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INTRODUCTION .




The physical and chemical efiects produced when
electriec discharges are operabed in 1i iCé have been studied
by a number of investigabors Ifrom the time of Sir Humphrey

2

‘Dawy to the present day. Discharges in gases however, have

received much wmore attention, and apart from sowme qualitative
work done in the early part of this century very 1little exact

her the products or

[y
0]

information is to be found regarding ei
the meschanism of under-liquid discharges. Several workers
have made carsful studies of the emission spectra of spar
and arc discharges in water, but without reference

effects.

I have Tound that an arce ean bs sitruck in pure
water by bringing together the ends of carbon or metallic
electrodes with applied potentials as low as 10 volts, the
current being either albevnating or direct. The resactions
taking place in such very low veltage arcs are of inte?%s%
since few chemical studies have been made with discharges
employing less than 400 volts: furthermore, the electh
are found, in the case of under water discharg ‘sg to be
intimately involved in the P@sultlﬂg chemical changes,

rige to unusual products.

in

'“‘3

the work outlinsd below c¢arhon electrodes have

been employed almost alwayvs, with water as the liguid medium,
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HISTORIGCAL.



Daﬁyl was the Tirst to observe that the elegtric

A 3 =l » T E3 2. P
immersed in water. Fifby

are would econtinue to "burn

vegrs later Q?Ovez made electrical measurenents on gimilary

2,

arcs and Masson® observed cerbain peculiarities in thelr
gpectra. The products of the deecomposition of water vapour

by electric sparks were first briefly studied by ?@??Oﬁé,

whose work was extended by Buff and Hoffman®, ibout the same
time the speetrs of guite similar discharges were studied in

detail by Liveling and Dewar g Konen’! and others.

Lepsius® employed carbon electrodes in an arc

2

burning in water and analysed the gassous products; his work

f*’».

oo ) . " -
was eXbended by Lﬂbg, with considerably different results,

2
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the conelusion reached
purely "pyr QW@n@tac nature, @A&CL]V the same as those induced

by electrically heated wires., Organic liguids as well as

4

ter were employed, but solids, cothser than particles of the

w

glectrodes, were apparently not observed In the residual

Aboub this biue Bwediglo commenged hig well known

tals in

C‘%

work on the production of c¢ollolds by arcing v

B4

&

!w!

liguids,

)
ﬁ"a

and Qve@bﬂ“,ll noted a difference in the products of dirvect

and alternating current arcs, and modified the Poulsen



o

isgharges in walter vapour observed

-

the wide divergence from Faraday's electrolysis law, but
failed to providse 2 sultable hypothesis Tor the reaction. The

ugh discharges and Hakowebtzskyl7 with

"S

work of Kernbausi® with bru
glow digghé?ge tubss has shown that the products are more
complex than at first belisved, and that they vary greatly
with the type of discharge and elscirodes enmployed. These
workers advanced thseories ol the resctions, bub were hampered
by the laek of stoichiometrical relationships in the products

obtained by them.

showing how gompletely the reactions taking place differed

from those in the ordina vy air snark, and cbserving & solid
product not colloidal in nature but of unknown constitution.
Recently Shipley and Goodewvel? investigated high voltage arcs
in 2lkaline electrolytes with various elescirode materia 1s,

the eslectrical characteristies being studied in detail; high

frequency alternating current was employed, and all of the

vroducts were not analysed.

&
&
2

ny papers, notably those by Ts @c7yqsz1? a

Yowler and’ ﬁ%fél@sg“ have been published dealin ng with various
dischsrges in organie liquids, but the existing knowlsdue of

these regetionsg is very incomplete.



-
Iin making a g@iefai review of the past work on
electrical discharges it is at once observed that there is

~a gerious lack of experimental evidence. Attempbts have been

made to relate data obtained with discharges of widely diff-

= 2 -l xh

ering character, and in a great many cases cgertain products

of the reactions have been disregarded entirely. For example

[

the extent of formation of hydrogen peroxide in the glow

iischarge In water vapour hag been neglected by several, and

has been shown by some to be appreciable and by others to

The glow discharge is receiving most attention at

[
2
o
[

present, since i plies easily controlled conditions. The
Dressures euule red in it are however, very low, and the
potentials rarely under 500 volts. Discharges in gases atb
atmospheric pressure repy nt quite different conditions

as pointed out by Lind®2; and if the electrodes be involved

in the reactions, this beinr the case with low voltage arcs,

the problem assumes a different nature
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neckessary in order to satisfactorily consider the datsa
obtained with liquid discharges, in which the effects found

“

in several types of dischargss may be superimposed.

58 OF LLnCIRIC DISCHARGES:

L.

discharges are recognized by the physicist but these mav be

i

grouned in few divisions for chemical purposes

et

(A) The Silent Discharge:

This term is applied

all dischargedof positive charaateristic, 1.8+ those in whieh
an increase in applisd UGtuﬂtl L resulis in an increase in
éurrent, and vice versa: among these are the non~luminous,
the glow, brush and certain spark discharges. Hany of these
are not silent and may merge inbto one another: in some casés
more than one discharge may take place simultaneocusly from

the same elecihrodes.



all discharges is a function of many variables, e.g. discharge

length, electrode material and temperaturs, potential and

the non-

current. Also, ceriain silent discharges

Ygaturstion” current which cannot be

luminous may reach a

C(,‘

incereased by applying & higher potential.

The glow discharge has received most sttention, its
dist%nctive’feaﬁure being the visible light ewmitted and the
faect that considerable currents may be passed through it with
medium poteﬁt1315, Tt must however, bDe cpsrated at préssurses

much below atmospheriec and chemical

e

gactbions oceurring in it
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mited by this factor.
{B) The Spark Discharge:
Spark discharges are
readily obtained a t high pressures in any gas, but rsqguire

)
L

vefy hign motent als applied to the slectrodes. Their
characteristic is negative since an increase in current is
followed always by a decrease in volbage; they are inter-
mittent, disruptive types, s0 unstable that they cannot be
maintéined continuous, and the eurrent is very low. Thelr
natures and "length” is a compiex function of -the shape of
the electrodes, tempsrature and pressure of the gas medium,

1

molsture conditions and other wvariables. Ions must be

v

present in the gases to be sparked, thsse being supplied
usually by the photoelectric effect of daylight on the

electrodes; the "retardation of the spark” in a dark room



ig a familiar phenomenon. Soms consider that the temperature
of spark may be very high, cothers that the discharge is a cool
one excerpt within very small regions.

. W D .

This is an indefinite
term applied to discharges of high voltage and éansiderable
currents; the only satisfacﬁory method of derining the sre
ig to consider all the discharges resuliting from increasing
the current passing between two electrodes. &% a certain
ca&rené'the4§park discﬁa? will become steadier and intensely
hot and the eiﬁ?agieristi¢y”flaxa“ of the arc will appear.
~The high tsnsioﬁ;ara hag a negsatlive chavacteristic and is

therefore vav Ungtaole it cannot be opsrated withoul series

'?esistances with Ql§*~0?;series inductances with A.C.

The high tension arc has been much studied from
the standpoint of the synthesis of nitric oxide, but very

2

little is ?nouh rega ?ding its action. Eesent work has shown
that the cmehleal TL&CLLO?S occurving in it vary greatly with
the electrodes, current, length of arc, potential and temper=
aﬁur69 many of these be i‘ int@rd@pead@n%a With D»C. the
potential~dr@@vyraetical?f all takes vlace near each electrode,

the g?&dient in the gﬁowing fegwoc being wvery small: the

effects with A.0. are‘véry'éomplex,



touched bogether and then

god

i

several mebars 1eﬁgth but the low tensio

separated The high tension are

2

type is really unstable when the electrodes are mors than

a few centimeters apart at atwmospheric pressure. The
acterigtic iz negative, but a small series resistance

vance makes the arc guite stable.

The electrical properties of the low tenszio

?ﬁ!

3
Z

have been studied by larse numbers of workers but very

is known concerning its mechanism. The vaporisabl oq 0

electrode material is probably s necessary preliminary

areing and certainly a very high temperature is mainta

arsc
iist
£ the
to
ined

over a consliderable region. The chemical effects of true

le

low tension ares at atmospheric pressure are almost unknovn,.
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The tempersitures of
the va?icus‘@lectric discharges have been shown to vary Ifrom
very low values with dark discharges in surrouadings of
liguefied gases, GO‘imdefinitely high temperatures with
certain vacuum A4TCS. In some the highest tempsratures are

close to the electrodss while in others the column of glowing

o

aterial is the hottest portions in nearly every dischargs

there exists a very great btemperature gradient.
The botsl radiation, optiecal, spectroscople and

k)

Zinetic theory mﬂiuadb of estimating temperatures have Desen

used in connsction with elecgtric discharges, ordinary temper-

in

Bk P . o 5 car g 0
ature measuring devices being of 1ittle use. ¥Wilsone? found

i

the temperature of an under water spark with 20,000 volis to

&

be 511500, employing the specbtroscoric method: this value

o
refers to the general discbafge region which appears to be

e,
ek

-

uniform. Sparks in gases may represent btswperatures muech

ﬁ

nigher than the above.

masong*

regults obtained by variocus worksrs in this field. Thus the
temparature of the so-called cathode “cold region” of the

low pressure mercury arc has been varlously estimated as being
from 600°K to 2300°K. Tanberg and Berkeye® measured the

temperature of the ecathode of vacuum conper ares from consid-

illustrates the great variabtion in experimental



rations of the wsliocity of the vapour amitted by the cath
and of the force on small rotating vanes suspended nsar the
glectrode surfacey on the basis of the kinetic theory the
temperature thus indicated was in exeess of BOO,000°K!  The
optical pyrometer however, gave 3250°K, which was considered

to be nearer the correct value, the discrepancy being explained

a

by assumpbions concerning the field ncar the elesetrode.

