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INTRODUCTION

Dry air under ordinary conditions is said to be a dl=
electrics If the molecules of this gawme air be sufficiently
excited, the air becomes ionized or conductivee TFeat 1s the
most comrion source of enersy for ionizatione. Ionization of
air may be produced by an electrostatic field, and the
passins throuzh 1t of Xerays or ultra-violet rayse.

If two conductors, having a difference of potential
betwsen themn, are allowed to come in contact with each other,
a current will flow, tending to neutralize the d ifference of
potentiale If these conductors are separated, a suall spaﬁ:
may be visible at the point of separatione This spark "ro=-
duces heat which, in turn, produces ifonization of the
surrounding alre If the spark continues as an are, the
electrodes may becone hreated to thelr fusinz temnerature.

If the air alone were the source of ionized partielss,
the discharse bstween elsctrodes would be short lived since
all of the particles (ionized sir) would be swept away
rapidly by the electrostatic fielde. At the fusing temperature
of a metal the nolecules become aritated to such a desree
that sone of them at the surface are removed from their
neighbors and away from the surface to such distances thay
they becore more suscentible to the action of the electiro-
static field then to the force holding them in the metale.

The impellinz field then causes the charced particles to form
a part of the arc streane.

At a given condition of temperature and pressure the






number of molecules in unit volure of the conductinz vapor is
fixeds Since the surrounding air cools the arc plasma, the
conducting vapor is confined to a stream, the area of which
is proportional to the eurrente It is assured that the
current density of an arc is constante.

As the plazma of the arc is cooled, enérgy is given up
in the form of heate If mofe heat is supplied, t'e arc will
continues If a sufficient eamount of heat is not supplied to
the arc plasma as it eools, recombination will ta'ie place
pore rapidly toan lonization and the arc will be extinruilshed
(3)

Consider now a trensmission line vhose wires may be
swinzing ¢o and froe. E£uppose an arc be struck between the
swinsing wirese As this arc pulls out or d ecreases in
length, the voltege across it may vary between wide limitse
It has been determined that the effective current values do
not vary a considerable anount under such conditionse

“ince, in an arec, the impedance 1s wholly resistamce,
pover is the product of the voltaze and current of the arce

It is this power in which we are here interestede

3« For this and succeedins references see Eibliosraphy



TTE PROBLIN

Since an arc mgy exlst on a transmisgsion line and may be
pulled out into great lengzths, it 1s evident that the power
starts from zero and varies with the current and the lenzthe
The absolute value of the power at any instant is a function
of the voltage and currente

%o know that the voltage and current of any system are
funetions of the circuit constants of that systemn« Ve know
further that the arc impedance pulsates at twice the fre-
quency of the impressed voltage wavse |

The object of this thesis is to determine the relation-
ship between the impedance of the arc and the impedance of
the line over which it is feds 4n expression for the are
power can then be founde

lote here Thevinin's theorem, vhich states that maximum
power will be absarbed from a net when the impedance of the
external circuit is the conju-ate of the net impedancse. If
the externel circuilt be composed of pure resistance, maximﬁm
power will be adbsorbed from the net when the marnitude of the

resistance 1s equal to the absolute value of the net impedancee.



ZISTORY

Periodical history of the electric arc dates back as far
as 1892, at which time we Tind articles dealinz with the bdack
elsctronotive force of an electric arce At that time it weas
the popular bellef that the potential of an arc was cormposed
of constant and variaeble componentse The constant component
was known as the counter electranotive forces. It was belleved
that the constant component was due to the fact that the
resistance, or a part of it, proportioned itself to the
currente

Sylvanius Thompson (60) reasoned that this phenouenon of
voltage, which is independent of current strennsth and arc
length, could exist only if fhere were at any ore surface of
an arc a something equivalent to a transition resistance
wiilch varied inversely with the area over which 1t takes
place, and 1f the area over which 1t takes nlace is propore
tional to the currente.

These facts as set forth by loslcal deduction are, in
crude form, fects which were later proved by lahoratory
method se

In The Electrician (6€), 1897, an editorial states that
fow physical phenorienon have ever more successfully and pere
glstently baffled experimental research than the secret of
eleotric arc phenomenone One party advanced the somevhat
metaphysical idea of ne-ntive resistance as a basis of
explanatione

tore recent experinents dealt with the arec as a source



of 1light, and 1t was in this stage that an imuense amount of
research was undertakene with the cominy of the incandescent
lamp the arc was to become a thing of the past as far as
11luninstion was concernede It becaze evident that the are
was to continue as a factor in transmission and distrihution
of powere

The pranks of arcs today offer to ensineers end scien-
tists problems wiiich are overcome only with an expensive
outlay of materials and comprehensive snalysise

