4g1~Arc flow on 'a Wedgé»éqrfaceg

)

- S
A . ,

LA

B ‘ ' ‘ } " ! N et o oo
i . . ' . . o . . “‘.‘v“ ‘
‘ : " ‘.‘ t “~‘l "*
1. s ( . ' : ' ¢ e
B f . . . , Gy, . 3 , ‘ e ‘
' ' ! . X K I 3 .
o i
Y DI , . ) o ' " ‘
l v . - E ' o ’ - '
f v g | ~ . e .
C L]
.

T
Ca B -
. ) 1 . R ,
oo L e "Hr I b ’
i . ) ' K ) s (‘ i .
: BT, ) S |
‘ I n ) e . . ' ‘.
.o . , 1 . , :
. . . | r . ‘ .
: g Y C N . ;
. B B > . " R : . i
M dhdort) TR NI J 4 [ PRI B ‘ RS R ‘ l
| : ‘ ‘ | L - v . . . ! . ' ' D yo '
(e e ' ) . [IEEE . o I RN RN -
cn M N & o o ) . . . e N
L 'y B B O e e g . — 1T 1. -1 L
S . ~ A A BT e e O R RN
. o N e (N R RA e I Eava R ERAY L 3
o Lo o LR AN L : ; ‘ ° ‘ ; b - v
[ . .y . " vt - . o .""{ v R s < v_"‘ ) N ) ] ‘I‘.‘
g g b oy e
o o& N A7 MY O ~T 1 1 . — — |
RS B 4 4 PN ARtEEE b K 28 o : 1 o ‘ ‘
" AN e .. N L )
‘ ’ g N K ’




°
I
»

* vVariation of temperature throughout the flowing gas is
not considered in previous summarized theory. In the present

L4

arc ﬁlow.Situation, the‘temperatures of the arc and the cold

. / ' LA

gas are very dxfferent. Such temperature ‘'variation results

' dn substant1al densxty and v1sc051ty changes. Temperature

0\

'7,conduct1v1ty_and;spec1(;c heat of atmospheric pressure ‘

E«(

o 4

\Q»\x "

variations of v;sc051ty, thermal conductxvxty, electr1cal

Gl
. v ' -

»

nitrogen are shown in F1gure 4.3. {t . ‘
. 0 . ) } o ‘ "'
Simple power law approtimations are used‘to describe

'
.

;the relatxons for v1sc051ty, dehsxty, spec1f1c heat, thermal

n‘conduct1v1ty and electr1ca1 conduct1v1ty The boundary layer

' equatlon can'then be‘solved for a'51hgle solutzon"whxch is

| readxly transferable to other gases uslng dlfferent

: constants of proportlonalxty for the var1ous parameters. lna

;cross sectaon of the

‘Rfound that the results -

'averaginﬁ Thus, in an, ext ~me exafl

terms of the electr1c f1e1d versus current character1st1cs

»
!

bt current across the total
B N . ‘rﬂ‘ . .- N )
_‘hat'is the issue. For this reason,

”it is the conductxon
E Y

.

the concept,of‘ smoot the temperature prof1les is

» I "

expected to nge reas-nable accuracy. In confzrmatlon, it is

Y

'kably 1nsenszt1ve~to‘

e 1ndeed:rem

ple, it 1s found that theTV

‘\\

'Wuse of a constant value of c glves more or less 1dent1cal

v - ..\, ,

&fresults to those obtaxned wzth the much more rea11st1c ;f';fQ"

o
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Since 'in’'a laminar boundary layer, the pressure
perpehdicular'to,the‘flbwﬁis,éthEant, then for a given
value of x, the density varies as’tempéfature:

R A |
. | ‘.p\ = pO(T_.) o . ' . ‘(' ‘l'» : (4.6) K

The kinematic viscosity (v = %)‘varies'és‘the square of the

' ) . f Rl o L .
. . . . h . .
' ' . a N L

temperature

~

. ' i\_; 2 ) ’Y- \
vo= l)vo<'I‘ ) o
, 0T

| R . ¥
where p and v are the density and kinematig

'

T =T = '300°K. Trarsforming variables: .+ * . .
o . ) ) u\'_' . L ' : . . Lo ’ R

i
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'Such a transformatlon, the so called Illxngworth Stewartson
A L '

Lo
. \

transformatlon [29] allows the or191nal Blaszus e

e \ i I

calculatlons for the boundary layer prof1le to' be utxlzzed

txn the determlnatxon of the boundary layer profxle‘ln the '“ f
”A ;nresence ot temperature and.combressxbllxty effects.flt 1s
‘“apparent in Equatxon 4 8 that the adjacent‘smreamllnes:
ivurseparuted‘athroom temperature by dy wxll move apart\to a
;,ﬁnew separatxon dy hecause of, thermal expan51on; W1th'v:}‘ihlaﬁ
.Lf scallng as T2; it 1s ev1dent that ‘ the mass flow“ryif,&lk
}\between streamlanes'remarnlng unchanged t e shear/force"; -
between these llnes w111‘also remain unchanded v;frfé‘“Q:ff(;
| \., The temperature f1eld 1s determxned‘by the.eqUatlo fé@éyj
Iconducted and convected heat flows, namely, 'ffff;;i‘?iii‘
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. effects of ablatxon may be estlmated folIOW1ng the procedure
,‘ oo . _'-\ “v . l"‘ oyt v

,‘of Nlemeyer [30] The cr1t1cal currept densxtles when'fﬁﬁff v

:[}mate:xal loss starts to dom1nate the total heat losses are .

» \ 4.~ , R T ‘yj o
f_a 2 x 106 A/mz and 2 X' 107 A/m2 for an organlc polymer and a .

1
t ' b ' . r

r;;about 1 mm thxck these cr1t1cal current densxt1es Q,“*;

'\ " ﬂ‘\.'v\ K
e ' W, " EEE F»

(chorneSpond to- 2 X' 103 A/m'and 2 x 10‘ A/m. Radxat1on losses]‘v

\ e
)

‘_are neglected as long as arc temperature rema1ns below yﬁhff

" . . ' v v "y ' IR ..' . b . > .
i i . . . \ . Sty

'312 ooo K [251 e
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W1th K- bezng descrabed by




K- __a’&_f( )_m il

. .“. C p .
The term —2-———
Cepe0
bulk gas. Insertmg values for K

“o = b, p = '7 .x 10':" kgs -‘m *

°¢
dn 2 KT

[

"

’= 3 5 x 103 Wm”K '“

K. 15 the Prandtl number (P) evaluated for the ‘ﬂ'.v:.'[‘

160 Jkg”K 1, nigﬁ;gf]ﬁf‘.




'tlow.and. the - current tiow. Th1s: boundary vabpe équat1on 1s;

olved numerlcally {27] fof arzous values of A The reéu1ts
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&n terms of‘eﬁbérlﬁénf;i verifI&atxon of these _f ﬁJ w;h"?‘

| t‘r.alreééli meQQQréblé‘péfameter (1n éddit;on to y“;i
”Hﬁﬁelectr;c f;eld) ;s.;fc tﬁickne;;.,The érof!&es shown 161 'Z
’_f.-Flg\J‘rel 4 4 afe éxvp:bre‘eé‘sécl\i. 1n t;rms oflthe t‘emper‘atg‘re ’
\:,transﬁorméd d1stance‘y (v1a the quantxty n) x§f the actual ‘ ‘pﬂ