1t may be said that while the optical pyrometer gives

a Tfairly aeccurate value for the temperabture of large regions,
there iz no suitable method of estimating the highest temp-

eratures obtaining in portions of the various electric discharge

And the temperaturs undoubtedly affects the chemical reactions

in most discharges, az will be shown later.

PRODUCTION OF TOKS I DIZCHARGES

-
feet

{r
&

Only in recent
years has the fundamental nature of ion production been realised
ingefar as it affeets chenical resctions in discharges: it
probable that ionisation plays the most lmportant part in mcsﬁ;
but net all eleetric discharges in which chemical change 4is an
important congideration. It is of wvalue therefore Lo consider
the various means by whieh “iéngﬁ may be produced, and the
factors controlling production in each case. The term "ion'
is derived from the ion of electrolysis, bubt not nearly all

ions in discharges are connected with the carrying of current.
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negative. The simplest negative ion is the electron or
ultimate particle of negative electriecity, while the simplest

positive ion is an atom which has lost a single slsctron.
Doubly positively charged ions, both of the atomic and wmolecular
variety are vpossible, and an atom or molecule may attach one

or more (rarely more than one) electron to form negative ions.

Other types are considered belows

(&) Electrons:

These are conslidered separately since
they play such a fundamental part in all lon production. All
electrons belong to one of two groups, the "atomic electrons”
and the “"atmosvhere” electrons. Atomic ele etwgﬂ%y with
ﬁoéiiive orobons form the base material of all matter and
enl is known about thelr emission from subsiances.

The electrons of the "atwosphere' have a definite existence,
but are not usually considered to be much involved in ionisabion

phenonena, at least in cold discharges.

Thermionic emission of electrons is of importance
'wheneve? nigh temperaturss exist in regions containing sclid
substances, espeecially the mebtals. Gases and vapours can
exhibit bthermioniec smisgion, and on the basis of the kinetie
treatment of the ideal "ion gas" the percentage ionisation
of wvarious substances has been caleulsted, with considerable
certaintys At stmospheric pressure caleium would be 2%

ionised when a bemperature of 5000°K was reached, whereas
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hydrogen would ='iow no ions until about 9000° was obtainsd.
The thermal lonisation would be greater at lovwsr Uressures.
The theory has been extended to consider double ionisation,
iee. loss of two slectronss gompliete ionisation of this type

could be obtained at 1{},0@00"{ for most elements, if under
54

Since the electrons thermally removed from the

substance are not atomic, the energy resgulired to remove them
has no relation to the familiar "ionisation” enerzy of atomsg

Because of the very high tempsratures cobtainable in
high and low tension arcs, particularly on the elsetrode
surfaces, thermionic emissﬁom wust play an important part in
gas lonisation, or at least in the preduction of the electrons.

S 2 EE
the

In addition to this effect, thermal energy may "excite
atomic electrons, i.e. move them to orbits farther removed from
- the nucleus %hﬁ%t@h@ stable orbits or energy levels, without
actually ionizing the atom. Some authorities consider that

such exeitation may be capable of producing echemical effects,

but the idea 1z much disputed at present.
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familiar "cathode raye®.  The mechanism by which atomic

sion of

c..r«
hols

slecktrons are emitted from a subsbtance by the applica
potentials is sntirely unknown and the guantuwm theory has not

thrown much Llight on this subjech.

Some confusion exists in regard to the electrical
emission of slectrons due to the fact that cathiode rays ars

usuvally studied in relation to discharge tube phenomena. In

thizse cases the stream of partiecles proceeding in the general

direction "ecathode to ancde” do not by any means all come from

*

teell, the majority being electrons produced in

obiter ways. Je J. Thomson®o ragen

ot

1y considered this problem

xl

e
£
}?.‘»'
a

and econcluded that most of gathode ray particles were
electrons emitted from the cathode by the action of the radiant
energy (photoelectric effect) produesd when the positive ions

4

aching this elegtrode were neubralised there.

While electrical emisgsion of electrons plays an

aportant part in ionisation in silent discharges, it is probabls

that thermionic emission is of much more significance when ares
are considered. In all casss the secondary and tertiary
cne original electrons is of equal

impsvﬁanc@ from the point of view of chewmical change. Electrons

pe
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emitted by gction of electri ne@gessity actsed upon

by those fields, with resultant increase in their velocity and
kinetlic energy; their study is thus complicated, in contrast

to thermal electrons which possess "emission energy® only.



have been ewployed by many workers in studying the effects of
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is no svidence of any value Q€alld918 at the present
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the next sechion.
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(B} Positive Tons:

These ions are now belisved to be
the most important, if not the sole instizators of chemical

schion in electric dischargess thelr production and properties

-

are therefore considered in detail below.

a

Positive lons were originally observed as the
"kanalstrahlen® of vacuum discherge tubes, but they do not
come from the anode; thers is no evidence whatever indicabing

2

that positive ions may be produced bv mere application of an




electrie field. Positive ions may however, be emitted thermally
fust as electronsg are, this being a phencmenon rarely found

discussed in texts. Only "fresh

in producticon to the thermionie electrons, and this leads to

reat diffieculty in the theory since the existence of an

am

"atmosphere® of atoms can hardly be eredited. It is not known
te what effect the emission is due, nor to what extent 1t takes

place in discharges.

the available energy resulting from the collision is sufficient

to remove one o more elesectrons from the neubtral parbticle,

High wveloeity electrons are ih@ most important ioamzﬂng agencies
of this type, and the velocity required to cause excitaition

or removal of atcmi@'elect?ons is very exactly known. The
rgies of @lﬁﬁurnps are expressed in "volts", meaning the
votential reqguired te give a velocity corresponding to a

definite ﬁleatronié'gnerwy; and atomg are said

lonisation and resonance potentials, in that electrons with

gorresponding pobtentials (energy) can icnize or ezxcite the

&

tonis

U.!
ES

X

ionisation and positive lon formation, so important in chemical

reactions, are best sbtudied from a spectroscopic standpointe.
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t 1s well known that the return of a "displaced"

pader

-

on of

Jode

migs

0]

electron to its normal position resulis in the
radiant energy, regardless of the nature of the snergy whieh
digsturbed the electron. The "arce" spectrum is emitbed when

rhits

<

the electrons of a group of atoms return to their stable
by all possible paths, from all possible orbits in those atonms,
g the orbit infinitely distant frem the nucleus. If
this change takes place with a second electron completely

removed from the stom, then the enhanced or Yspark® svectrum
b b5

is observed, all of the lines being present only whe n large

Spark specira were a

to be produced

o

only by application of very high potentials: but acecordi ing

+J

EY

b

to the Bohr theory ithe poitentials for the rodactjap of the
complete spark spectra of all elements lie between 10 and

B0 volts, In practice it is found necessary to take inbo
consideration the "mean free electronic path®, when calculating

the kinetic energy of electrons. The imporibant factor i

24}

therefore the potential gradient psr mean free path of the
slsectron, and this involves many factors besides the pobential.
For exaﬁple the mean free path of Hg vapour at 400°C. and
a@mosphérie pressure is about 1074 cm;g so that a potentisl

of 100 wvolits corresponds to only 0.001 volt potentigl per

mean free path of the electrons. This iz far below 4.9 volts,

the potential reqalred to excite the simplest Hg spectrum.
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These ideas have been thoroushly verified in caveful
studies of low voltage arcs (such as used in the experimental
work described in Lnls thesis) and other discharges. It is
found that the complete enhanced spectra of nearly all elsments
can be obbained easily in the low voltage are, indicating
2 high degree of ionisation. The explanation lies in %%e_fact
that the partial pressure of the metal or other substance;in

the arc stream or plasma may be extremely low, and this is

conducive to the phenomena of ionisation by successive collisiong

the getrons galn t&. r egnergy in multiple collisions, finally
attaining suffieient to dlonize any atom in their path. DBut

high btemper-

B
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there are other veasong of egual L
atures of arcg promotes bhermo-emission of elscirons on a
large scale, some of these beling ejected from the elsctrodes
with preat velogiities. Fiﬂ&ll?,{ﬁhe apace potential gradient

must b@ 80”SLQGT as stated DfeV7O“Sl? in ceriain arecs the

eds
pobential drop may bake place m?acﬁlc 11; entirely near the
electrodes gilving an eNOTHOUS space potential, in some cases

miliions of volts per centimeter as claimed by nason®%,

Recently the theory of cumulative lonisation of the
photo~impact tType has recelived much attentiong this considers
that arcs may operate below the lower lonisation potential
due to the fact that there may be absorption of radiant ensrgy

produced in the arc itself, a sort of photo-slectrie sffect

self Induced. With high vapour pressure and electronic

o

emigsion by thermal action, as in ares, this factor may be
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the experimental facts of are operation at low voltazes are

satisfactorily explained in several ways, nons of which are

in any way conflictings; all indicate a high degree of lonisation
which is of importance where chemical reacitions ars consernad.