An interesting study of the effects of ares upon
reactance relays (¢8) has showrn that an arc, heing mostly
resistance, has a ne;sli~ible effecte The distance measure-
ment of a reactancd relay is based upon the irmvedance of the
line between the fault and the iipedance of the Taulte The
effect upon the 1relay, therefore, is to cause it to function
as if the fault were more distent than 1t really 1s. 7his
tendency, of course, depends upon the arc impedance as a
ratio of the lime lmpédance to the fault locatlone In the
same article it is pointed out that an imnedance relay vhich
should onerate in an intermediate time for a fault et the
end of a protected secction rnay operate in less than inter-
nediate time or may even fall to operate on faults involving
lonz arcs, particularly on short lines or in the presence of
winde In peneral, reactance relays give the same indication
for arcs at the end of long lines as they do for metallle
faults at the saiie locatione

Engineers of today have contributed much to the knowe

ledse of arcse ITe Je Cleplan* of the Vestinchouse Mleetrice

* See Bibliosrephy
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& lanufacturing Company 1s probadly our foremost scientist in
this fielde. Iiis articles on arc extinction have alded ruch
in the design of ecircuit dbreakers end other protective egulp-
rente

A most interestinzg study of arc i-nition cheracteristics
{3) has been carried out by l'essrs Dow, Attwood, and Xrausnick,
at the University of !Michigane In thelr enalytical investi-
gations they used the cathode ray oscillozraph and applied
the probe measurement scheme as set forth by Lensmuire.

Actual conditions of arc over were carried out on lines
owned by Consuiers Power Company (433 TLesults of these
experinents show thet the apparent power factor of an arc
varies, with line constants, over wide limits. Values were
found as low as 75 per cent in each type of circuite It was
found further that a hizh value of apparent power factor
occurs at the start of the arc and decreases to a lower value

near the point of extinctions



PROCEDUZRE

The nature of the prohlen of determinirnzg the true power
of an arc 1s such that consideration rmust be given to the
equipment procurables

Vlen a trensmission line arcs, an enormous amount of
~ower 1s apt to be consumed depending, of course, upon the
Kve Ae availables It was considered advisable to attack the
problem on & snall scale and attempt to predict phenomena
which mi~sht occur on a larger scalee

Arc electrods thet would be well insulated from ground
and that would allow of drawing out the arc and adjustient of
spacinz required little material, and the construction was
simple.

Two fiber tubes 1 1/4 inches outside amd 5/8 inch inside
diameter and 4 3/16 inches lox’;{g wvere tapned 5/4-16 at each
ende They were then mounted perpendicularly on an aesbestos
board base with 15 inch spacinze A brass plug was sci'ewed
into the top of each tube and secured in plece by a fiber
lock nute The plugsr;drined to acccrmodate the electrode
holders, which are 7/16 round, brass rods each 6 inches in
length and tapped at one end to accormwdate a flber handle,

6f the holder
threaded 5/16-18. The opposite end,was drilled elons its
center line to allow the electrods, which are +2C1l inches in
diameter, to slip freely but without looseness into the
holdere A connector was made to slip over the electrode

holder, end a flexible wire connected the collar to a binding
post ?edestal placed 5 inches from the foot of each tube and
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in line with theme A set screw was provided in the top of
each plugz to assure a good connection between pluzg eand holdere.
Set screws were also provided for holdins the electrodes
accurately in place and for securing the connsectors to the
holders.s The pedestéls referred to are oconstructed of 3/4
inch red fiber, each 4 3/16 inches lonze They were bolted to
the base, as were the tubes, and a bimdinz post with a rubbder
top was secured to the top of the pedestal ¢ The purpose of
the rubber top is to prevent ecorona loss that might otherwlse
occure The space between the base df the bPind inz posis and‘
the bolt pro jecting up from the base was filled with sealing
waxe The entire apparatus was placed upon a slab of the
asbestos material to prevent any loss which misht otherwise
occur through the reinforced concrete shelvinge.

For adjustment of eare length a tzper scale was made of
tool steel and graduated in millimeters from one to twentye
vgrf esocurate rmeasurements were possible since the ratio of
length to thickness of the scale was about fifteen to onee

The electrodes proper were made from # 4 DCC wiree The
cotton was removed and the wire carefully straizhtened with a
minimum of bending to prevent altering the resistivity of the
wire. Iorn gaps, six end twelve inches in length, end stralght
electrodes were experimented withe It was evident that a muxeh
steadier arc could be obtained between straight electrodes and
the distance between tham could be more accurately determined.
The electrodes used finally werse 2-1/2 inches in lsnzth, and
the faces were very slizhtly curvedes It was found that with

8lightly curved faces the arc length could be measured jJust
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as accurately and that the arec tended to hold itself bstween
the rounded tips of the elsctrodes with less fringinz end
consequerntly less error in actual lenzth of the arc streams

A 5 Kv-A, 4400-44‘6,?%:2-31151'01'1931' was chosen for preliminary
testse The campus 440 volt power circuilt was used as supplye.
It was found that an are could be struck and dram out to a
lenzth of two to three inches before extinguishinz itself due
to air ecurrentse At this point the transformer was foumd to
be defectives |

2300

In the first test two 230-1l15 volt potential transformers
wore connected in series across the arc to obtain osecillo-
granvh recordin-se The wave form of voltare beins so distorted
the method seemed impracticale For volt reter reedings,
however, a potential transformer was connected across the
primary (low voltage) sidee This was carried out because in
actual conditions the volt meter readinss of voltage of that
magnitude would be taken only throuzh potential transforrers.