X dlstance y 15 cons1de:ed“-

L

‘fquantmty S f\j ”g'ﬁ¢j;f“”
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"f;i,lgzxﬁeribent-\'-;jiffj" ,” Qf‘V./”

arc coolxng ph\Bomenon was 1nvestxgated ,

The convec£1v:
by blowxng an arc onto a flat plate wzth a strong flow of

K3

, gas. The arc was dlscharged between a palr of cyl1ndr1cal
fﬂff'steel electrodes whlch xere axlally mounted on the oEp051te

v \w '

sxdes of a Delr1n test sectlon descrlbed in: Sectlon 3. 3 Thenr

,)‘.‘..‘,. ' " »‘ \" \‘ ‘ ' . '\

Hw\ﬁelectrodes were mounted*flushed w1th the delr1n walls so

( that they do not.obstruct the flow An RLC c:rcuat Shown,ln  '

Fxgure 3 3 \whxch cona1sted'of ;hree 240 uF 5 kV capacztors:ﬁ_

.“\‘, -

and one 7 mH 1nductor prov1ded the necessary arc energy. “fl

[

lyfg current magnltude and rlse tlme.JW1th the chosen electrode \":

! ;'. .“‘. . b‘- ‘ ,' !,

gap separat1on,,no self 1nduced electrlcal breakdown was'

i




transducer whose s1gnal actuated the external tr1gger of the

.

Tektronlx 556 osc1lloscope. A gate pulse from the
osc1lloscope was delxvered to a delay pulse un1t wh1ch 1n )
h_ turn trlggered the plasma plug c1rcu1t to f1re the plasma ff

plug An 1llustratzon 1s g1ven 1n Flgure 4 8

B . .“w, B . ‘

N

>\gw The plasma plug was f1red at such a t1me‘that the arc S

current would ]USt reach)a max1mum magn1tude when the shock‘ﬂ
" v 0 ’ '.‘.‘l o
'wave arrxved at\the testlng SeCtIODS The arc thus appeared;d

.‘, ..n, ' t . (.‘

to be 1n a DC state at the moment when it was swept

! \‘. . " “ . “-\“‘\

downstream by the gas flow.“r

The flow Pattern of th arc was: recorded by both the e

! e
" H

streak camera and a conventlonal Polaro1d camera.‘The streak

]éy plctures reeorded the temporal development of'the arc at 'f'“

i

varlous locatlons along the plate surface; The Polar01d

I

ll't'

plcture gave ar tzme 1ntegral photograph of the‘arc. Neutral jmgf
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4.5 Results"ﬂ,[‘l:f ‘,1 e S ‘74 IR
\ . ‘” vv",.‘ \"

The characterxstxc of an ‘arc convectlng over a ceramxc o

\ oy

' .
plate of length ==5 cm was fxrst studxed Alr was chosen as

®

the flowxng medxum A shock speed of Mach =1'3 was produced

in a shock tube by flllzng the drxver sectxon w1th axr ‘to a;

pressure of 340 kPa absolute whxle the drxven sect1on was

! a

maxntaxned at atmospherxc air pressure. The flow speed

o i
[N '

behxnd the shock 1s at 140 m/s.‘

The arc CerUIt parameters were chosen to be an -

inductance of 7 mH _a capacxtance of 720 uF and a shunt tr‘

i

'reszstance of 1/6 Q. The 1 0 cm, dxameter electrodes were
separated at a dlstance of 3 0 cm. The ;nxtxal capac1tor ,hﬁpf
voltage ranged from 600 V to 2000 V Both arc voLtage SECRTRR I

K v
'

grad1ent and current were mon1tored ,;,L:w f'}n.w

. Voo
A . L

Typ1ca1 electrlcal arc character1st1cs are shown 1n s

EK ) . Caae f - )

Plate 4 1 and Plate 4 2 1n the absence and presence of the

4 \

{ shock respectxvely. W1thout any flow, the arc existed for a

s, " ’;"‘
A X

duratxon of 14 ms..The arc) voltage attazned a magnatude of

S

N . .

160 v whxle the arc current reached a‘maxxmum amplitude of

v L
'\

340 A Success;ve arc current amplltudes decreesed %Ath t1me

.
o ;o . B /',~~~

'

due to resistxve losses, However,»as shown 1n Plate54‘2 the

r.-w




o ‘JAtc current B
B \\120 A/dxv B X
‘;“ ﬁA:c voltage P
200 V/&xv -
" 'AV‘ | .
) Plate 4.t‘Arc cUrrent and voltage character1st1cs w1thout f

, Arc chaqung

f~voltage kv'

ﬂfArc cur:ent ;1 ‘_;
1200 A/dxv LA

N‘D1fferentxa1
'jvqltage between
o probes at 3 cm
fwapart 50 v/dxv



'
B

't.end of the plate 51nce the arc res1stance would be reduced

Ain F1gure 4, 9a) The d fference of V - Vf-was‘hence‘

N 0 | I.'

51gn\1nd1cat1ng that the arc had extended and re301ned at
W .

the end of the plate. At

i .
b

hxs tzme, the electrlc potent1al

at p051t10n one w‘s hxgher than p051tlon two. The voltage

4

dszerence of V and V becape p051t;ve (as shown in F1gure

N
N

4 9b) It was not des1rable to. have the arc Joxn1ng at the ‘

Lo

.t
I

The length of the flat'plate was extended from 8 cm toﬂq_

20 cm, whzle other parameters, namelyr voltage, flow speed .
k . ‘ .

. I "l“ et

&., voltage dlfference d1sappeared as shown 1n Plate 4. 3 The

\

e

arc current was ma1nta1ned at 340 A while the d1fferent1alpﬁ;

.‘ ‘~.<
.‘\ K "n

arc voltage var1ed petween 100 v and 150 V'over a dxstance

i

fﬁf-of 3 cm«‘Multxple traces 1nd1cated the repeatab111ty of thelf'

.v\,- .

yxne drawn on the« "ate g1ves an o

. ~ I B \
» X

average var1atzon of the electrxc fxeld grad1ent.

o

Tﬁe arc current and perzod of oscxllat1on were_changed{w”:

c1rcu1t parameter values, were kept the same.wThe p051t1ve th
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' " By

discharged through an R L C CltCUlt can be evaluated by the‘];

equat1on

CAE) = sin(t)et el g gg)

oo . . U ! R R N
, \ T o ¢ Lea s T
: Yy C . ,\,-\., . ...‘i

L 2 : R L APE LA NI
Vtﬁt Efr VZ- R L, C are the rgalstance,,_,nV\

f»inductan‘efanl' apacltance of the varlous components. For‘ﬁfff

s e
AL SR

each serles resxs or, the arc current and d:fferentxal ”;’;

voltage were record d w1th the in1t1a1 capac1tor voltage ‘-
varylng between 60 V and 2000 V.,The electrlc f1e1d was |
found to be fa1r1y 1ndependent arc current.w ffﬁff,nf&Jf:Lf

T1mel1ntegrated p1ctures Of the arc were taken wzth a




VArc charglng
‘«voltageTz 1 kv

“‘krc current uﬂgﬁ*
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rr:‘, e e et i

voltage between )
- 'probes- at 3 em mﬂ

PR " art»“‘so v dzv*
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Measurements of f1e1d and current along the plate

o ; . \

surface can be found from oscxlloscope trace, ngen 1n\f“

Plate 4 3 The values were normalxzed w1th x ='1 5 ‘em and afﬁt 

flow speed of 140 m/s.‘The w1dth of the currént was .‘ffﬂ;ngQ

estlmated accordlng to the aspect ratio QIVen 1n Table Ga‘

Values of od;véSf'Ko T were chosen to be those at 300 K and
1 atmospher1c pressure.“~ffhiw‘fhgffﬁgﬁﬁﬂf(xﬂ

Normallzed values and predlcted Values are shown 1n

- NN 1
S

'“?F1gure 4 5 Substant1al d1screpanc1es are notlced Thls can




Vo

;o

The flow of an arc 1n a double plate and a. multlple

A
SR a,

"plate system 1s cons1dered Theoretxcal results of the arc 'yﬁ;ﬂ

‘”.‘\ JEL “J

'temperature prof1les and electr1c fxeld current character—V'" :
1st1cs are presented.‘Experqmental data obtalned from streak f

| photographs and frame pxctures are compared to the

]predlctlons of the theory a _ N T
| . ‘ ,.‘ A h,' , .“‘. s ) :.‘ B -f.\- l ~1‘ S ) ":‘ ..’ ‘ ' :‘l“'l‘- C .:,'_ . Il \
“‘““T7TWTIQ?“'“”fﬁﬁ?’l?fv;‘f'hf'af\w>ﬂff*.rf*[.hl"errWn‘”r<V”"”

A%

5{reallst1c s1tuat1on‘resemb11ng 1r”c1rcu1t,breakers with

\




RATEELE I W

e

current characterlstlcs were measured for 1nd1v1dual cases.