The positively charged helium atoms emitted by

3 2

certain radiocactive substances have been much employed in

the study of the chewmical effects of positive lons in zensral,

sinee in the case of these "alpha vays
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ong ave formed only
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by electron addition, and this usually ocecurs vwhen a low
energy electron collides with an atom. The encrgy of both

particles being
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between the two usually involve higher orders of snergy transfers,

guch ag are sulbable for endothermal chemical reactions.
Therefore negative 1 formation may play a part in discharge

reactions, althou ittle evidence toc support the

theory.
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ges involve negative ion

5 ER g e . o &
liaseciastion of wabser vapodur 1is

article. Bub sueh procssses are

usually secondary or even tertiary phenomsna in eleciric

discharges beeause of the large amounts of energy necessary
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to bring them sbouts some sort of prelimina

is usually found.

the various physical theories of elsctrie
discharges have proven usciul in the study of lon formation,

the wide disagreement in the present theories of electric

discharges as a whols have made it impossible to take them
into eonsideration when studying chemical effscts. In
studies of the glow discharge reactions have assisted in

formulating physical theories more in accordance with exp-

erimental faechs tbﬁn the sarlier mathematical hypotheses.

PJ‘

review of the present knowledge

.53:\

has given
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7. THEORIES HOT THVOLVING IOHNISATION:

and Priestly early studied the formation and dseomposition of
nitrogen oxides by the action of the spark discharge; alter

" the acceptance of Faradayv'ls electrolysis law there were attempts

made to apply it bo discharge veactions, with immediate failure.

Following this the "thermal® theory involving the lass Action

3,

law was widely accepted, but finally discarded in favor of

various electrical theories. Present oplnion recognizes the
fubility of establishing any single theory to apply to all the

discharges: the most imporiant are ountlined below.

A A e e R Wi . O

(A) The Thermal Theory:

Agecording to this reactions
proceed in the electric discharge bescause of the high tenp-
eratures available, and the "abnormal® eguilibrium values
obtained are held to be dus to the very great temperature
gradient, l.e. the sudden cooling effects. The Hass Action
law provided an explanation for the fact that nitric oxide
may be formed and decomposed in spark discharges, depending
upon the eoncentrations the itheory enabled the approximats

o

o e galculatsd, buit this

cr

temperatures of arec discharges
involved guestionable extrapolation from known data fo

low temperatures.



pae o s s ; 4
NWernst®® salculated equilibrium constents for the
reaction by the analysis of rapidly cooled
discharge products: his valuss were in accordance with the

thermal theory. But 1t was “OOQ found thalt the very greatb

no eccoling method could be suffieciently rapid to ¥freeze”

vrium existing in the discharge. However, the

required by the Hass law, and that the equilibrium was

[
[y
tuds
2
o}
&

v conshant regardlesgs of the compos

1
substances, lent great support to the thermal theory.

t@ﬂmﬂwaﬁuﬁa of the discharges was egtima%eé by extrapolation
from known thermael data Tor low ibewpsrature conditions free
from electriecal inflmences, The celebrated work of Haber
gnd K@eﬁiggg showed that &"ilé temperature undoubtedly
affects chemical reaetionsg in ares, these effects are nob

the vesult of any simple thermal eguili

oda
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purely thermal effects: but
modern theory ls inclined to consider primarily the extent
of thermionie slectron emission at high temperatures, rather than

e

ria to be expected Trowm the simple Hass action law.
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initely gdvanced by Elliott, Joshi and Lunt39 and is really

a broad generalisation of the "activation by collision

icient kinetlic energy
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ver this may

Des It iz ilmmaterial whether the particles be ions moving

under the influence of an electrical field, or simply atowms

While this theory predicts a definite temperaturs

coefficient (wositive) for discharge reactions, such a

it be experimentally wveriflied 1t c¢an hardly point to any

definite eonclusion. Furthermore this theory i

fix}
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application to veactions involving s combination of chemiecal
entities, e.g. the HO synthesis, since there is no picture
of the transfer of kinetic energy from a single narticle to
ancther with resulting union of the two. Lind {loc. cit.)

glaims that this theory is entirely unsupported by fact.
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{¢) Photochemical Theories:

In 1910 Lind, Varburg

and obhers believed that certain discharge decompositiomgwere
thm regult of photochemical processesy for example, hydrogen

perozide was cobserved by some to be a product of water

n in the glow diseharge and in ultra violet 1ight.

L
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fith the advance of the lonisstion theoriesz this hypothesis

¥

was abandoned.

In most discharges the percentage of inpuit energy
converted into light is very small, conseaguently photochemical

effects cannot be nrominent: with certain arcs however, this

s

5 not the case. The uade? water spark and are have been
fou ﬁd to bhe exbtremely intense sources of low wavelength
ultrs violet radiations. J. J. Thomson=0 considers "‘{;ha'i:
the high freguency radiations in discharges play a large
iért in ionisation phenomena, bubt at presenit there arve no

attempts made to Inelude photochemical reactions in general

discharge thsoriss.
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1T, THEORIES INVOLVING ITOHISATIONGS

ig 1ittle thermal o radiant energy to consider and these are
disregarded. The gquestion of the extent of electrical influences
in any complex discharge such as the arc can best be s@ttled‘

by consideration of the agreement beiween the experimental

facts and the variocus slectrical theoriss,

O

(A) The Statie Ion Theorys
Thiis was first
advanced to explain the lagk of any connection between the
discharge current and the amount of chemical change taking
place {(Parvaday's law). It assumes that the chemical actions

are the direct result of the recombination of positive and

& ionsg which never psach the electrodes, and therefore

N
‘(}

negat
such actions have no relation to the current flowing between

] 1

t is known that only the

gm!»

the electrodes. In elecﬁrolyéis

ions which reach the electrodes are chemieglly achbives. It

fory
]
=
(o]

is admitted that discharge ions conducting the current
reading the electrodes may undergo changes on becoming

discharged, bub "the proporiion iz negligibly small relative

;.J.

to the total ionisation under usual conditions” (Lina®7y,
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{(B) The "Clustering” Hypothesis:

that the kinetic energy availlable in collisions is transferred

concentration of potential ensrgy (200 to 500 Cals. per mol.)

in the discharge gases. The poaitive fisld atbtracts neutral
e

particles and positively cherged "ion clusters” are formed.

0

The formation of the cluster does not expend much

¥

xJ

of the potential energy of ionisation, hence when an electiron

eolliides with the cluster Lthere is available the combined

oy

energy of the two bodiesgs the result is the formation of

"!

highly endothermal compounds, but the mechanism of the energy

~

exchange is as usual entirely unkanown.

The e¢lustbers may be in dynamic eguilibrium in

the number making up the group is constantly fluetuating, bub

this does not afiect the principle In the field of symthetice
reactionsg there has been obbained much experimental verification,
but the obvious limitation is at decompositions are nod

c

included. The theory is regarded by many as definitely




established insofar as beigma isation reactions are concerned.

(C) Two-3tage Synthesis Theory:
This was advanced

by Lind to overcome difficulties in H. A. ¥Wilson's thermodynamic

[

k)
¥

the

(=
tj

O]

theory of polymerisation from a thermal viewpcinit, sinc
latter does not explain the formation of ftriple and higher
orders of wmolecular weights commonly found in electric discharges.

The molecule ig believed to gplibt up Into its component paris

g

and subsequently the parts group bogether to form a higher

wder condensation product. Little verification has been

obtainsd
{D) Intermediate Complex Theory:
This g¢hain megh-
anism idea was advanced by Bodenstein®l and fully discussed

by Liﬁdergg, The author claims that "there is formed an
ungtable intermediate product, vich in energy, which on furither
reaction glves rise not only to the Tfinal produet but also to

another intermediate produet which regenerates the same process

s

again and again. This idea is a familiar one in the fisld
of vphotoechemistry and is gaining much supports it is too early

to draw any conclusions from existing data.




digplaced.to an ouber orbit may be in an excited condition,
chemically speaking: that is, on conbact with another atom
hey would tend to transfer their potential eﬁeﬁgy into a

veaction heat of some sort. AL present there is no evidence

ve untll an electron

fots

to show that stoms become chemically act

is completely removed.

S UMMARTY :

Many theories have been advanced
to explain the chemical reactions in discharges, but there is
no widely proven nor aceepted hypothesis available. Only
regently has it been realised thalt no single theory can be
applied to all reacbiong, and that many discharges are very
gomplex in their thermal and electrical nature. There ig a

o

gperimental evidence, bubt much valuable

iy

of

;...s
?w»'
o

noticeable lagk

information hes been published in the last five years.
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1. The essentlal featurs of the are discharge

zases is the production of heat, light and chemical change,

and in this respect the arc burning in liguids differs bub
1ittieo To the eye however, the two tyces of discharges are
guite dissimilar. The characteristics of 10@ voltage arcs
in water have been 1ncomnletelv deseribed by Konen' in papers
“gdealing with the spectroscopic problem; this worker does not
distinguish between an arc with both electrodes deeply submerged
in water, and an are with one electrode in air and the other
just atrthe surface of the liguid. BShipley and Goodevel? gia
much work with high tension A.G. ares in elscirolytes, the
discharzes baking place betwesm widely separated slectrodes,

b

and the gonductivity of the liquid medium being

until the arce passed frowm one electrode to the solubtion.

The ares I have employved in the work described here

have several very characteristic features. They are produced
by STEIKING, a method to which no reference has been found
iﬁ thse literature; of course low tension alr arcs are always
formed by striking. Vhen earbon electrodes are brought

together in distilled water a more or less viclent actlon

starts as soon as a woitential in exeess of 10 volis is applied.
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An audibles vibration is pro ﬁux@d of  variable piteh and
intensity, and distinct from the sound of the escaping zas

bubbles; with A.C. the nolse 1s more proncunced and with high
cuyrents’may become very loud. A brilliant blue white light

is emitted from the are “erater®, which avppears Lo be a very

o

small regiong the light is riech in ultre violeit and heavy
goggles must be worn by the operator, obthsrwise conjunetivitis
symptoms {coagulation of albumins in the eve) appear in a few
ninutes. Lonsidarable heat iaiéroige d and the water must

be cooled to prevent boiling.