For oscillograph recordinzg it was neocessary to construct
a potentlal divider which would consur® negligible power aml
which would not breaek down under the strain of high potenw .
tlals, It was possible to secure suitadle wire wound resis-
tors having 300,000 ohms vhen in seriese

The power oconsumed by this resistor at 4400, volts was
epproximately g44oq%¢ x 300,000 or £*/R = @0.7 watt. This
power was consum:d’g: gpen eircuit only. At the reduced vola
tage during arc discharpe the power was reduced to a necli-
gible valuee A switch with a long insulated handle was
placed in the side of the resistcr adjacent to the hich po.



tential side of the are. 7"lils served as a protection to
instruments as well as to the operatore. The secondary wvas
tapped from the end of the resistor nearest ground notentiale.

The secondary of this potential divider rust Lave a
very high resistance and nust produce a minirum of 20 millia
anperes for operation of a super-sensitive oscillosraph
element. 'he only possitle way of obtalnins such conditions
is to use the potential divider as a conirol circuilt of an
amplifier and the best type is that of a vacuunm tubes Thus
a 45 tube yag connected with & grid blas suitable for class A
emplificatione A bypass condenser of 20 micro-forads is
Placed scross the grid bias resistor to allow the desired
voltagse wave to pass tlrouzh the grid filarent eircuit of
the vacuum tubee The grid circuit of this tube requires but
rnicro amperes and thus no appreclable disturbance is set upe.
A kXey is wired across the filarment zrid eirocuit which proe
vides for short circuiting the amplifier except at the 1instant
the oscillogram is takene This is a needed protection sjainst
damare to the tute as the ratio of reduction of voltage 1s
143.1 across the potentisl dividere

In operation the erplifier was found not to give a rroper
recardinzg of the voltaze on both sides of the voltaze zeroe
This trouble was remedied by slterinz the blas of the tube so
as to obtain an unattenuanted wave on one side of the axls
with an attenuated wave on the othere It was so adjusted,
however, that the lowest portions of both curves were
correctly reproduced, and it could thus be obssrved whether

or not rectification was taking placee Iiote that the indicaw
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tion of rectification would be a displacaient of the waves to
one silde of the voltage zeroe. =3y reversins the polarity of
the amplifier with respect to the oscillograph, the voltahe
wave ¢on be made to fall on elther side of the axise In the
second set of films this was done so that the oscillo~rams
could bYe more easily analyzed, 1. 8., the voltams and current
waves were nade to record 130 de~rees out of phase, whieh is
not the normal respective positione The plate or oscillo-
graph current was furnished by a power packe

Ffefore teking data the osclllosraph was calibrated by
determining the millimeters deflection per volt applied to
the arcs This was done by insertinz a slide wire resistor,
capable of carrying the exciting current of the transformer,
in serles with the transformer primary and adjustins the open
eircuit voltage, as recorded by a potential transformer and
calibrated meter, throuch a ranze of values from 20 to 6000
voltse The deflection was read by a scale from the sround
glass plate of the revolving nmirror attachrente.

The wave form of the arc current was determinsd by
placinz an oscillogsraph element across a 0.1 ohm shunt in the
grounded side of the are¢ circuite

The oscillosraph series resistance element in the current
oircuit was set at zero,and the corresvondinzg element in the
voltage circult was adjusted to give 30 milliemps plate
surrent as read by the plate current milllame tere |

For the second set up thers was obtained from the City
of Lansing loard of Vater and Light two Ge Te 5 Kv-ifs,

220.2200 volt transformerse It was necessary to know with
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all accuracy practicable the constants of the c¢ircuits
employed. lience, resort was made to a laboratory generator
as a source of pOvers

Open circuit and short circuit tests were rade on the
two transformers and the equivalent circuits computed in
terms of the hish sidee The leskage was small and could have
been disregardede lowever, it was carried through fcr sake
of cormpletemesse

A saturation run and zero and unity power factor load_
tpsts were nade upon the generator amd its syndoonous impe-
dance curve plotted for the zero power factor loading.