, "y ! ‘ '
B Records of stréak p1ctures were taken for case 2 Framzng

‘vk-

p1ctures for the 3 cases were“1nd1v1dually taken. The

N '.’l. “' SR .

recorded prof1les were compared to theﬂtheoret1cal ones and

o N R L \
- were found to be 1n good agreement R v
’ P [ .\‘ Lo ] . ‘ ‘. : ; ‘ v ;
Eﬁ@,‘f*fﬂeuﬂgju@~[y“4_ﬁv3'wﬁhjﬂ;u,f’:‘”Uﬁ ””\fﬁf:bfdﬂ‘\
c o Ba3 Theory. o e o T e e e e ,
I;w Db e e T L B Y )
(o A , ,.f? 'j;JU«“;.~0[u~}“‘~'”*~‘ N L

% 5;3tjfcasé.ivf D°“ble plate confxgurat1on thh iﬁﬁéﬁdﬁéuttu"

RS I ""*”v~, L -‘,un,vf\~,~'fh~~a e v
a;y@f{;f~ current loop '“;’uﬁdf;g;vr\ Ty ‘ﬂ'} '
- F:gure 5 1 1llustrates the two layered arcs expanding
V ‘\ ' ' ,}i ! 4 l,' !
. u ‘H,. B

?fdlnto the stream of flow and meetzng at some p01nt
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\ through n‘ For a known flow speed the maxlmum temperature fy
. 1 v!.

ﬁr f 1s proportlonal to the channel wldth In otherfwords, a hxgh

"~' ' i i ' K " ' \

temperature arc can only enter a gap w1th a w1dth whlch 'Q “

of the parallel wedges can be derxvefﬁfrom Equation 4 20 By

[ .A . i
) ,“ .
. ',

'5| transposxng terms 1n Equatxon 4 20 the electrxc fleld along

o the plate surface 1s‘glven as jgmlf‘f"{dﬁlglﬁ;ﬂﬁ*_;Hffgp'f
L, : . “ .“‘,‘ ) ) | ‘ DR P B ' B ".}i“ , L




'whére xf

.',

"Substjtut1ng Equatxon 5 4‘1hto Equat

v
f

'the locat1on ab whxch the two boundary layers

| J/g

I

21

UoKoToxD

.n.n

KoaoToR

)

. .

Q “\

K

X

1on 53

it
\

.,meet. x can be found by substltutxng the half gap wxdth D

]l/z S
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By lettxng Y - yo[ K%r‘]

double plate §ystem. Instéad 1t can stgetch beyond the

oy

plate and jo1n another part of the arc whxch flows thrqugh a

dxfferent channel Such arc confxgurat1on is shown 1n Fxgure

4 9 and 1s cons1dered br1efly :

.

A55um1ﬁg that pressure rema1ns constant the tIow will

2 .

«be axzal and constant. The‘heatwflow equatxon then,teduces
to a s1mp1e balance of heat conduct1on losses along the
y axxs and )oule heatlng, namely,v
.,h - ‘
ay [Kay]' ) oE e o c . . (5.6)
AUsing'a‘tenpefaturevtransformatﬁon‘vatiahie for 'y,
L S . (R L
. and conductivity
o fm 1372 -26/(n/T ) - o
0 T \ .
: " . o ] 1) ‘ v '
o ‘\'. ,.. ‘. - ‘I‘,A‘ ) . .‘ : .. .. Yoy, ;“‘ VI\' g \ '- t )
.'Bquation 5.6 is converted into.the form, S
A ':‘-"'\2.!"‘” 20 B2 .2 e e
, - - ‘."d J = - 0 * : ¢5/‘6 "26/“— ": K (5.9)
- dyo .{‘5-' s vl‘x.oTo. . ' P . v
. s . K
where ¢ !:[%;] . ‘ ' R )
. o ;‘ [
R U N & .
R . 20 E’””'

PN



arc core temperature-T, . ", Equation. 5.9.becomes

. \ | . . . S
V. ' ' , ' oL , TN . s
. . S

o ZW‘\.‘,‘-“‘“ éGv“/Z( : :-x/‘/;' . .l,'\" . ." .
,T;EYT‘E o 3;]‘..pr60‘ PRI : U‘\e‘ . ‘ﬁrlqm

Q; -

R &,_;; St e
‘ where : W’=—‘—78-.‘L—,ix = 26[ T ] N
o . . N max o bx A el o S PR '

“Equatxon 5 10 is’ solved w1th the boundary condxtlon that the

A o b o NP

‘-arc temperature reaches a maxlmum at the centre ot the T

'

channel and drops to zero at the wall Fxgure 5 3 shows the ‘j..f
temperhture and electrical conduct1vxty profxle w1th1n the .
channel. The current per unit wzdth parallel to the surface |
’ . . Vo .
'\is N ,ﬁ o i; o
; e ' yh;x“ o R - \'m '_ b s ‘
1= 2J coEdy . T (5,11)

. e et s e .
where y o 1s half the separatxon of therchannel plates. In L
terms of the temp rature scaled d1stance dy } Equat1on 5 11

‘;15 reduced fo f't S .e:_' :£,,‘.L' ”'\ ‘
SR Lw : SRR fﬁ
OB Ao s42)
: ‘ g

‘fAssumlng an average temperature T across the channel Yo“ SN

E R t_,;_nle“-f o
-can be found from Equat1on 5 as . ,;1‘1
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where D is the half gap w;dth of the double plate system.:g'

B Al
1

~Normal1z ng Equatxon 5 12 and u51ng Equatlon 5 8 the

.current becomes ' w1'v,Q‘,‘".5

[

. s . \ Lo
. . . ' . . NI .
\ . !

el 2D0 E 5/2 -26/('1'/1‘ ) ,“—I -‘-. ‘ '.  e ‘
SR [ 60 dy'" . (8.14) -

[ i
\ .
T

"

I -' ' ' : o ‘}F‘ } o { “\ . . D“ ""‘ I‘; 4 .v"\ ‘.‘," “.“ .""‘ I
+ . where : V¢ = [—-.-]andd ‘o= dy/[—'—] e e

Introduc1ng the normalxzed quant1ty, W -;4—32471'andj5h

' T ‘x, A - '.l.nl‘l- . Lo
X = ZG—EAL*— 1nto Equatlon 5.14, the,curgent‘becoMeSf}

o max - \ . i ‘ C ) W l
N N ‘ ' . ' ' S

vy

S 2D0 E. v 5/5. L 5,72 '.-./l/;..."., ‘ DD

IR | (5.15)"