Y]

Whil & the electrodes must be touched Lo start arcing,
it is not necessary to separate them at all as is the case with
the are in alr. Indesd, vigsrdas arcing may be maintained while
pressure is applied to the pmiﬁtsy and with low currents the
action is most stabls when sﬁch pressure ig maintained. The
args appear therefore to be “contaet arcs" and their appearance
explains why LOb® ‘pelieved them to be simply sources of high
temperature produced by the high resistance contact, and not
true ares at all. Careful examination reveals that this is
not the case; since the electrodes can be separated as much
as 4 wmms. with heavy currents, and uneither the arc appearance
nol the géseaug products are appreciasbly altered by this change.

It is probable that s laysr of gas at very high pressurec is

"

always separating the electrodes, even when pressure is applied.



2, Under waber arcs can only be started and maintained
in water of very low conductivity. The addition of small

or nitric acid resuld in

w«
a

smotnts of smlahu”ic, hydrochlo
‘ccmplete cessabtion of arcing and'commenéement of electrolysis,
Any of the elsctrolybes tested, &.g. slmple salts, organie
aeids etéag had similazfeffecus; in the case of substances
only slightly disscciated in water considerabls amoundts must

be. added.

Durding arcing with either A.C. or D.0. a strong
field wnich may be debsgted by the fingers, sxlsts in the

surrounding liquids, similar toc that observed by Pfanhausero°

during slectroplating under special copditions.
] o i)
B The shbeadiness or gbtability of the sreing increases

with the eurrent, but even with 30 amperes it is impossible to
secure steady action for more than a few seconds. HMHany types

of attachments were experimented with in attempts Lo make the
ares fully or semi-aubtomatic, but none were found suitable With
sven a simple serew feed mechanism the arcing cannot be carefully
controlled, so that a hand feed was finally adopted. The ends

of the electrodes are continually wearing away, and only by

having one electrode guite free to move in all directions can

et

the diseharge be kept operatb ings this 1g especially true for

very low currents.
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Tf & mechanical vibrator be en

appsars to resemble the arc, but acbually the sre is broken

freguently and when in this "open" condition slectrolysis

roducts not associated with the true are
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4. Metal slectrodes give very inferior under water
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1. Gasecus Products from (arbon Elsctrodes:

The apparatus employed

in determing the nature of the gasecus products from the are
with carbon eleectrodes is illustrated dlagrammatically in
Figure 1, in which the arcing chamber is drawn on an enlarged

scale. The current was obbained from a line supplied by a

stovrase batbtery of 120 woltz, and was passed through the heavy
£ p 2 k4 g 3

resistance RB: 2 series resistance must always be employed since
under water aves are gimilar to air arcs in that their char-

acteristic is negative. Also, the resistance of the are on

current through and potential across the arce electrodes T-T,

'3
=]
g
.
)

gonnection being made by the heavy eclips C-C.

B

approximately BOO ecs. capacitys this chamber was always kept

mica window ¥ and an internal baffle plate B, the latter pre-~

venting expulsion of large amounts of water through the exit
L i .
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feed electrode glipped

ice 8, of lubricated rubber tubing.

-

areing were drained off

a8

The gas train is shown to consist of a tube of glass

wool immersed in a freezing mixbture ¥, a pumice-szulvhuric acid

tube G, one or more KOH bulbs %Aand s soda=lime tube J. The
action of this train was to successively vemove water droplets,

water vapour, carbon dioxide and residual water wvapour Irom the

gas, before passing it te the gas holder K, The gas vemaining

e

from carbon dioxide absorpbion was collected in K by displacement
of water into ¥, at atwospvheric pressure. Carbon dieoxide was
removed by bulb absorpbion so that the gas could be collected

over baryba water, and subseguently transferred to the gas

analysis apparatus.

A different method of dealing with small amounts of
the gas is deseribed in Seection "C%, including snalysis following
gollection over mWergury.

T e oy o oy XD o WP D e i

{b) Blectroedes:

£ 3

everal types of hard and soft cgarbons

n

were tesbed, but after analysis a hard uncored ﬁ@rsjeotoyﬁ type
was selected for the gas bests. This sample contained 96%

carbon, the impurities being silica {2%), ivon {1.4%), alumina

{C.6%) and traces of

st
fdo
@
o
T
o

will be shown later that these



impurities, because They are present in fully oxidised forn,
can have little effect upon the gasecus products; cabtalytic

feets ave highly improbable, since rvesults with carbons

(5

81

by

d

[=

fering widely in composition showed 1little variation. The

rit

(Y

compositions of the garbon samvles 7@?@ determined by the
combustion method, followed by analysis of the residues: a

special combustion tube was developed, consisbing of a steel=

k>

sheathed pyréx tube to withstand th@ high temperature necessary
to effect complete combustion. Oraphite rods were ignited with

rrent Aiffi culty, even in finely nowdered form, and the source
i ¥

of heat (blast lanmp) %34 to be hw@vbﬁ instantly the cowbustion

started, otherwise the resulbs were useless due to rapid burning
and carbon monoxide formation. Oxygen was used in all tests.

¥hen collection was made over
water the carbon dioxide was absorbed in weighed XOH bulbs,
1¢ train gshown in Pigure 1: this method was
found to absorb all but minute traces of carbon dioxide. There
was usually 200 ces. of water in the discharge chamber, however,

and the carbon dloxide dissolved in this was determined by

the excess baryta-succinic acid method:; the correction was

found to be very small. The air in the apparabus was either
estimated and a correction applied, or the train was filled

with the gas before weighing.




The gas analyses were dons in a Burrell apparatus, fully

s

desecribed in a U. 8. A. Bureau of gullet1n54§ carbon
monoxide and hydrogen were estimated by the copper oxide method
with electrical healbing. It was found that the closest contral

of the temperature of the copper oxide tube was necessary, since

below 300°¢., considerable amounts of hydrogen remained unburned;

this may have been due to ths faet that the gas was rich in
carbon maﬂoxide; In the %uilaziﬁ referred %G‘f”ﬂifﬁ sulphuric
acid or saturated bromine water is recommended for the absorption
of unsat umaseé hydrocarbonsg, %he regidual gas being washed with

XOH before measurement. I found that the addition of XBr, as

regomuended by Reilily, was apparently necessary
in ordsr Lo oboain consistent resulbs with the bromine method.
The cuprous chloride method for earbon monozide was found o

be guite unreliable, in accordance with the results of many

rkers

Yhile the analyses of any one gas sample gave resuliss

checking to 0.2%, successive gas samples showed a wide variation,

th no KBr in the bromia@ water {i.c. no

extent unburned hydrogen and nibtrogen from the contained air,

and is fully discussed later,



«BG

G0z oo ] Ho Saturated Gageous
Hydrocarhons. Residue.
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The higher percentagss of hydrogen and lower residue

b

values shown in Table 2 are no doubt the vesult of employing

temperatures in the nedghborhood of 325°C, in the Cul tube;

traces of unsaturasted hydrocarbons were obtained with the KBr

bromine solution,



i B

Iepsius” claimed the formation of egual wlumes of

carbon monoxide and hydregen in his under water carbon arcs, but

v 8y . . s s
Lob eould not gonfirm this: 1in one pap@r@

this last worker gave
the following analysis: hydregen 50%, carbon monoxide 40%

and carbon dioxide 7%: traces of satursted and vnsaturated hydro-
carbons were noted. Both these mresearches involved the ﬁse

of cuprous chloride solutions in carbon monoxide determination

and must therefore be critically examined. I have never

%

water and carbon elecirodes, nitrogen and oxveen are gerbain
4 7y 5

to be in the c¢ollected gas, unless great nrecaubtions are taken
g e} ® 5
7

=

with resultant non-combustible residue. Xonen' has discussed
the matter of "occluded" air very fully.

{d) Free Oxygen:

free oxygen is produced in the dischar-e is of importance

theoretieally, and special itests were made to clear this Ul s

jav]

Estimation of the alr content of the apparatus shown in Figurve 1
is subject to error, and therefore runs were made in which
the gas was collected by displacement of water from a cylinder

held divectly over the arc.
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electrically preheated to white heat in air, and then bolled

in distilled water, this treatment having been found by Konen

The gas produced was led directly thzeuwn walter-filled

k} iy Y e K Py - - 2,
urebtte of the gas anslysis apparatus. Absorp-

alkaline pyrogallol solution showed ounly iraces

%8

of oxygen, less tfan the 1imit of accuracy of the enparabus

ot

P

0.2%), when care was baken to ksep
the entire period of gas collsetion. Since 1t is vir%ﬁaily
impogsible bo prevent the arc breasking for a second or §o

t, the electrolysis whieh takes place during
sueh pericds probably explaiusvtﬁe rregence ol oxyzen 1n the
gas ﬁixtuye, and it may be salid that no free oxXygen is produced
by the discharge itself. The oxygen percentages in Tables 1 and
2 are sorrected for a large part of the air present in the

apparatus, and are no doubt the result of electrolysis.

i o T e S e . T R

S0

{e) Caseous Residue

In most eases there rema

ot
3

nasa

t1:3:

R . . . e e - . - - i
in thse analysis buretts & & to 109 non~-gcombustible gas residue,

nn the conitained sir. Then

g

not accounted for by the nitrogen

a run was nmade for free oxygen, as above, and ths £0 and Ho
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justifiable to dismiss 1% as nitrogen. A special apparabus
was employed to remove all gases execept nitrogen, the

sample being producsd in bhe alr-fres conditions oubtlined in

& hed *"“'O
the preceding sectionj the apparatus is lllusitrated diagramm-

2

in Figure 2. The arc was operated in the vessel A,

'L*l'vra

in hoiling water, and the gas collected in the tower B prev-

iously £illed with water by suction through the delivery tube

Co The thrse-way stopcogk F admitted sither The gzas or carbon

- Any residual gas was colledlbed over concentrated XoOH, whie

the exception of rubber joints at the ends of ths combustion
tube the train was entirely glass and was wel
leaks; before sach run the sysbem was swept oub and £illed with

garbon dioxides.