To obtaln as stahle conditions as possibls the flelds
of the generator and synchronous driving motor were execited
by laboratory storage batteries. The line comnecting the
generator with the transformer consisted of two ;/ 6 rudber
covered, copprer wires tightly taped togethere

From the data it was possible to estimate the total
impedance of the line, transformers, and generatore. l'or
protection of the transformers end generator a current
limiting reactance was inserted in the line. This reaotance
served also as the line impedance of the test conditionse

was
The generator,rated at 7.5 Kv-A and the transformers at 5

was inserted
Kv-A each, giving enouzh reactamce,to prevent the generator‘
surrent exceeding its normal value with the transformer prie
maries short circuitede.
In construction, the reactors were identicale Fach
consisted of 450 turns of ;; 8 DCC copper wire wound on a

bobdbin 2.75 4@, cinside diameter, 12 inches dunside diameter,
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and vinding space 33 inches in widthe The bobbins were
sscured together by eizht brass bolts and were wrapped with
unvarnished cambrice.. Each c¢oil had an inside, a center, and
an outside terminale The center terminal permitted either
the outside or inside portion of the windinz to be used. .
After some preliminary experimenting it was found that cere
tain combinations of thess inside and outside coils save a
range of impedance values suitable for these testse Single
pole, single throw knife switches were attackhed to the colls,
three to two of the units aund two to the renaininze These
switches were 80 arranjed that they c¢ould be easily end
repidly manipulatedes

The connections made possible by means of switclhiinz were
outside end center coil, cernter coil only, outside and center
coils short circulted.

In operation the colls were so placed on the floor that
thelr rutual effect was amalle

As a safety precaution a magnetio switch was installed
with the control buttons on the tadble directly before the
operatore %hen the switch was closed, two 220 volt lamps (red)
vere 4in parallel line across the live circuite It may here
be said that the lamps served their purposs welle As & further
precaution a sinzle pole mechanical circult bdreaker in series
with the high potential side of the line was so placed that
it was easily opened before adjusting the spparatuses

For safety and for the protection of materiesl, it was
necessary to place all meters in the side of the secomiary

nearest ground potential and to make certain dy inspection
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that the ground circuit could not be opened by opening
oscillograph switchese TIIIS CCIDITICH WAS "AINTAINZDe This
vas facilitated by groundingz both primary and secondary
windings of the transforrer to a water pipe.

The reters used are of the vane type and are deserided
on the data sheets followinze [Lach meter used was calibrated,
simultaneous readings beinzy taken of stamderd and of rmeter on
tests The clrcult dlagram shows the locations of the various
instrumentse

Startinz the arc by fuse wire end by ;) 30 copper wes
attaupted but without satisfactione It seemed that a more
repid reans should be avalladle. Iue to the relatively short
arc lengths used 1t was possible to start the erc by bridring
the gap with the charred end of a bakelite rode. This method
proved safe, simple, and rapid.

In teking readings the proper line impedance was set,
the mechanical c¢ircult brealker closed, the generated voltare
checked, the oscillosfaph shutter adjusted for sutomatic
operation, the magnetic switch closed, the aerc started, if
necessary, by the rod, the switch comnectins the potential
divider closed, and the osclllosraph motor startede Immo-
dlately before taking readings the short circuiting lever of
the key was released amnml the key depressed, the slide caera
shutter opened, the key released, and the control switch of
the oscillograph turned to the suitable stop determined by
the condition of film speede At the instant the shutter
opened, vhich was accompanied by the characteristic cllck,

meter readincs were takene Again the key was closed, the
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camera shutter closed, the rametlc switch opened, and the
potential divider elso disconnecteds

In the first test arc lenztas from 1 to 10 rme were
used at intervals of one millineter with the exception of the
9 millineter lencthe (Seven values of line irmedance were
used at each arc lencthe) Oscillograms were taken at the
same velue of line impedance for each lengtih of arce In
addition, so that the erc characteristics could be determined,
& voltage reading, Zg, was taken as described elovee The
readinz obviously does not give the correct value Of TeMmeSe
voltaze across the arc due to the distorted wave forme 'I‘hgse
readin~s are referred to in the discussion as gpparent vole
taze readings and the impedance thus computed as the apparent
inpedancee

For obtaining the second set of data a histher film speed
was used so that the oscillograph records could be riore
accurately analyzed. This time the potentlal transfomer was
elininated from the c¢ircuit to avoid eny possitility of error
from that unite Three arc lengths were used and five impe-
dance values for each lengthe Cscillograms were taken at
each reading, but it was found later that the oscillograph
failed to record voltage after oscillogram # 11 bhad been
takene The reason for this was discovered later as being
the fault of the element but not of a nature that pre’vibjﬁs
pictures had been affectede
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Safety
P. C. Milliammeter Lamps Oscillograph
Are Apparatus Circuit liagnetic Start
Horn CGaps in Place| Breaker Switeh Button

D SR N ‘

Potential gkwer Oscillograph
Electrodes Divider Tack Cameras
Starting J Current
Rod Amplifier Shunt

Transforfers (under ledge in rear of apparatus)
and capacitor not visible in photograph.