T (20 E - PR et T

]/2 and dy {‘:Q:de‘,_L g
Nl " ‘,‘l"/a' ‘

'

. Equation 5. 15 can be fﬁrthéﬁ.quiﬁiedxtor:f“‘

ﬂf dY ﬂ;?}QV(S;16) '




ot ' N ! ' . . N - v, . v A
. \ L o . . PR

l'The:eleétrlcffieldrcanjbegevélpétednfréthdnetibnf5}}7;és¢:3

"”‘ v ' o ‘ o ,"' I " ‘\“‘ ':. o ‘ i "l ) ! ; " Lo E ‘ A .
\ «:\ "u ! N .. I "‘ ) e RN o ”"
o D R . . SRR ‘\‘ X AN SN -
SRR .‘ ‘ [ 1/2 C U (saey

“"‘ B .\“.! . R ‘ ot v o

In terms of the norma11zed quantlty, W ='ﬁ%$$ff7,vthefy
electrlc fxeld Can be expressed as e

4 N - ! o . . i A

N ] v ',‘ . L B + . s R [ v L
: o ,~? L
RS . : . " f o,

R T Tl vo | 12 Yrange 26 172 ‘*
Sy Ei[ U HKT ] 1. 9!412 [ ]w | ',“(-“5"‘19{

“' ‘.y v-' Sy . ; 'I l“", .vhl‘-.l.“l u D .“ “‘ y‘. ) ’\. '. ‘.‘ \ ! '(I
-~ where R 1s the Reynold s number ;l—;". B I Lo
v .~ * B . ) ‘ . . .‘ . '0' K ) o . L o “« s ! . i s

i : Vet

A famlly of fxeld current characterxstlcs for d1ﬁferent

Reynolds numbers are shown in’ F1gure 5 2(case 2)
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5 3 3 Case 3': Multxple plate confxguratxon in whxch arc 1s

i

forued upstream but does not penetrate 1nto the.w \@f

FO A A
v [ .

. SRR
‘H.e",
l\~\

fs:fﬂkf éhannels ‘.,1‘757‘f”°

A stack of multlple plates 1n the ma1n stream flow acts o
‘Qf as a physxcal block agalnst the flow. As a; result the flow'5ﬂfvn

. . ':
r . "s

'fp speed thh1n the channels 1ncreases leadzng to anﬁf’”“”‘”ﬂlﬁ
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A sxmple and 1deallzed model 1s constructed to descr1be_ff

Vo

nfsuch a case. It 1s shown 1n Flgure 5 4 where cold gas flowsjf

\ o N
Vo R '

'h from the left at a veloc1ty U pushxng the arc agalnst the

C ' ':I\‘ “{
‘stack plates..The propert1es of the gas and the1r'funct1ona1

’~X,dependence on temperature are assumed to be the same as

v - . [

_before..The flow 1s cops1dered to be one dlmen51onal w;th 'FQ

mass flow pu bexng conserved Under these condltlons, thev‘
fenergy equatlon wh1ch taLes the form of‘:f;w ~J“‘?;w*",ﬁfjw..ﬁ
ST T e
e j';‘pc u = [K t E2 R T l

v‘- ‘n‘\‘. o
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Equa , 5 22 becomes | "_'
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i
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.:jﬁ|'A double plate system whlch was 1nstalled along the,y ﬂfﬂﬁ

tmmﬁd1rect10n of gas flow replaced the s1ngle plate systemf

Hikfdescrlbed ear11er.the plates are 20 cm 1n length On the i“ﬂVT

AR '

\

'f,bottom plate, as shown 1n Plate 5 1 two 0 3 cm w1de;brass

b
. . . v
4 b v N ln

‘hﬁﬁstrlps'wete embedded at 1.3 cm and 2 3 cm respectxvely from'.
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48Q m/s could‘be generated w1th these pressure combxnatlons.e’”[

"“\‘,"‘ ' \ , ‘ ‘; : y . " "

.'., ‘ : ,“::| . x | R . v ( | , , | ‘ . g
‘Arc dlschargang system ;Ltg‘*f”f?qW”)ﬁlgff;;yiﬂhenfnﬁf':?ffffﬁfﬁ

I The arc was generated by the dxscharge of the 720 uF .

)‘ Lt R,

| capac1tor charged to an 1n1t1al voltage of between 1000 V tof

2000 Vv(refer to F1gure 3 3).¢Arc current was lxmxted by the

o N ' >--,,v' \ ; i "
*h:‘serles resxstance ranging from 100 9 to 1/6 Q and an ?f
v . . IEE i v X " (: .-1\‘
1nductance of =7 mH The czrcu1t was dlschaxged at such a
- vl ! o R PO LN

\

fﬂ;t1me that the current magnltude 1ncreased to*;ts peak value




ifQ‘Wlayout;ofythe opt;bal System 1s‘shown bn Flgure 5 5; Tobal
: ‘ " [ N . . '1‘{‘1'\n-r‘,\ ! 1 “”' '

I ‘\
A

ol

develOpment ofma‘partxcula

4\\

;559111053099 trlggered the cgméra at preset t1mes‘after the,”ﬂ
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4\ ' Temporal pxctures of the comglete arc dxscharge event

were taken wlth the SP 2000 camera at a rate of 2000 frames

i . v

ﬂper second Each p1cture recorded the arc for ‘a duratxon of

0.5 ms. All pxctures were stored on magnetlc tapes and could

' L6
: .

. be played backuon’a'videoqmonltor whenever necesSary;

‘

5.4.2 Eleetrica17neasurements with_different‘cirCuit

parameters and flow speed&

Y

The wxdtH of the double plate slot as . well as the
: electrode gap were set 1n1t1ally to 8 mm. Serxes circuit
: r\ . e

}resxstance was kept at 100 Q. A1r flow speed was maxntaxned

at, 140 m/s indthe(shock tube hx keeping a;ptessure of

.340 kPa absolute in the dr1ver sectxon and atmospherxc

pressure 1n the @wen sectxon. Plate S, 2 shows the

-
i

%electrxcal wavéform of an arc at a peak current of 12 A and
1n1t1al chargxng-voltage of 1200 V. The shock arr1ved atKZhe

"arc when the arc current reached 1ts peak value. The

S oen ‘
‘_;oncomzng gas flow stretched and pushed the arc into the

-

’ .
\

‘fgslot The arc re51stance 1ncreased due to heat lossesl

\.‘_

through conductxon and convect1on, 1ead1ng to a decrease in .

*arc current Thxs event lasted for about 0. 3 ms as sh wn 1n

’
L]

ﬂthe plate. At thxs time the arc- front had reached the;f



~voltage : 1.2 kv

" Arc, current :.
© .6 A/div .