It is evident that hydrogen and sarbon wonoxide
were rvemoved by the hot copper oxide, oxygzen by the glowing

copper {reduced before each run} and carbon dioxids absorbed

10 ces. per minute inpubt. Regardless of the rate a gas residue

collected in the nitrometer, amounting to from 1.0% to 1.3%

]
L]
o
iy
&
o
3
fule
e}
L_.

rinal volume. 500 to 1000ces. were passed into the
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hydrogen spectrum, several lines of the secondary spectrum

‘being present. When the discharge tube was swept out with
! el o K} i) -~
dry 2iy no such spectrum reappeared, whieh showed the tube

Kernbaum found only hydrogen produced when water
was decomposed by the aebion of 1light, radiuwm and clectrie

discharges; in a paper on the brush dischargela he ¢lainms

that the sxygea was all in combination with hydrogen in

byﬂzav@w paroxids, which substance he detected gualltativaly
in the discharge products. In several papers desiing with
the degcompesition of walber by different methods there has

observed this with %he glow discharge in wabsr wvapour, and
gould not_trace the oxvygen te hydrogen peroxide or ozone.
Urey and Laviad? and Senftl eben and Rehren 36 railsd to

3 -

ind any error in similar f@su b with a2 discharge tubs:

By

and Taylors8 reported the same thing in ths photo-

vy
S
o
D
w0
w

chemical decomposition of water. 1In some of this work a

gas remaining after analysis was assumed to be nitrogen.

The residual gas obitained in the above work was no
doubt almost entirely nitrogen alihough its source is by
no means clear. Konen’ found his treatment, which I employved,
sufficient to remove even spectroscopic itraces of nitrogen

from carbon rods: but in this case it was the "eyanogen” band
)



apectrum as obtained in under-wabter ares to which raference

jering the adsorbing power of cavrbon it is

HA]
e
Dn.l

was made, gons

not unlikely that the nitrogen was obbained from this source.

A best was made Lo determine whether or not the
gases from the discharge were ionised; a large lonisation
chamber such as used In radiosctive gas experiments was

Y

connected to a charge electroscope, but no loss in charge

was observed over a long period of times

Tt may be econcluded therefore that there is no
unusual gaseous product evelved, and that the "residue’ is

vitrogen wixed with sufficient hydrogen to give an intense

Attempts to find a "mass balancs™ in the amounts

of hydrogen and oxygen produced in the are gave no conclusive

it of

L”.s

resulis, the dis¢repanciss being far beyvond the 1lin
error of the methods employed. In wmost casss thsre was

g

about 109 {by weight) excess of hydrogen over the theoretical

ation; this pointed to the exisbtence of products obther than

DD iy WD D ok N MKT, Y i AL, AW ke, oy




2. So0lid Products from {arbon Electrodes:

{a) Inscluble Substance:

every paper on arceg under ligulds mentionsg the formaition of

cloudy dispersions” or "muddy" liguids during the operation
of the discharge with carben or metal electrodes. Before the
work of BrediglU such effects were not further studied, buk
in later papers the dispersions were dismissed as being nurely

-

oidal suspensions of the elechrode material.

&

3
O
st
ot

en earbon electrode

water becomss dense black, and

it wsually has only the fainbtest btinge of gresn or yellow

- I ¥

colors, Under the microscope this substance is quite distincbhive,

although grenules of so0lid carbon may be seen mixed with it



By carefully shaking a freshly mrciﬁced dispergion
of this sort the flocculent substance was obitained almost free
of carbon particles, the latter sinking to the bottom relat-
ively easily. The light substance could then De filtered off
and dried. 1t was found to lose cgonsiderable water whe
dessicated over sulphuric acid at room temperature and pressure:

Ey

after four hours drying the loss was much smaller.

Pl
]

Combustions of th substance were made in the sane

tube used for analysing the electrodes, in which the sample
could be hested to 2 wnite heat while visvally observed. The
full heat of the blast lamp was required to completely burn
th e substance %ﬂ oxygen, the combustion being
that of the powdered slecitrodes. The samples were Lirst air
dried and then dessiecated as above for 48 hours. On heabing

to a bright red heat a partial combustion took place, the loss
in weight being 24% to 25%; very little carbon dioxide and some

water was produced. When carried to completion the "dried®

n}

cemﬁvstlon gave the following results:

Hydvogen: 2% to 3% .
Oxygen: 25% to 30% .

Carbon: 65% to 704,

Tl

Variations in the results were probably due to the

varying amounts of solid carbon containsed in the substance,

Py

it being impossible to eliminate this impurity entirelv.
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The ecomposition was practic

Q’J
a
o0
m
e
]
=
o
4]
ot
o
[
Wi
)

:;L.i) 3:7' t?‘f} ;
or soft carbon slectrodes wers used in the pesparation of

=

the sample, and extended drying had no effect.

It is evident that the hydrogen and oxygen in this
substance is not all present in the form of water, the oxygen
pe?cegtages being about twice the theoretical. The percentage
seﬁpasitian agrees well with that of the so-called "graphitic

oxide"™ or graphitic acid which was first studisd by Brodie.

given a complebe historical review

of graphitic oxide followed by a critical study of its

probable nature., They have shown that the combustion method

of analysis of this substence gives only approximate resulis

due to the large amount of adsorbed water always vpresent.

e}

As typleal percentage compositions obbtained from combustion

they give the following figures:

Carbon. Hydrogen. Oxygen. Agh.,
Sample "A": )
7 T o7 PRy
507% 2e7% 44,9% 1.6%
Sample "BY:
51 .3% 2.6% 43,8% 2,5%

e

These workers attempted to find the formuls of

K Y
¢ oxide by determing ibts vapour pressure under

e

graphit

diminishing pressures: waber corresvonding to 90% of the

R

hydrogen in the substance was removed with no indication of

a "preak™ in the vapour pressure curve. They coneclude that



all of the hydrogen present is in adsorbed water, and that the
sxcess oxygen is in chemical combination with the carbon as

a higher oxide; the vprobable formuls of this oxide is stated
to be G1:04. Graphitic oxide 1is, acoording to this viewﬁ@intg

» " 5 1 N ® o B3 - oy
simply a highly "hydrated solid ozxide of carbon; there is

mush supporiting evidence.

It is probable that such a 3ig13r oxide of carbon
is produced in the discharge: Mellor®V gtates that carbon
suboxides have been freqguently observed in eleciric discharges
with carbon alest?odes; With the under water discharge the

itiong are favorable fO% extenslve ‘hydration or adsorpbtion,

e
Q
=
o

resulting in the production of the highly flecculeat substancs.

x...h

It iz known that graphitic oxide changes at r@ﬁ heat to a soft

%Ta@f subgtance, "pyrographitic” acid, of approximate formula
- 1. @ k) 2 u'l.a 2 L/

C2252G4; this change in weight is approximately & 23% loss,

which asgrees with the loss observed when the floeculent

substanee was hested to red heat in the combustion tubs.

Graphitie acid ig ususlly xplmﬁive, but the material
produced in the are burng aquietly in the buwéen flame. Dilute

cids immediately flocculate The suspended substance; but it

e

8

e

peptised by repsated washing with waber; this property is

{9

aid to be possessed by graphibic acid.

A 5

A debermination of the heat of combustion of the

dried material was made in a bomb calorimeter, giving a resuld

(N
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of 8.4 Cals. ver gram. It is found that the "hest of formation
of the substance, assuming 1% to be pure and of the approximate

formula C11H405, is about 1800 Cals. per gram mol {positive).

]

This caleulation has lititle significance however, considéring
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be found on the heat of formation of carbon suboxides, although
it is improbable that the valuss can be in excess of the heats
cf formation of the gaseous carbon oxides.

AT U > i S T,

{b) Soluble SBubstance:
Fresh solutions
from aveing carbon electrodes in boiled distilled water gave
no positive tests for hydrogen peroxide, ozons, ald@hyﬁ@ or

ketone, and no definite lodoform reaction.

After several minutes arcing in pure distilled water
vigorous electrolysis glwavs occurred when the elecivodes wers

separated, l.e. the conductivity of the water was greatly

A

ion goncentration of solutions in

o

inereased. The hydroger
which various electrodes had been arcing was therfore takens
The colorimetric method was used and all solubtions were
originally neutral with pH 7.0. In the following Table the
"oore” relates %o the metals present in a series of soft carbon

electrodes employed in ultra-violet therapy work.
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The wvaluss given below were reached alter three
m nubes arcing in 200 ccs. of water, the voltage being aboub
30 V. and the ecurrent 15 amperes: tThe waber was kept boiling

to prevent dissolving of carbon dioxide.