PHOTOGRAPH OF APFARATUS
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TEST TATA
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REGULATICN DATA OF G-8

Field of G-8 Dxeclted by S« He Siorage battery
Fleld of X7 Ixcited by lle L.« Storage batbtery

Resistance lLoad Test Inductive Load e st
Resistor-eater Element' Bank | Inductor - Banks A & B Series i’
Icene Egen e Irene. TSN
0 220 0 220
5.0 214 295 205
66 212 S5e3 101
10.0 206 744 179
11.7 2c2 9425 159
14.2 196 12.2 152
15.8. 191 13.5 145
17.9 185 14.7 138
19.4 179 16.6 125
20,8 | 173 19.2 110
22.1 168 21l.8 96
235 | 162 2248 91
2444 156 23.8 86

Tield Current of G-8, 20 Arperes
Rating of G-8, 5 Kv-A, 220 v., 60 cycles
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LINF TATA

Data taken after three hours operation

Ar.peres Volts ' Ohms
IL Eq, ~ Ry

S 2.9 «967

9 8.4 934

15 13.9 «926

Averare resistance 0.942 ohm,
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TRAITSFORITIR DATA

Low Side Parallel « Hizh Cide ceries

Ratio 20:1

Oe¢ Ce Data:
1
E, Iee H, 1Y, T |
171 +615 60 «00359 «00205 «00294
180 67 65 «00372 «00200 «00313
200 «81 78 «00405 «00200 «00352
210 «895 86 «00426 «00195 «00379
220 1.05 9% «00477 +001%8 +00434
230 1.65 104 «00718 «00197 «00690
Se Ce Data:
Z
I, E, I, Y, 1%, T o+
245 1442 3 3¢5 4744 389 27
11.0 20642 «48 1le5 541 49.5 21.8
15.0 3846 «82 255 464 35 6 23«4
200 520 1.09 4542 47 7 38e1 277
25#0 8540 l.28 6640 508 40 .4 308

Rating of Trensformers

5 KEveA = 2204440 « 1100 - 2200 volts

60 cycles




> _
Position |Coil Nos | R () LI. m| X Anl'“,,ﬁ',
-
I «651 +0375
1 II +660 «0375 1.969 430 505
# III +6538 «0372
I +»418 «0173
2 IX +660 <0375 1.738 3525 597
I1X «658 «0372
H
I «418 «0173
3 II +415 +0171 | 1l.491 27445 7«49
II1I «658 «0372
I 418 0173
4 II «660 «0375 1.078 2l.0 9.2
I11 0 0
I «418 «0173 . A
5 II «415 «0171 «833 13.19 13.86
III 0 0
I +681 +0375 N
8 11 0 0 «651 14,38 12.53
I1X 0 0
. - !
I «418 +0173 .
v II 0 0 +418 663 2037
IIX 0 0
r ohms=an

h henries
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CALIBRATION DATA
of
#estinghouse lrortable Oscillograph.

Supersensitive Ilerent - rosition No. II.

Element series resistance 3000 ohns

I 26 M. A.
IODC Reading 5.6 Cr,
Istc Reading 8.0 Cnm.
Open Circuit ¥illimeters
Are Voltage Deflection
Emax D
368 8.5
566 13.0
850 19.0
1130 27.0
1414 32,0
1698 35.0
1980 7.0
2260 40,0
2540 42,0
2640 43.0

1 !m. deflection represents 43 volts.
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STANDARD MKONIOTRONIT HARDMESS OF NLECTROTLLS

BEFORE AND APFTIZR TLSTS

Average hardness before tests

10.0 ‘onotrone

Lverage hardness after tests

7.5 lonotrone

Tata taken at tip of electrodes with

Monotrone diamond point instrurent

Depth of impression 0,0006 inches
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DATA « Ve Ae CIA

RACTERISTICS, Noe 1

1 | = T s | a»

e

5 ?
’
33 202 217 210 196 179 184 142
1l Iz 5.05 6.0 7«45 9460 13.4 12.1 1%9.4
Is 250 297 369 460 670 610 970
Es 320 340 320 300 320 200 120
B 222 217 210 200 178 183 140
2 Iz 505 $e9 77 D4 13.4 12.25 1 20.1
Is 245 294 380 460 665 620 1200
Es 403 380 440 440 160 160 120
&
Bz 221 217 209 199 178 182 139
3 Iz | 505 5.9 7+4 94 13.4 12.5 2001
Is 245 290 365 465 670 620 1100
Es 400 320 284 240 180 200 160
Eg 223 221 182 209 182 r 186 143
4 | 1D € Sel 6el 13.6 Be?7 13.8 12.8 2046
Is 250 300 680 480 680 630 1400
Es 320 280 208 244 2C4 200 160
" S
Eg | 226 | 221 | 214 | =212 | 221 | 186 | 141
5 Ig 5e1 660 751 750 60 12.8 26
Ia 245 296 370 B0 310 635 1400
Es 200 368 320 324 480 240 160
Eg 226 321 213 203 182 186 142
8 Ig 5.07 605 750 Qe7 13.6 12.7 204
Is 253 302 370 475 690 640 1020
s 380 340 320 280 220 240 200
<+
Eg 225 221 213 202 181 186 143
7 Ig 805 590 7«50 970 13.40 }12.7 2045
Is 250 287 361 480 680 640 1020
Es 560 512 L 340 300 260 260 220
= -
" {Eg 228 220 214 202 la2 186 142
8 Ig 5405 6+00 750 970 134 12.6 2045
Is 250 300 3688 480 670 630 1025
s jF.,'éoo 440 400 340 300 292 216
. T
Eg 228 221 214 203 ls2=| 188 142
10 Ig 5.03 5.9 735 Oe3 13.1 12.4 20 ¢4
Is 245 295 363 455 660 820 1020
Es 600 820 560 500 360 l 380 248
> 3