!
°r,

. ® \‘ \

" Differential
voltage between
.probes at 1 cm
apart : 50 v/div

1

Arc current :
"6 A/div

 Arc voltage.: .
© 500 V/div’

 plate’'S.2 Voltage and current characteristics of -an arc with

a .én‘\;‘; 8

nn wedge ‘gap.,



: magn;tude on the Waveform denoted such a change. After thxs o

"'.change,_the arc decayed stead1ly w1th t1me as shown by the"r

rest of the osc1lloscope trace 1n the pxcture. The amplxtude
" of the axral electrxc £1e1d 1ncreased steadxly from a‘ ’
; m1n1mum of 50 V/cm to about 190 V/cm as the current.
“approached zero. Plate 5 2(b) reveals that the arc voltage'bf
u‘between the electrodes fluctuated between a magnltude of 200'
'g‘V‘and 700 . v, - | , b”. - J thl o ‘:» :,1

| The wedge slot wxdth was reduced to 4 mm w1th thej
expectat1on that the arc would be further conflned Plate

5. 3(a) shows a typxcal arc dlscharge at 2000 V The electrxc .
‘ﬁfleld ma1nta1ned at 50 V/cm throughout the ‘évent. Plate |
5. 3(b) shows an 1ntegrated p1cture of the arc..It can~be
~iseen that the arc! f1lled about 2/3 of ‘the gap.ln*
| Gas flow speed was 1ncreased from 146 m/s to 210 m/s.;
.7peak current of 24 A vas generated by d1scharg1ng an 1n1t1al
\ arc voltage of 2000 V though a. 100 Q ser1es reszstor. The |
; nelectrodes were set at 8 mm- apart. Plate 5. 4 shows a typ1cal
vﬂelectrzcal character1st1c of the arc under h1gher speed
‘@‘flow. Flow speed was further 1ncreased to 480 m(s by "Q;i5>ﬂ

7':changzng the dr1v1ng pressure to 600 kPa and the drrven

pressure to 8 kPa. The electr1c f1eld measurement was found ,

3
RN '



Plate 5 3 Txme'lnte
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Differential . .

had »A‘

grated glcture of an arc}between a‘4 mmﬁ”

:;¥ck5ufreﬁt':

120-A/div

’
'
T . '

o
' )

voltage between .

‘probes at 1. cm

apart ; 50 v/dx?

f stop f/32

neutral densxty
fxlters § 1% and




TArc charging .
Fvoltage : 2 kv

CAre current nlyf_“
*ﬁ,A/dxv. ‘ |

b ., . R
\ .
i -

Different 1al -~
ﬂivoltage between R
- probes at. 1 cm. Coh
aapa:t : 50 v/d1v« C

A M L S Shunt re51stor

L iims/div Ut 008 N
‘ ~Flov speed 210 m/sec
ﬁ‘g Plate 5.4 Current and voltage characterlst1cs Of an arc nf7

between a wedge of 4 mm apart

-.»" oo, [N
/ o . e EERR N L

o-.‘

Arc chargxng
voltage . 2 kv

Shunt resxstor

;Fibw speed téb'n/gé;f!ﬂ

JPrame 1nterval ]iofds s

£= stOp f/zz fﬂf““jt;‘,w
.T(front 1rxs) «b S
‘f/l 2 (back 1rzs) '

e 5.5 Framing Piﬁfﬁfis;d§5§§5f§tg"'“'



(refer to.Plate 5.7 shown herel, G o i

R

A : . . .
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5 4 3 Records of streak and framxng pxctures

“‘ v ' wl'.

A better understandlng of the geometrlcal strUcture of

,.) .
4

the arc was suppl1ed by the framxng and streak p1ctures. The

\ \

'
Sy

TRw model 1 D streak camera possessed a framxng facxlxty

whlch enabled more detalled 1nformatlon about the arc f10w

" '.‘.')'t“

to be obtained Framlng plctures of the arc near the leadlng

edge are. shown in. Plate 5 5 Two sets of fram1ng pxctures

were taken 4 2 m after the shock was 1n1t1ated Flow speed
] -,-A"

was maxntalned at 140 m/s.'The arc was formed w1th a c1rcu1t

o . Vot

,' re51stance of 4 3 9 and 1n1t1al charglng voltage of 2000 V¢

,‘.\

The electrode gap w1dth was maxntalned at 8 mm, whlle the,.

parallel plate gap was fzxed at 4 mm Each frame was eqused

\

for 500 ns w1th a 10 us t1me 1oterval between consecut1vel‘ﬁfﬁ”

7";-‘x

lframes. Thd591°thes show that the arc stretched zntorthe G




S e

“Expdsu;e
‘duration.
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'tan arc thh current magn1tude of approxlmately 200 A and 1ts :f

:\‘
Ve

‘ a N :
Nﬁ“correspondlng electr1cal characterxstlc. Streaks of the arc
Vfgﬁ}observed from d1rect10ns perpendlcular and parallel to the'-"

i‘fplate were obta1ned 51multaneously. The unzform streaks

L REANN .
\‘,_v‘ . . Y
v .

‘xﬁhlnd1cate that the arc malntalned a stable geometr1cal shape

VfWIth1“ thzs Perlod The voltage grad1ent parallel to theizﬁ

\r‘fd1rectlon of flow was measured to be about 50 V/cm. The arcyﬁr
}i}w1dth to th1ckness ratlo was measured d1rect1y from the o
e & R S .

;‘plcture to be about 3 It was observed that the physxcal

"V'measurements remalned unchanged for other current magn1tudes

‘:hrang1ng between a1680 A and =10 A (obta1ned by reduc1ng




”Dxfferentzal

voltage between;ﬂf'

probes at 1 cm

'Wedge gap
'.u‘separat1on

n‘. Vv

Slde vrew of arc
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T;A dfscharge of 1 kv through a re51stor of % 9 created

‘¥”the requxred arc.‘Axr f10w speed was set at 480 m/s. The

wedge slot separat1on and the electrode gap were set at 4 mm f““

“1fand 6 mm respectlvely. Streak p1ctures of the arc were taken :VQA

Cet N ,\'
' : ' i

'5~;between the tlme 1nterval of 3 5 ms and 6 0 ms after the_dtidjf:f

vl ‘

ffjf;fdlaphragm 1n the shock tube burst.‘rt was found that the

. v
v . “. . |

';Slng the‘ftfff;*
. I " . [

, th the camera

: dbest streaks of the arc could be obta1ned bv exh

b .
.\{

'EVASA 1250 sheet f11m (Kodak Royal X Pan 4166)'

‘44"

‘?j?f;sl1t set at 0 80 mm. No neutral dens1ty fllter was requzred

‘Jﬁto further reduce the 119ht-1ntens1tx The transmls$1onf;V5”"5”

. : dae e

'”Jf;dens1ty scale*was taken thh a sI1t wxdth of 0 95 . and at




Lt oo :
Are. tharglng

voltage ‘lwky

L Shunt resiéfgr
e 1/6 Q ‘ ¢;g3

Taken at 4 5 ms

?ﬁ‘after shock .
'<was 1n1t1ated
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1ntens1ty prof1les could be obtaxned The scanned amplltudes

o . ‘.r

;‘Ewere plotted w1th a m1creduns1tometer. Scanned profxles of
e N ,. .
the streaks are shown 1n Flgure 5 7 The scale represents

n

StepWISe 1ncreases 1n dens;ty oflthe fllm.‘Each step
e "\»|.\.'

' Co _‘.' ‘,

W‘represents a logarxthmzc densxty 1ncrement of 0 3 (orfjfﬂf;w{"

\ . Do ' . \

logm2) whlch 1ndxcates an 1norease of 1nc1dent lxght power_w

\H

by a factor of two. In terms of f numbers, each 1ncrement

i
. V- ) . R

Vit o . T ,.‘~ ' . )
! [

corresponds to one f stop degrease. The arc 1ntensxty

.,\W s o "i‘ oo
f

.,,‘ “ . .
R .

l proflles are ca11bnated accordlng to thls scale. Tak1ng a

scannlng magnlflcatxon factor of 5 from the den51tometerl 2

‘gand a factor of 1 25 for the object to 1mage magn1f1cat10n,u

”L]the actual dzmen51ons of the arc became a quarter of the ;ﬂ:f,f

i . : L R
: 8 .
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. N A

.parallel withﬂthe viewing direction. It was‘farther'

Vnormalxzed :;th respect to the maximum value The‘normalized

'1ntensxty versus dlstance 1s shown as dots on.Fxgures 5 9 to
, j

'5.12. A comparison between the intensity profileind the‘

temperature profile is discussed in Section 5.4.7.
@"

.. '§.4.5 Framing pictures from Spin Physics 2000 high speed .