Core Substance pH Value {(Saturated)
Uncored hard carbon=- o0
Uncored soft carbon-- S8
Capiuge- 5.0
ieg 131 :.giy E)i“""’ 6&@

The resﬁlts indiecated that the sclutions were very
gslightly acid: the pH value did not. ehange alfter & weeks
standing in a corked guariz flask. On evaporation of a
fresh filtered are liguid a white substance waé obtain@d,
obviously not the same zs the flocculent compound. This
material w&s insoluble in ether, somewhat soluble in water
and dissolved veadily in ethyl alecohel. It melted above 350°¢.
‘but below red hest, The very dilute water sclution gave a

pH value of 3.0. The substance 1s probebly an acid such as

miad
Jodo
[ai

1ell

3

tie or pyronmellitice produced by the sclution of h

A

{_Jn

gher

)

m

oxides of carbon, some of which are anhydrides of these acids.
Sueh oxides are produced in electric discharges, as mentioned

by Hell or~0
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Distillation of the clear filtered liguid from t

garbon electrode discharge failed to show the presence of any
vclatile substances? similar feﬁults were obtained by Fowler
and ﬁard16321; with sparks in organic liquids, and thesse wérkers
alsg‘obtained s solid substance of ﬁigh melbing point bub

undeterminad Tormula.

3. Splid Products from Hetal Blactrodes:

of allmdnium, copper, zine and iron yield solid substances
colloidal in character but not scls, and c¢losely resembling

that from the earbon eleciroedes, sxcept in golor,

The copper compound is a blue-green substance,

e

¥

completely soluble in ammonium hydroxide and hydrochlorie

acid, thus resembling "cupric hydroxide”. Prolonged boiling
however, has 1little affect, and this treatment is sald to
viurn cupric hydroxide black. The solution is distincﬁ k1 ulkallne
with pH 8.8 when gaturatedg and gives tests for dissolve

egopper. Colorimebric determination gave 186 milligrams of

copper per litre as. the solubility, but no data could be

found on the solu Bility of cupric hydroxids. The sompound

from the discharge is prokably a hydrated hydroxide, mixed

with hydrated oxides.



The compound from zinc slectrodes is partially

soluble in ammonium hydroxide and acids, but is floeculated

by these reagentsy it is scluble in
o a3
probably a hydrated hydroxide or oxide

K}

which ¥ellor®0 ghows is not definitely a compound. A

E A vis
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solution of +the subsdance is
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amnoniws chleride

gimilar to

e

ine elestrodes in a

of pH 5.0 renders the solution basic {p¥ 7.5}

WL O D s s ok W AT oE al ot s e s e

and is

% &3

zine hydroxide
satursted
7.6 approximatelys

boric acid solubion
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The following conclusions mey be drawn

4

regarding the products of the low tension are discharge in

1. With ecarbon electrodes the gaseous products are
mainly hydrogen, carbon moﬁsxide and carbon dioxide, with
small amounts of saturated and unsaturated hydrocarbons. %The
proportions of these gases are not those found by earlier

Workers .

e

2. There is no appreciable amount of iree oXygen

evolved from the discharge.-

3. ¥With ecarbon slectrodes there is always at least

19 nitrogen in the gaseous products, and traces of the hydrogen

4, The proportions of hydrogen and oxXygen in the
gagseous products are not sbolchiomebtric, there being consid-

erable "excess" of hydrogen.

5. With carbon electrodes an insoluble flocculent
substance is formed, very vprobably graphitic oxide, which

seent work shows is pveally a hydrated carbon oxids,

6. ¥ith carbon elechtrodes 2 soluble substance {or

substances) is formed, definitely acidic and of high melting




point. This material is probably one or more of the organic

acids of which the carbon suboxides are anhydrides.

7. With metal electrodes hydroxide-like substances
are formed the nature of which is indefinite: authorities
disagree as to the existence of hydroxides of the metals

employed.

8., There is no Hydrogen peroxide or ozone formed
as a final product of the discharge, no traces of these

substances being observed in the liquids and gases.

9. The oxygen found to be "missing" in the gases
is probably acecounted for by the soluble and insoluble
substances formed in the discharge: due to the indefinite
nature of these substances a "mass balénce" can hardly be

obtained, but they definitely contain oxygen.
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In 1911 Makowstzkyl’ conducted what he termed a
c&mplete study of the effects of the glow discharge on water
‘vaﬁoura ineluding the "relations between current and ensrgy
consumed”. This paper reveals little regarding the energy
su@plied to the discharge in rslation to the heat and chemical
energies evolved. Shipley and Goodevel? conducted detailed
inﬁestigatioms of the energy consumed by high voltage A.C. arcs
in electrolytes. There has however, been no attempb toﬁrelate
the energy input in discharges to the chemieal and heat energiles
evolved, and it was considered most important tﬁ measgsure these
factors in uhder Watér ares in which large amounts of ﬁeat
energy are svolved. This work led to aAsearch for a suitable
input electrical ensrgy measuring deéic@, and the methods

developed, including those not foundvséhisfactory for the

special purpose econsidered, are given in the first section below.

1. A YNobe on Power Measurement:

Electrical power
is generally measuﬁed by two separate factors: the eurrent (C)
or cagacity factor, and the voltage (E) or intensity factor:
the product of the two, when they are in amperes and volts
respectively, is ?wattage“, ‘Wattage, being power, is by

definition a rate and by multiplying by time gilves the ensrgy.



C. Fneregyv Relationships .
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Current is usually messured dirvectly by cgall

.Q:
&
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®
o

b
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brats
and volbtage by the voltmetery instruments are availasble reading

directly in watts, some of them being recording.

It was soon found that the ammeter and voltmeter could
not be used to messure the power supplied to the discharge
for any length of time due Lo the extreme rapldibty with which

B3

the current and arc potential changes. These changes can be

o

and "shorted” are, when the -currvent is very low and very high
respectively. Even with 30 amperes and 50 wvolts the under
water discharge is so fluctuating that the meters cannot be
kept steady for periods longer than 10 seconds: with lower

currents the stability is even poorer.

Instruments can be obtained which record volﬁage
and current fluecbuations on recording paper passed under the
pen by some mechanical meanss; investigation showed however, that
the construction of such devices, suitable for measuring the
excessive fluctuations discussed sbove, would be prohibitively

sxpensive. The same applied to recording wattmeters, which

m

possess a further disadvantage discussed later. Furthermore,
after each run, it would be necessary %o laboriocusly "average
up" {by means of a Fourier machine, Ffor instanee) the values

recorded by the instruments.
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a very convenlent method for measuring electrical energy
when the rabe is fluctuating ?apidl?, sinece the bobal heat
devc oped in a given time is equal Lo the total energy con-

sumed in the heating eireuit. The application of this principle

o

to measure the heat developed, or the energy supplied, in

a second cirveuit, was the basis of the devices described below.

(a) The heat developed in an electrical conductor

can be conveniently measured by immersing the conductor in
water in a ealorimeter, this being the well known electrical
calorimeter. In Figure 3 two simple circuits are given,

of Which PAT will be discussed here.

4
b
frad
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{ts

s passed through the heavy resisbance K

to the arc discharge represented by the gap D or to the varisble

resistance B, the change being made by the swibtch 8., The

f-".b

current flows from the switch through H, (a low resistance

heating coil contained in a special calorimeter) and the
smmeter Gy and thus back to the line. The c¢oil Hp is shunted

shunt is measursd

Ky

&

o

ot
o
+

across the are D and the sur

o

through thi
by the ammeter (o. The voltmeter E indicates the voltage

aeross the are terminals.

The chargeteristics of the circuit are as follows:
Hy and Hy are constant resistances, and R is constant during

any runi the arc D however has an "apparent™ vesistance which
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varies from an infin te?y great wvalue to practically zero.
Therefore R cannot be made 1arg@ enough to prevent the line
voltage from changing with bhe load through Dg iﬁ practice
the normal 120 volta Was~samatimas reduced to less than 100
when heavy currents were trawﬂgﬂ Henece n&tfcﬁly does the
’&iﬁh@ﬁg ing reszﬂtaﬁce of D affeect h@ probential diffafaneeé'
a@?gsg,all the resistances in the o;reui%, but it also aliers
the line valtageg withféesultant’change in potentials =11

through the cirecuitb. This multiplieity of riables maﬁes

bower measurement rather complicated.

Sinece the resis taaab of Fl‘ﬁs constant, the heat

deval&peﬁ in the calorimeter depends upon the square of the

3
]

current flewings if T is the vise in bemperature exhibited in
the ealorvimeter in bime t then we have:
T« 62, or callv/i.

A calibration curve may be drawn relating the current

to the factor @/%_; in practice T was measured by having the

hea%:ng eoil, of approximately .2 ohms resistance, immersed in
water in a well-lagged calorimeter, efz gclently stirred. The
current was messured Wlﬁﬁ'ﬁl;aﬁd ws kept Steadg during cal=-
ibration by substitubing the resistance B for the are D. In
this wey the,eurrent §1oWiﬁg through the circuit could be
determined directly from %ha curve, by observing the total

r

‘..Js

se in tempersture during a given measured time interwval,



Similar reasoning applies to the shunt ecalorimetesr
'aoil,ﬁg. In this case howeﬁEr we deéira the voltagekacross
Ehe arc, not the current through the shunt, so that a different
equation is employed. The riée in temperature will be proportions
to E.C.t. where E:is the voltage, C the current through the
- shunt as measured by the ammeter 02, and t iz the time. Since
¢ is équal to E/%, where 1 is the constaﬁtvresistance of the
caloriméter coil, we may write: |
T o B2, or EBEX VT/t.

As iIn the previocus case a calibration curve is drawn,

relating the voltage across the shunt coil to the heat dev-

eloped as in the above equation.