Key to table on next psze.







* reactance value at which osclllozrams 1 - 10, ince, were
takene

** Oscillosram 10-b taken at this pointe.

g = voltage at transformer primarye.

249 volts = generated e.mefe

&
3
]

Is = arc current in milliamperese.
Iz = penerator curremnte

o = 60 cycles
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TATA==VOLT=-ANPERE CHATACTTRISTICS
Test No. II.
Impedance
Setting 2 3 4 6 7

Arec
Length Reading

Osc. Nos, 1l 2 3 4 5
. Eg 213 205 201 189 160
Ig 600 7435 8.2 10,27 15,7
I8 «296 «358 «402 535 785

Oso. llos. 10 9 8 7 6

212 216 202 190 160

e 5.85 7.6 8,48 10,4 15.6
s «290 «356 «408 «530 «780

ose. Hos. 11° 12 13 14 15

Eg 244 236 201 190 lel

° I8 6.9 8,5 8.,18 10,3 15,5
98 e341 4423 L4005 530 775

Note:
E,8, generated e.n.f., 245 volts.

Egs generator terminal voltege, volts.

Ig, generator current, emperes.
I1,, arc ecurrent, milliamperes.
f, frequency, 60 cycles .

* Eog increased to 275 volts to hold are.
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CO.YUTED DATA
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CCMPUTED TRANSFCRIER DATA

Equivalent Circult Data
f =60n

L.ow Sides Parallel
I1ish cides Series

Cpen Circult Data:
T = 220v«
R S ' l.1l amperes
P.F.Q «415
24 = 0.002 mho
b = 0.004 mho

Short Circuit Deta:
E = 122 volts
I = 45.4 amperes
PeFem 78 sme = «4625
pA = 47 ohm = (3647 + J29.4)

Reduced to low sma
Y = (0002 « JC0004) mho
Z = (00017 + ,10.0'754) ohms

Reduced to Hich Side
Y = (0+000005 « }+00001) mho
7, = (367 ¢ 3J29¢4) ohms
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GENTRATOR SYMNCHRONOUS RTACTANCE

AT CIIOSEN CURLIINT INTZRVALS

Axc Current
Liillianperes 300

Generator
Current 6.2
Amperes

Generator
Synchronous 532
Reactance

Ohms

Symchronous 2,128
Reactance
Reduced

to
High side
Ohns

400

S.41

2,164

600

12,2

5.56

2,224

800

16.2

5.58

2,232

1000

20.2

5.62

2,248

1200

24.2

5.63

2,252
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POTAL EXTERKNAL IMPEDANCE AND ARMITTANCE

Are Current r 4] x Total vA Absolute 2
Zr | 567 *J 29 o4
500 Ma. Z, | 376.8 (4]
zg | 220 2,128.0
Zze | 660 15,520 41,395 +3 17,877 Tl:w,'mc 85+
zr 367 *J3 294
400 Mae. Z 378.8 0
VA 4 220 21640
{ Ze 520 92000 1,153 +J 12,409 '12,470[§§°+
VA 3 367 4§ 29.+4 '
800 Liae 2, 37648 0
g 220 2224
ze | 340 8000 973 +] 8,253.4 | 8,300/83°¢
zr | 3647 20 o4
800 Ma. I, 376 .8 0
zg | 220 2232
a6 232 4080 B865+5 *] 6,341 44 6,400[82'*
Zr 367 *J 204
1000 1'ae Z, 376.8 0
Zg | 220 2248.0
Zeo 168 2720.0 8015 +J 4,997.4 rj§,060480‘0
ar 3647 ¢] 29.4
1200 Mae 2, | 37648 0
ig 220 2252 .0
Zts4 120 1840.0 7535 +3 44,1214 | 4,1104?9'0
Hote:
Zr = trensformer impedance
Z, = line impedance
Zg = gemerator synchromous impedance
Ze = reactor coil impedance
g = 60f cysles.
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PROCIDURE FOR PLOTTING CHARACTERISTICS

Plot volt ampere characteristics from data of Test I'oe le
From curves of (1) determine voltare at equal increments
of arc currente

Tron data of (2) compute impedance at chosen aurrent
intervalse.