Voo ' camera

.

Framxng p1ctures of the Qrc were also taken with the

-~

»
prn Phy51cs 2000 h1gh speed camera at 1ntervals of 0 5 ms

\
' and are shown in Plate 5.9. Flow" speed and arc control

D ',”parameters were the same .as those mentloned xn sectgon'

h\‘\ N 8 [ . SRELELREIE TRY T
.g"'V5.4.4. The w1dth of the arc, near the leading edge vas

u'l A | q

"' " observed.to spread out. downstream in the d1rect10n

\‘\’,J' - R \ . SN }
Q{g t:ansyerseyto,the'gaS'f ow and"parallel;to-the plate. -
g*"gS i.6. Mult:ple plates measutement '

VA ‘ e

' t/;" ; A multxple stack of six 5 cm x 6 cm x 0 3 cm glass

\“ \plaQes w1th an 1nterspat1a1 separat1on of 2 mm as shown in
L - : -
Plate 5 10 was 1nstalled in. the test sectxon.‘Two 3 mm w:de

brass str1ps were embedded at a ddstance of 1 4 cm and

. ~'2“4 Em from the leadxng edge of the plate Arc electrodes

R ’K“"-“,g R

N

located 1n front of the leadxng edge were exther separated

‘ K . : o . _a P + ,tl' el e

at a dzstance of 6 mm or at 2 2 cm wh1ch was the same level

/

AR

a? the top and bottomxplates. Experzmental parameterslﬂi“/:

s

‘u',
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Afpvarzous arc sectxons when 1t 1s vxewed 1n a d;rectlon
'v.perpendlcular to the plate. The arc voltage character1st1c g”
'~VLshows that the magn1tude var1ed from 500 to 1500 V as 1ts

”dilcurrent magnltude dropped steadlly from 380 A to 0 A after'

w1dth could not be measured due to the superpos1t1on of ; f~’

;‘the shock arrxved.

i o

A

oo L

set at 1000 Vv or 1500 V £6r the 1n1t1addvoltage across the

lec.trodes,,6 9 for the

“ser1es res1stance and 480 m/s for

# ‘1'1 X . .“
L REVE e ‘ ' .'.w‘v'.

the-air flow speed ngt‘

Plate 5 11 1llust ates the phys1cal and electrxcal '

cha:acter1st1cs of the rc with1n the stack for an electrode

gap separatlon of 6 mm. The arc voltage stayed at a fazrly

| steady value of 200 V for a current rang1ng from 300 A to.,

0 aA. The fram1ng pxctures reveal that the arc only f“'ffl} \'i'
oenetrated a short dxstance 1nto the double plate slot. w

However, the arc wldth 1ncreased qulte 51gn1f1cantly Plate f{:

\

5 12 shows that the arc f1lled the varzous gaps of the stack

K]

‘for an electrode gap w1dth of 2 2 cm..In thls case, the arc ’;h

Coe

20

R A s o A
7 Arc-temperature profile.. ' -



f stop 3 f/8 'ﬁf

XTaken at 2 5’ ms o
" after.shock | ‘”.;Q
entered the gap

ffArc{chargzhg
gvoltageli‘l kv

"Arc current ;5,’§”
60 A/dlv .



oo R PR T VIR
SR g1

L C- N
SN " . .
! e A N RN

T : L
¢

" 'Are charging -
wvoltage' : 1.5 kv

RERE - "Arc current :.
SRR 120 A/8iv’ .
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SRR
- . “Arc voltage :
ESE 500 V/@iv N\
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"from Equation 4.21as : . .t e e

c
R . . i 3 N ) . s R S : L . o ) -
. . H (R v o . L N s e . Lt o
) . e [ . BERY . o S . P,
s Lo : - ' 0 oy e C e Lo
) ' ol ! Ty . “ i
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—_ ‘ U vz Ty w_‘\:jifU'; :A';Q;*v R
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v . P A R Lo
: Lo . o

7By match1ng thxs normallzed dlstance to the dlstance of thelm :
: .y SN
'1um1n951ty peak y from the plate surfacé the maxlmum arc-‘“l

"ncore temperature &as :ound to vary between 24 and 27 txmes

;‘che amblent temperature for currents ranglng between 90 and

- The a“‘-’al Spatlal Spread y - of the temperature :

3 ‘l“ o . '  ‘ -
':fprofxle can also be obta1ned by denormalxz1ng the value of W

iiJﬁy[y x]um [TO* fﬂw1th the known 'Tﬁ T'e'temperature R vf*p;f
S max L 0.. e e
'proflles fo?‘thelvarxous current magn)tudeétare shown 1n




- . .
' ) 0 ' Iﬂ""
5 4 8 Aspect tatlo of the arc
';. Streak and framlng pictures
i |

the aré expanded parallelbtolthe
perpendxcular to the flows *W1th

anaP}51s, both the arc wxdth and

v IR

1n a ratxo of 3-1 for,curkfnt magnltude§ ranglng‘between

KRR GO e 93"
BT R
of the arc~revea1ed that;“*fﬁ
S T "‘~'-~” DT
plate surfhce and \‘Tf'yfﬁ?w
SRR D '1 ,"f"\-‘v :
the photoden51tometr1ct4  5

th1ckness were found to be

3,



‘ﬁ‘;SLSfDiSCuSSioﬁ\.\ - 3.“1_“,g q,ﬂj‘

‘"fy boundary 1ayers jo1ned dowﬁstream w1th1n the gap-~"

A M i L IR

N .t
\ '

Electrxcal measurements of the arc thhxn a dbuble

. . s AR ~ .
\

plate system were taken w1th varyous combxnatxons of arc

N W

voltages, arc currents, flow velocxty, wedge slot w1dth and

o

' . ™ e

n: electrode gap wldth For both double glate and multlple

6,

-

plate systems the arc was observed to form exther an in
and out"arc %r a sxngle layered arc thhln the channel

Plates %.5 5 6 11(a) and 5 12(b) show that the arc
’. . LN * k\ .

B
ot
-y. ‘n . v a . A‘Q P

\ al

Experlmental results 1nd1cated 1n F1gure 5 2 that the arc § o

\ 0

followed closely the predlcted fleld current characterlstxc

e .,‘\ \ e

for the"in and out"and the un1d1rect1onal current cases.(ﬂua\

K o P ,‘,

The densztometr1c scannlngo9f the;streak photographs"

\

”gf suggests a method of f1nd1ng the.{h151ca1 d1mens1ons of an

,,‘/*

oy

0

+
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. e ' . ‘/ TN
\ .'Theyexperimental fiéld current data for "the
unidirectional cyrrent case were also used to compare with

the theorqticai one dimensional, theory.given in Chapter

Four. Satisfactory agreement between theory and expériment

[ '

_,is shown in &igure 5.13 for current magnitudes ranging from =

96 A té 252‘A: Such gopd~égreement sugdests that in

. . e . . . ) ,
unidirectional current case, the arg formed @ boundary layer

which was about the same thickness as the hydrodynamic

N

boundary layer vhen expanded by temperature increase.