Hence by measuring the heat developed in a given
‘time in the calorimeters Hy and Hp the voltage aeross the are
and the ecurrent throagh the complete eircult may be obtained.
Tt is necessary however, to obtain the current flowing through
the are albne which is less than the total current: since the
shunt calorimeter coll represents a constant and measurable
'?esistance.the calculatién iz simple. The arc voltage B
‘aetefmined from the curve for Hp, divided by the total current
¢ from the curve for Hl gives the mean resistance of thevdouble
circult arc-plus~shunt calorimeter. The inverse of this value
is the sum%pf the inversed vesistances of the arc and the shunt
ealorimetery the latter being known the mean are resistance
follows at once. Finally, knowing the arc resistance and mean

voltage across it, the current is known.



method possible. With a steady load and line voltapge the
series calorimeter may be dispensed with, since when the
are resistance is constant the heat developed in the shun

calorimeter ig a funchtion of the current through the shunt and

also through the wain civeuit. Calibration curves may be

-

rawn, and by the use of a single eslorimster the mean power
flowing through the consbant load may be sasily obtalned,

I the calorimebters ars-well constructed and have

-

very low radiastion and conduction losses the heat developed

g3

t equive

f0

may be wmeasured divectly in calories, knowing the hes
slent. From the relationships E.C.t. and ¢%.v.t, the current

3

and voltage may be measured directly without the use of any
calibration curves, since the resistances nay be determined
accurately. This method was found to be satisfactory, subject
to the dfscvss:mﬂ below.

(B) In Gireuit "BY, Figure 3, is shown a variation
of the ecalorimeter prineinle in whieh the two aai? series and
shunt, are immersed in a single calorimeter 1iquid and the

2

total head measured. This is somewhat the same ag the well
known Siemen's Dynamometer for measuring waibts diveebly. 4s with
the above circuibs the heat may be measured directly in calories
or the instrument y be calibrated and the mean watt éuring

a run determinsed from a calibration gurve.



=59=

{e) All of these devices were found %to give very
satisfactory results when measuring the power consumed by

3 2

various constant loads: when applied to the are discharge
however, wide discrepancies were found. The thermal energy
evolved by the discharze was measured by methods discussed

in the nexb sas%ioh; and 1n every case this evolved energ}

was found $o be much smaller than the input energy even after

correcting for the chemical sner glos involved. For example

several runs gave the following results:

Energy Inpuit Converted Energy Outpub
o Galories. {(heat).
Run A% wme 35,400 cals. '17;560 cals.
Run "BY-=- 9,85 i 6,625 "
Run "C"--- 11,440 * - 7,830 "

33

The energy unaccounted for usually amounted to from
25% to 50% of the total input energy ss measured by the various
calorimeter methods. By a2 process of elimination the error

was found to lie in the power measurement.

Simple caleulation shows that when the power or watbtage
supplied to any deviee varies considerably, the true mean power
cbtained by averaging the individual rates with regard to the
time Of flow of each, is wmstly different from the value

obtained by mulbinlying together the mean geurrent and the mean
: <5 s



voltage registered on any recording instruments. The follow-

ing caleulation makes this clear
Consider the power divided

inko four rates; each rate flowing for 100 seconds, the total

run being 400 seconds. The load, as in the case of the are,

+3

e
ot
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is not a2 constant resistance, so that there is no
batween the current flowing and the applied veltagey this is

the kev to the whole difficulty. Let the rates be:

Volts: 3 5 20 60 Mean volts: 37.
Amperes: 20 18 2 4 Hean currvent: 1l.

Watts: 60 90 180  240. lMean watbage: 137.5

Here the mean wattage is obtalned by averaging the individual

&
®
5

values of the power given aboves but, the product of the

current by the mean voltage gives 407 watts, a 300% ervor!

This was the source of error in all detsrminations
made with the "ampere-volt® calorimeters. It must be noted
however that the error is independent of the method used, and
would be evident with the best recording meters. -The only
solution wonld be to multiply each individual wvalue of the
current and voltage, measure the time for which each wvalue

flowed, and average the rssulis: perfect ageuracy iz of course

£33

far from possibls and the method would be extremely laborious,



It is therefore desirable to employ an instrument

reading direectly the average watts during a run, and such a

o

deviece was outlined sbove. The errors found with t““s calorimeter
wattmeter were of a much smaller order than those previou 1;
discussed, being generally about 10%. E@is was beyond the

1imit of ervop @f the methods, insofar as @ﬁe‘ actual mansu@eﬁents

were concerned.

pragbtice 1t iz well known that

-

Iin alternating scurrent
even with a power factor of unity the current registered upon
a meter is not the true current. The ammesier registers the
square root of the mean square value of the current, and thié
is considerably different from ths mean current. Thisg error}

ig inhsrent in the calo

’"S

ineter method as well, since voltage

and amperage are both determined from either of the two equations
E.C.T. or Ggor,T.g ; ually both contain the term GQ, so that
the calcfjmeter measures the square of the eurrent. 0Over any

length of time ‘the heat iz a1 ure of the square of the current,

=

aa

5]

so that finally the square voot of the mean square valus is

determined., Obviously, this is not the mean current.

The error was found to be approximately esqual to the
"excess” current indicated in the powsr measurement. Correction
cannot be made, since it is impossible to employ a "distribution®
formula, nothing being known regarding the probabilitics conn-
ecting the mean current and the time during whieh that mean -

value actually flows.
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it appears that there 1s no insbrument available
that would conveniently measure the wabttage under the conditions

s by no means impossible,

foda

of these experiments: construction
but considering the flexibility and rapidity of resoponse
regquired, would preseéent 4Ailfl

AU o s i R a5 k. o NN

2. Kessurement of the Heal Inergy Eveolved:

the are discharge operates in liquid water 1t was necessary to
employ this liguid in all heat measurements, dirvectly or indirectly.

=

In this ssction the method used, together with the final and

accurate device developed, is given briefly.

SRR R SRS S -

{a) The simplest ealorimeter employs the discharge

ligquid as the eslorimetric liguid, the rise in temperature
being read on a thermometer. This is iwmpractical however,
bmcaua@ the collection of the gaseous rroavats is essential

in calculation of the chemical energies involved; the stirrers,
thermometer etc. woula have té be iatroduced into the discharge

liquid through gas tight joints. The large bulk of water wmakes

long electrodes necessary, and there are other minory difficulties.

(b} A suibable device employs two chambers, ons
forming the discharge cﬁa.b and the other the calorimetsr.
The former is as small as possible and is immersed in the larger

vessel. Only the discharge vessel need bs gas tight and the



caloprimeter can @e of conveniently open construction.

{e)} As will be shown later, many characteristics of
the discharge depend upﬂﬁ’th@ temperature of the water, so
that 1t is degirable o keep the liguid at a gonsbtant bemp-

rature during an ené?gﬂ run. Girculation of thne calorimeter
water is a vrough method, and it waé found that operating the
are at the boiling point of water was the wmost satisfactory.
The hsat developed can easzily be measured by the heat evolved

on condensing the stean.

g
5
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ast method was employed in all accurate runs.

The arc was operated in a small metal or glass chamber, heat
insulated. as perfectly as possible with asbestos and cobbton
wool, and the steam led to some form of calorimeber where it
was cond@gsedfby cool water. Several precautions were observed.
The method depends upon the assumpition that ali the heat evolved

-

is spent in vaporising walter, sc that the discharge musi be

x

started in water just at the boiling voint. This was assured

{D

by the use of an electrical heabting eoil in the discharge

chamber, by means of which the wabter was brought to boiling:
the coll was shut off a second or two bafore the are astarted,
and before connectlion was made to the condensing calorimeter.

Also, 1t was necessary to correct for the heat he
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calorimeter by the condensed water,in cooling from 1OOOQ dowmn

to the temperature of the calorimeter water.
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heating in the elsctrode terminal conneetions, carbon-metal

acecuracy than the other measurswments, so thaet all errors were

A i T T W AN ors e

of the arc as rsgards the power

input has been repeatedly T@ﬁ%"’ 1¢d. The fact that with curvents

over 10 amperes the current and waltzﬁ may be kept practically

€.1x

constant for 10 to 15 sseconds led to the development of & cal-

2

'G imetric method whieh eould give aceurate results in this very
short time interwval, The basis of the method was the novel
Constant Flow Calorimebter of Callendar and Barnesél originally
empleyed in determining the dynamiecal egquivalent of heat by

2

Ethe electrieal heating metb
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The are operated in waber in the chamber A, the whole

being raised to the bo

the A.C. electrical heating coil K., The steanm nassed through B
to the heat exchanger and condenser D3 the inner tube was of
thin metal for rapid heat conduction, while the autwr was of

glasgss .
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A egpiral o
ths two tubes served to guide the waber in a spiral mobtion.

“The cooling wabter was obbtained from the “eonstant hsad® device

of fine construsction, snab
the water flow rate. The intakes cooling water cireculated

QTOhﬁ@ the Beckmann bhermometer bulb T1, passed between D and L,

and through Hg %o J, a measuring cylinder. The two chambers

h

fy and Hp were designed so that the water cireulation was

efficient, and the two Beckumann thermometers T1 and T were
very sensitive to bemperature aﬁamgea The volume of water

in the tube L did not exgeed a@ s@su 80 that with g flow rate
of 600 ces. per minute the tube was completely emptied every

2 seconds. There was a slight lag in the response of the
output %he?mom@tef'Tg, but this registered any change in heat
input in sbout 3 seconds, reaching a steady state in 5 to 10
seconds depending on the ageunt of heat. The water flow rate
was measured by means of J and a stop wabtch, while the expelled

or gondensed water from A was collected and neasursed in F.