From (2) and (3) plot:

Ae Arc inpedance - arc lenthe

Be Arc impedance -« arc currcnte

Ce Arc voltese -« arc lengthe

De Arc voltage = reciprocal of arc ocurrente

From (4-D) obtain %y end C' for each arc lengthe

From {5) plot E, = arc length to obtain g and o«

From (5) plot C' « arc length to obtain r and § e« |
From (5, 6, and 7) write the equation for the are charace
teristicse.

From generator and transformer data compute equivalent
circuits reduced to the hizh side of the systems

From the ooii data determine resistance and reactance at
various positions of teste

From (10) plot reactence and resistance of coils against
correspondinz line currentse

Flot line current - arc currentes

From {(11) end (12) plot arc current azainst values of

reactor impedance (X and R) as in (11).
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F=3 N

22.

23

50

From (13) determine r and X; of coils at values of are
current correspondinz to those chosen in (2).

From data on line determine line constantse

From (9, 14, and 15) determine the resultant line
impedance at chosen values of arc currente.

From (4«3 and 16) record and plot arc irpsdance values
azainst o()rresponding line impedance valuese

Compute power consumed by arc from (2) and plot acainst
total external impedances

lot power consumed by are against the resistance
cdmponen‘c of the external line impedances _
From the oscillogram data of Test Noe 2, plot the volte
arpere characteristics at_the 4 mme arc 1ength-'

On same sheet plot volts « reciprocal of arc currente.
Plot arc resistance against corresponiing circuit
impedance at the 4 nme arc lengths

The plot of power against absolute line impedance is

made on the same sheate
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TATA FOR WRITING CIARACTLRISTIC TCQUATIONS

General form of ecuation:

r +81
I

E=g+x1+

Determination of constants:

c-2E
4 (I/%) 1 Eo =(8+ = 1)
54 4 125
635 6 133
8645 8 144
113.5 10 158
1 Eo, +C/I
4 125 54/1
133 63,5/1
8 144 86.5/1
10 158 113.5/1
where
E, = 8 +ot 1
and =v+451
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CONSTANTS OF DIRECT CURTENT ARC CHARACTEZRISTICS
FOR COPPER ELECTRODES*

g = 21,38 Arc voltecge for I =1
4= 3.03 4=1
S=15.24 e =50,3 V.

Y = 10,96

Electrodes 16 mm, diameter, flat tips,

parallel surfaces.

I7¥ VALUES FOR THE ALTERNATING CURRENT ARC FOR
COPTER ELECTRODYS

g = 104
A = 5.4
Yy =12
S 9.6
Electrodes 0,201 inches diameter (5,10 rm.),
slightly rounded faces.

The equation is

T = 104 + 5.41 12 +Ig.6 ,;(_ volts.

* Page 79, table 15, Fwald Rasch, 'Llectric Arc Phenomenon'.,
by C. E. Guye and L. Zebrikoff
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ARC-LINE
CHARACTERISTICS
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DPISCUSSICH
By graphical methods (49)% it is shown that in gemsral
the voltage - current characteristics of an Alterrnating
Current Arc in air between copper electrodes have the
Tfollowing equation**:
E = E, 4-—%- = (g +1) + 'r;él volts
wvhere
3 = 104 volts, 1s the voltage required to maintain
an arc¢c at the theoretical infinitely short lengthe
A= 5.4, 1s a constant and represents the rate of
change of X, with a change of arc length, 1.
Zg 1s the voltage across the arc vhich is Independent
of current but & function of lengths
Y = 12, 1s a constant which rerresents the power in
watta dissipated at the electrodese
S = 946, 18 a constant and represents the rate of
change of C with a change of arc lengthe
C is the power eonsured by the are in wattse.
I 1s the current throuzh the ere¢ in amperess
Characteristics of are impedance show that the impedance
increases with an increase in arc length at a given current
values It ihcreases more rapidly as current decreasese.

(See pare £3)

*# The method followed has been used by other experimenters
in determining characteristicy'ares between carbon elec-
trodess o5

% The values here presented are based upon the apparent
voltace as recorded with a vane type voltmeter, using a
potentisl transformer. (See procedure, pege 16)
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Arc impedance decreases with an inerease of current at
a civen arc lengthe

For a constant length of path and increasins current the
area of the arc strean increases with current, thereby
increasing the area of the condueting path and decreasing the
resistances For a perlodic current wave, then, it 1s
reasonable to assume that the resistance of the path pulsates
at twice the frequency of the current wavee

A Cdecrease in external impedance allows the current to
increase in the are circuit, and e¢msequently the voltage
across the earec will falle Thus a falling are impedance
exiats with a corresponiing decrease of circuit impedance.
The rate at which arc impedance decreases is greater for
longer arcs since the impedance in general of a long are 1is
greater than that of a shorter one at similar current walues,
and for any arc¢ length the limiting impedance is a constante

The product E x I of an arc decreases as line impedance
increasess That 1s, since arc impedance increases with line
impedance, the current squared of the are¢ decreases faster
than the impedance increases and ths power consequently must
decrease, giving a falling characteristice

For any given arc length, within the limits examined,
the falling impedance - power characteristic seeams to
approach a limiting value which must be in the minimum power
necessary to sustain an arc under these conditionse That is,
if the external line impedance be increased enoush, the are
current will fall and the voltase will rise, but the power
will also rall until a point is reached at which the porer
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glven up by the are (in the nature of recombination in the
arc plasma) 1is equal to the power consumed by 1t, and the arec
extinzuishese.