) :
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Fxgure 5 13 Electrlc fzeld var1at10n thh current per umt

w1dth f.or a umd1rect1onal arc.
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6“ Conclusxon > ‘

The propertles of an electrlc arc flowlng along a flat

, W
" surface have been 1nvestzgated Theoret1cal ‘models for aros
‘flowxng on a- sxngle flat surface xnteract1ng thh a double
plate gap and a multlple stack of plates vere derlved
fExperxmental measurements of axlal electrlc fleld varc_“
v'current aqd arc thrckness were found to be‘xn reasonable
‘agreement with the caiculated values The yarxous caSes oi
‘study are‘summarrzed_mn,the follow1ng.sections.' |
o' ' ‘ - . “‘ ‘ o ‘

6.1 angle plate system

The Prandtl boundary layer equatlons were solved wath

.the 1ncluslon,of.a temperature transformatlon. Arc \

—~r
temperatﬁre profiles and the electric field current - _ ';\$\
“relationship were‘derived with~the assumption of a two
Edlmens1onal 1am1nar flow 51tuat1on and 51mp11f1cat10ns of
: ) - . ‘ . .
the temperature varxatlons of v1sc051ty, spec1f1c heat
thermal conduct1v1ty, electrlcal conduct1v1ty and den51ty

led‘t' .‘the arc was not cyt' by the

'Experlmental data rev

V-
»

ledge‘as desoribed'by'Prince.",stead the‘arc formed a

-'boundary layer along the plate'5urface as- pred1cted by the Rt
theory. The arc th1ckness was der1ved to be of the orderuofhdﬁéf3
‘a. few hydrodynam;c houndary layers and was measured to be :wﬁ?‘

.,

ewith1n 2 mm at a. downstream d1stance of 1 5 cm from the 'nﬁ”"ﬁm



leadlng edge and the electr1c fxeld was w1th1n 5 X 103 V/m Hﬁ‘;

l 0
o A

’For var1ous current maqnxtudes. Although the model is. based

Iy .
\ .

on a two dlmensxonal flow sxtuat;on, the predgcted fxeld

current characterlstlc reasonably agrees w1th the measured

v
B

data d1scussed 1n Chapter a. . pgf :7': L ]r Lo

6 2 Double plate system

’

i In thls 51tuatlon the arc‘ls forced to flow between.

two plates S0 that xt 1s 11m1ted 1n 1ts ab111ty to expand 1n
the d1rect40n perpend1cular to the flat surface. The arc

1

flow can fall 1nto three dxfferent conflguratlons upon

h n‘., i R

. o .r.'
§ o N

enterlng the gap between two plates (1) at low flow speed

the. arc 1n1t1ally flows as two separate boundary*layers

. e
,\,(

' along the' 1nner surfaces of the plate. Eventuall*u‘the two

'\‘

‘ layers,jo1n togethec as they stretch and expand downstream ““

I } :._v
; T

(see Plate 5 5 and 5,6) The arc current flows 1n both ',nﬁl

&1rectlons relat:ve to the gas flow dlrect1on° (2) at h1gh

Ie

flow speed the arc extends beyond the plate length so that

1t Jolns thh other»partslof tf”warc. As a result ‘a 51ngle

layereo arc flows alonq‘the channel The arc current 15'in

98. ..
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an arc w111 tend to reta1n 1ts energy As atfesult the arc‘.“

)

f‘, w111 not: penetrate 1nto the gap Analyt1cal models for theju

three confxguratlons were derxved w1th Equatxons 5 1, 5!6"

and 5. 20 The derxved f:eld current characterlstxcs, as

Loy

u shown 1n Flgure 5 2 were compared w1th the measurements.‘.

\

Agreement for cases (1) and (2) was w1thhn 45% and 7%
respect1vely. L

o Wr
- .

p- . . ' s . L o Q.. o “'.. -:."»\

6 3 Multxple plete system

‘ A multlple plate system prov1des a mo're reallstxc study

of the arc quench1ng mechanlsm 1n an arc chute._The plate

B

o array sefves as ‘a’ heatsank for the arc and causes enough ‘

1 \ !
' ‘.~ , t

.,heat lost to stop the arc from penetrat1ng 1nto thejyﬁ.ayﬁl:.

'

channels. In fact, the array creates a clogg1ng problem for

L3
) N i '\‘
A

the arc whlch wlll be dlscussed 1n”the next sectlon. Fram1ng

p1ctures 1n F1gure 5. 11(a) and F1gure 5 12(b) 1ndicate that

the arc could only penetrate a’ short dlstance 1nto the gapsiﬁ**

)

-

Moreover, the arc followed the be:avxo'r of elther the

K

and out' or the un1d1rectxona1 current 'oopsw The avallable

""“, L9 " - B 1 |

\fexper1mental f1eld current character1st1c was f0und to be 1n

ki

f*agreement w1th1n a max1mum error of 17% for the

A

‘Yfﬁun1dxrectxonal current case as shown n Flgu}e 5 2 (case 2) o



:

0

f‘substantxal dlfflculties - Chok1ng or ‘hozzﬁe clogglng @Qﬁi

-‘.‘y“.u N o v\ e - TR

“-prspectrum of £low velocxtxes

,‘un1d1rectronal exther on one sxde of ‘a s1ngle plate or_;“"”

6 t Varxatxon of arc. characterxstxcs OVer the complete e

“ T u',’.y‘ ".;. ‘e ;

‘.n"‘ \

. For sltuat1ons where the current flow 1s

.
o . e

w1th1n a confxned channel the approprlate calculat1onszt,‘}h'{ﬁ

\\ . ;v'

pdescr1bed should be reasonably-realxstlc*sxnce 1n the flrst

v

~‘case the @elocxty f1e1d wxll be close to that assumed 1n the

6 weoy
PR

model and 1n the second case 1t does not 1n£luence the o
electrxc f1eld current characteristlcs 1n questxon.; |

‘ .“ A h .‘ ‘.‘:““ KR
For the other multlple plate 1nteract1ons, the o

" ; ' “ Z- ‘

assumptzdns of a constant free stream veloc;ty poses ””tﬁﬁ-f_?f

.‘.”,1, H

-&

In1t1ally, at 1ow flom\veloc1ty, the rat1p E /u w111

G

Vﬁbecomes less than the plate separat1on 2D i e.‘when (Fagure




Lo

6\ h
.

: At thxs po1nt '1t 's'clear that the planar-‘heats1nk'
property of the array 1s no longer v1able and that the arc

w1ll qu1te naturally 1ntrude 1nto the channel downstream to
/ ! . “"‘T’,\"-‘

L% assume the boundary layer conflgurat1on of case 1s Thus, the

d1v1d1ng 11ne between case 3 and case 1 behav1our can. be set

'u at the level g1ven by Equatxon 6 1

e

LS

In practxce, the matter of whether the arc forms at the

. A

.” entrance of a channel or enters the channel may well be

‘ AT ; 4
governed by the one d1mqns1onal ver51on dﬁ the phenomenon of

“°231e C1°991n9 [33] Slnce the arc. and hydrodynhmlc W‘fj”"
boundary layers are Of Slm;lar thlckness, ﬂhe cond1t10n that

the arc boundary 1ayers meet somewhere along the length L of

the channel (case 1) 1mp11es that the hydrodynamlc boundaryh:}ﬁ

layers also meet,ror are at lea tn-7fﬂf}‘
Under these c1rcumstances,_we can

velocity)through the channel w1ll
. _' / L K

below 1ts upstream value (1 e..uo‘g,‘jf

reduced) Both arc and hydrodynamlc boundaryjlayerstare




\ ‘ R D L . B L R |V 2
T ) ! ’ \ ‘ " . he “
when .. o : R o |

C D["uo][TO ]\/2 a‘2 FERII . e k
: T L L EE SR RRTIE, R

‘\, - \“v 3 ; L "‘

Whlch usxng the same approx1mat1ons as for the case 3/case{11:u
L ROLT "" ,’-'\'““

'd1v1d1ng 11ne g1ves SRR .. : }, ‘
' : ' L . A " s
v . (I ':
o b ..