It may be noted here that as the length of an arec
increases, the power consumed &lso increases as praetically
a straight line function of length. (Ses page 64) Also, the
recombination and cooling increase since the area of the
rlasma has been increased in the operatione In this manaear
also, a point of equilibrium is approached beyond vhich
stability 4is impossible.

Below a certain length an arc may be blown out amid 1%
vill re-iznite by itself due to the breakdown of the aire
This phenomenon makes possible the arc which travels up the
horns of a stationary horn gap of suitables spacinz and azain
strikes 1itself, repeatinz this process continuallye

The oscillograms of Test l'oe 2 were analyzed for averac~e
and effective values of both voltage and current by drawing
25 ordinates per half cycle and analyzing the representative
half cyele of each oscillograme. 2y representative half cycle
is meant the curve which most nearly fits all of the weves
recorded durinzg an exposure. A pencil tracing was made of
each wave, and the average of thess tracings was inkede

For comparison and check, planime ter average values werse
also computede The fact that these averages check is proof
that the selected ordinates are representative of the complete
half cycle and ere satisfactory for the computation of
effective valusse.

It is sugsested that this method may be used more in
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the future for determining effective walues of this type of
wave since a very close check is notede.

From computations it was determined that the current was
very near sinusoidal since the fom factor 1s close to lell.
The voltage wave, it is interesting to note, gives an averaze
form factor of 1.38 for the waves photographed af ter discarding
two unreasonabdle fizurese It may be pointed out that a wvalue
of +75 to 1.0 for the ratio of effective powsr to apparent
power has been observed (43f under actual field tést oonditionse.
This reciprocal ratio would be from 1le33 to 1.0.

The effective volt - ampere characteristic of these
computations is similar to that of the previous set of data.
From the volts - reciprocal of current curve (See pare 63)
there is obtained an intercept of Ey = 140 volts for the 4
mme lensthe The eorresponding value from the other test is
125 voltse This result is valid since computations have
shown that actual effective values are hicher than apnarent
values (meter readingcs)e

To explain mathematically the relationship between are
power or arc impedance and line impedance from the standpoint
of per cent of maximum values is a difficult task due to the
discontinuous nature of the voltage characteristics, and ecan
bc undertaken only through the medium of complex mathematiese
This fact has been brought out by Dre Ce Pe Stelnmetz (£7)
end 1s presented in his work entitled, Alternating Current
Phenomenone Further, it has been pointed out by him that a

Fouriert*s analysis does not apply.
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It has been shown in the paper by llessrs .ttwood, Dow,
and Timoshenko (3) that, except for the first few microseconds
after current zero, the woltarce bullds up accordins to the

law
volts = ¢ = 992 & 1.1518-0.0147t + 648-1064'3 .

This equation applies, as pointed out by the authors,
only during the re-igmition period, that is, while the volw
taze is bullding up to its maximum value. For the particue
lar eircuit under coamsideration the equation appligd af ter
about five microseconds after current zero, and re-ignition
lasted for about 37 microseconds. After this a glow took
place during which period the voltaze rose slizhtly and at a
slower rate for about 24 microsecondse. This period wes
followed by the arc discharge and the accompanyinz fall cof
voltagze.s

It seeams reasonable to assume that after the arc is
struck, the current will bulld up according to a law governed
by the impedance and resistance of the external e¢ircuit, amd
further by the resistance of the ionized and conducting
column of lonized vapor vhich is a differential function pr
the current flowins and the potential impressed at any in-

stante
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CONCLUSIOINS

In conclusion, vithin the limits exmmined, 't'ne power
consuned by an al ternating current arc increases linearly
with an inercase of arc lensth vii: ~ivwz cirecuilt values
of r and 1ls

it a given arc length the power consumed by the erc
diminishes &s the impedance of the external circuit is
increaseds TIower 1s not a linear functior of the external
impedance, but the characteristiec becomes more mearly
linear as the arc length 1s increasedes The power consumed
by the erc eppears to approach a constant minirmim value
for each arc length as the circult imredesnce is increasede.
This mininun value 18 probably the minimum power required

to sustaln an arc of the corresponding lengthe

Are impedance increases as a straight line function
of line impedance for larse line irredance values, At
srmaller values of line imnedance the rate of increase of

arc imped-nce becomes less,
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