‘V;x(g) 2007 e T e gl
. e . o ‘ e e o S ‘v_"‘."‘ . i . <

LAl

'uTh1s value of R ( ) wxll Jlkely deflne the boundary/11ne

between the *’n nd out“ currenﬁ loop (case 1) and ,v;w
' ,un1d1:ect1onal current (case 2) behanour,




\ ‘ ) 8 Sy
In summary then, the onset of arc 1nduced chok1ng (or 8
Hmozgle elogglng ) 1n the.channel may reduce the ranée ef’ L
applxcablllty of the case }‘model to a.§01te restrlcted |
‘gz var1at10n 1nltme.ne19mbeurmeed offRD( ) B 103 (1n the' ?
experiment descr1bed here) rather than the range 10‘ and 103
emv1saged at ElfStx';l”fff“‘qufﬂ”ﬁfﬁﬂhﬁf'?nzf'fﬁ“i;f". "r‘f”
6 5 stcussxon “f?y&;é‘w’:fg Dol . -

The 1nvestlgat10na of dlfferent arc“&low conflguratlons
) \ ,“ R S I R

\

lead to a better understand1ng‘

Qf he;bEhav1our of the arc Lo




"Qiplate theory The match1dg of the prof1ﬂes 1mp11es that the ;3f

thwpresence of an add1t1onal plate on the layered arc does not

”if,szgn1f1cantly affect the heat transfer mechanxsm. If the ‘

O oy
. , P A e "

Jﬁfleld current relatxonshxp derlved from the s1ngle plate R,
tftheory (Flgure 5 13) 1s compared to the One for the:'an and

1
-
e

ﬂout"case and the\ngdlr“ctlonal casef(Fxgure 5 2(case 1 and

'2)) 1t can be seen that the fxﬁld magnltude'ls lower forfjd

-vthe case der1ved from thex51ngle'plate ¢heory. It %s‘

4




IR

i

suggested that turbulent m1x1ng const1tutes,the maJor
quench;ng mechan1sm and 1t would be worthwhxle to |
1nvestxgate 1nto thls effect.‘It 1s l1kely that therejj

cons1derable turbulence 1n the arc front due to the,””

'\ o
!

\
h . . \ "

o -‘.

hterference of the efectrode assembly w1th the flow.ﬂhﬂ5“ﬁ”*

v

‘

(see Appendlx 2) The non penetrat1ng phenomenon of the ah‘

) '
S .

suggests that further xnvestzgatxon 1nto the problem oﬁ

nozzle cloggxng zs worthwh1le. It has been known that sucﬂ,

PR V.
v‘.

problem exmsts 1n the ax1al blast c1rcu1t breakers. F1n¥3;“",

|, . o ' - " P
b * ‘ W . .v. . . .
! Yy

g three d1mensaonal modelllng w111 give a more appropriate and
. B V4

o - .‘ 0
. oy S
. St '...m

‘accurate account of the arc broadenxng phenomenon.;‘mn R
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7 Appendix“l

The speed of gas flow behxnd a shock wave is calculated

accordlng to the equatxons g1ven by Bradley [34] 'For the

' purpose’ of convenlence, the equat1ons are. ngen below.

(A.1)

%-4N=Q&FJJ&BTH€+OFJJ

» ‘ ' “ “I h , E_.— ‘ ‘v ;:?{
—_— A ‘

(A.2)

3

flow speed beh1nd the shock

ratio of specific heat in the driven section
ratio of-specific heat in the driver section

[

sound speed in the driven section o

.soun&'spged'%n the driQef ééctioﬁ '
‘p#eSsutéiinithévariQEAvseétion
.pressurefbéﬁindffhe éhock1
.?ﬁessﬁiévin.ﬁﬁéfdriéef section

-

3 . . -



8. Abpendix 2

f The electrical'behaviour‘and flow pattern of an'arcl
layer under the‘1nfluence of turbulent air. flow were studled,
by mountxng a rectangular grld\1n the midst of the‘a1r.‘
‘flowxng w1th1n a shock tube. A 3 0'cm x 6. 0 cm ( 1% X 21") dl
rectangular gr1d w1th'1 5 mm ( ") dxameter tungsten rods X
‘torm1ng meshes.of slze 1.5 cm x ‘.0‘cm‘(Tg X 16") was
mounted aboUt_?b'cm (BP)Vin front;of'a‘double plate gap of
4 mm.apart,:as shown in Figure 8.1. |

fAn\electrlc arc was discharged at 1 KV through a % Q
shunt resxstor and was blown by air flowxng at-a’ Speed of
480 m/s. Both width and thickness of the ar¢ profile were|
, recorded thh the SP2000 camera. The electrlc f1eld and |
, current were recorded s1multaneously. Plate 8. 1 shows the -
‘fleld current characterlstxclfor an arc dxscharged atvl KV‘”
through a ; 2 shunt. reSistorr The electrlC»fieldrmaonitude
varies from 25 V/cm to 120 V/cm for a current range of o
1300, A The - thxckness of the prof1le shown 1n plate 8.2

. 4
appears to 1ncrease parabollcally downstream and was
vmeasured to be about 2 mm..The created turbulence apparently f
dzd not affect the thxckness ‘of the arc profile o
s1gn1f1cantly. h;h: | | . .

The mesh s1ze was reduced by replac1ng the 1 5 mm ( )‘ft

Jhdxameter rods w1th 3 mm dlameter tungsten rods. ﬁowever, the“uﬂ
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. 'Figure B.2 Schematic of a'pilé of rods-and wedge

 arrangement
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thxckness of the arc layer profxle appegged to remaxn Ndﬁftf;j

\-'

unchanged and was measured to be about 1 5 mm to 2 0 mm.;;;gr“if
A p11e of 3 mm (8") dlameter steel rods 1nsulated WIth

;f.ceramlc Jackets were placed 1n front of the wedge.vThe rods

"y N,
\

“were arranged 1n a p11e perpendlcular to the surface of the~
‘.,‘ 20 . B . . S

. (

i wedge. Each rod was spaced 4 5 mm ( ") from another rod

! n ‘. \. ,\ K B LN

One of the rods was arranged to be faxrly close 1n hexght to

‘

the 1ead1ng edge‘of the lower wedge plate (F1gure 8 2) Aan

‘i electrxc arc was produced by dlscharg1ng 1 KV through a %h

U M " ﬁ
O
\ [

'ﬁ‘shunt resxstor. Azr flow speed was ma1nta1ned at 480 m/s.'

.\H ,_.‘ b

The prof;le of the«arc 1s shown 1n Plate 8 3 The thzckness

.
"

of the prof1le appears not expandlng parabol1dally but

~ \'.

osc1llat1ng downstream. It ma1nta1ns a- thlckness of

f /approxlmately 2 mm.,The electrlc fleld magnltude shown 1n |

4 ‘,,.\
: .




.Flow speed
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In the second case,‘the arc was forced through a pile

‘ ot . G . [ o
of rods placed next to the leadlng edge of«the wedge. , u\
Drastxc changes 1n the flow cond1t10n resulted an 'ﬁl IR

e e B i
. e : ‘ ; \ ; : . . . IR

osc1llatory electrlc arc boundary profxle as shown 1n.‘r!'ff‘f”

Plate 8 3. It may be concluded that\turbulence contr1buted a

LU

“s1gn1f1cant effect in- th1s sztuatlon. However, further

,.

a, A .
A I v " e

'-[‘1nvest1gatlons are needed 1n order to come up w1th

Ve