The advantages of this method are numerous: all the
conditions are perfectly steady so that the gbsmrv tions can
be made with almost no eorrections. OF course the entire

apparatus was very well insulated (not shown in the diagram)
§> £



The water sente at & temperature slightly below that of the

involve the measurement of the water equivalent. A full

discussion of the high accuracy of the principle is given by

EY

gallendar and Barnes {loe. eit.), but the variaiion introduced

here, namely the "steam calorimeter” principle, of necessity

< k<

X

he accuraecy. The one correction introduced was the

foud
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consbant radiation loss of the chamber "A"; this was entirvely
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o be anproximately 50.0 calories per minubte,  bproviding that
b iy

g
the wabter flow sxceeded 300 ges. per minutes below this flow
rabe the calorimeter system did not funetion properly, since

the eirculation of water between D and L was irvegulsr.

SR N PR 1. . . erd ofv L TR R gy L e
convenience, and the rapidibty with which measursments may be

input oceurrs. The water flow rate being constanbt, 1t is only
necessary to kesep the are operating steadily Tor 10 to 18
seconds, reading the current and volitage on Tthe conveniently

nlaced meters ¢ and Vi the thermometar To is then read and
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only the difference in temperature of the intake and exhaust

3 Gy R ey S E S S i Lrmos - P YR
cooling wabter is regulred, the two Doekmanns are not compared

to & enbigrade thermomeiter, but only their differences taken

when both avre immersed in & constant temperature bath. By
adiunstment of this "zero difference” any range of temperature
difference is obtainable. In prachtice however, it is more

~gonvenient to vary the range of the device by altering ths flow

rate by means of Gy thus by deoubling the flow rate the calorimeter

An agbual pgalceulsbtion will serve to illustrate the
methoed clearly, In a run the arc was held steady for 15

seconds with 16 am@ﬁ?es at 288 voltss txi was more than sulf-

s
&
o

%

icient time to enable the putpub ﬁﬁérmome%ef To to reac
gstesdy condition beecause just before the run the heater ¥ had
been operated at a watbage aboui egual to the pre-determined
are wattage. The intake thermometer T1 read 1.850 , fhe gﬁt@a@
veading 5.25%, the difference being 4,0093 to this was added
3.40%, i.e. the "zero difference® bebwesn Ega two th@rmam@tersg
making a total temperaturs diffsrence of 7.40°, The rate of

flow of water through the calorimeter was found to be 780 ces.




per minute, constant over a pariod of two hours. Hence the

s

to approximately 250 ealoriesy 50 calories per minube are lost

-

by radiation, so that the net heat developed

b}

L&
Q;
fuls

nn the calorimeter
may be taken as 5270 caleries per minute. The input energy

%4/6 Se70 ,
.was @%m gatbs, or =88 calories per minute, so that an amount

. 7 N . y &1
of energy equivalent to +858 calories per winube was "used up

(3] Chemical Enerpgies Involved in the qua}afggé_

In
this section an att@ﬁ@ﬁ will be made to account for the energy

used up by the discharge, on the basis of the chemical change

king place in it. A consideradls amowmt of data is at &and
regarding the specific heats, reaction heals, ste. of hydrogen,

OXYEen, oan, wabter, carbon dicoxide and carbon monoxide. These

are the principsl éubstanc@s involved, but the =0lid substance

s m :
discussed previously Tus £ negessarily enter any energy calcul-
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{(a) The heat of formation of water Irom ifts elements

2 % wms o e T - . N L. EA B S . O P . -
nas been investigated by many; the variation of this factor

2

with ﬁcwmera% ure may be am?cagjted thermodynamically, but the

45
n.:

svailable d4ata is meagre. Lowensbtein™ Langmui@éé and Bjerruméé
employving different methods have debermined the megrus of

thermal dissocistion of water wvapour at high temperaturesg, and
water is less than .01% dissceiated, but at 3000°C. the degree

of dissceiabion is 11% approximatelys the speeciflic heat at

constant volume changes from 8.0 at 21l00%¢. %o about 11.0 at

ern o - ,
takes place: but Haber“”® shows that data Lrom other sources

i 5 > W T S 3 o ¥ e ™ T 2w [ s ”'v,
{Hose: at the time of writing work is progeeding
CAE S 25 1 2 1, . - S L, 5 I
which 4% 1z hovped will make possible an acourate caleulation

4 e, ey i, oY - £ £ Juo iy 4 “ 4 i~ 2 P e
of the various heats of reacitlons invelved in the discharges

o 8 m - 2 oy -

he Tigures considered as approximabions

Sincs the waber, carbon and gaseous products all
enter and leave the reaction region ab a temperature of 1009G,

this figure may be taken as the basis of the calculations.



position so that the heat of weporisabtion must
value of this is approximately 9710 calories per gram mol at

»

this Lsmpe a@ur@, Fence the heat of ia rmation of liguid water

=

from gassous hy&ragea and oxzygen is 5vyfua galories per mod.

{b) Similar heaits of formation of carbon dioxide and
GSYbOﬁ monoxide are respsobively q&zgg and 28880 calories per

PO ) 3 L . e s Ly - A 5 I S S o s,
graw mol. These heats are more zccourately known than in the

)
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above gase, bub auvthoritie

the figures for one of these runs. The gaseous nroducts were

by
55
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the rate o ner minnte, the

) ; . o . o i - i ' Sy A
analysis being 60% hydrogen, 15% carbon dioxide and 229 carbon

iz an appreciable amount of oxygen "missing” here, the amount
in the solid ozide compound dis scussed earlier. These percentages
represent 380 ¢cs. hydrogen, 105 ¢es. carbon dioxide, and 137 ces.

carbon monoxids {2ll measured at S.T.P.) evolved per minuts.

To decompose liquid waber at 100°C. %o produce 360 ces.

of hydrogen would require 1088 calories, congidering the above
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D, The Tempersture of the Discharges.




w7 B

Itywas stated on pages 10 and 11 that few measurements
ﬁaVe been madé’cf the‘temperature of under liquid discharges;
,gﬁere has'been no work of this nature done on low tension arcs
i% water. Lgb9 and other early workers believed that the arclxl
m%rely represented a source of very high temperature and that
the current played no part in the chemical reactions. Sitrange
té say no aﬁtempt was made to‘verify this by determining this
high.temperature, and corelating it with the products of the

reaction.

It is'alsa interesting to compare the temperature
of the under water arc with carbon electrodes, to the temp=-
erature of a similasr arc in alr, the latter being ons of the
'highest known. At first it might be thought that operation

in a ecold liguild wedium would greatly lower the temperatures

o

uwtk it must be remembered that the actual discharge probably
takes place In a steam mantle, and that certain highly exo-

thermal chemical rsactions are taking place.

Experimental resulis only are outlined in this

section: theoretical conclusions will be taken up later.



Froure M .




1. ¥ethod of Heasurvemend:

inmweent researches the

Optical Pyromeber nas been shown to give very satvisfactory
results when emploved to measure high temperatures. In ithis

work a "Holborn and Kurlbaum"™ tvpe was used, illustrated
diggrammatically in Figure 5. The instrument was housed in
the case D in which the lamp L was rigidly mounted: by neans

of a lens sysbem the light coming through ¥ passes through ¥

on the eye to a very narrow range of wavelengths. The hotb
source will appear as a bright dise of red light Lo the eye,
and for the instrument to function properly the source should
‘be large enough to fill the "objective®. By means of the
fine resistance P the current flowing to the lamp from the
dry cells & can be adjusted, being ohserved by means of the
millied®ter M.A. In this way the temperature of the lamp
filament may be increased until it glowsy it appears in the
vsz ¢ce a8 & red spiral. The instrument is Ffactory calibrated
so that when the color or intensity of the filament is the

same a3 the unifcrm background due to the source the tempe
srature of ths latiter may be read directly. Heasurements

may be made rapidly and sccurately.
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made with the pyrometer the =zame distance from the arc as

he ealibration socurces. Peeause of the small size of
the are region it was not possible to discriminate Q?L:eéﬂ
eathode snd ancde temperstures. The are was viewed at right
aﬁgl@s to the electrodes and no difference in the temperatbure

throughout the brilliant source spot could be detected by

srature gradient may exist in

Lemperabiure
was the value measured.

SN AR L 2 D bt SOV S W TR ST, i e D Aty

2. Experimental RBesulbs:

of
&
1]
ot
9

Three groups of wers

O . T s o A Esemtia o) e T
carrisd oub, separvstely discussed below,

(2} Tt was very soon observed that the
Semperature of the ﬁlS@h ree was dependent upon the tehperatufe
of the water medium: bthe relabtionshin was then sbtudie dg with
yaricus electrode material tables and curves

the capital letters indicate the type of carbon employed, as

bhelow:

e Soft, cerium core.

TR e fHard, no core.

R Soft, Al, i, Fe, Si core (oxides).
Pt ewwe  Soft, no core.

R Soft, strontium core.
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WATER TEMPERATURE
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70°

FIGURE VI
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b4 D??

14 Cﬁ

these curves

121
i
e

-7 -

(6]

100°

In Figure (6) the above data are expressed graphica

are nob

Are Temperature.
13250¢,
2025°
2500°
2300°
2525°
27250
2300°
2500°

2025°

5

[-...5

1lys

e

nded to represent exact mathematical

relationships, but merely to serve as convenient representations

of the affect of

arature.

1t i sesn that

water tewmpe

rature upon the discharge tempw

a 1500° rise is the general effect

when the temperature of the water is raised from 5° to 100°C.

The hard type of electrode gave considerably lower temperatures

than the

sof't variety.
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(b} In the shbove tests the power, currsnt and
voltage supplied to the arcs was approximately constant. It
was found that the velitage affected the arc temperature, so

that care had téfi aken to keep this steady for comparative

“‘S‘

ragults . Labter work has shown that the surrent, and not the

"

vci%a ge may be the significant factor; however, the resulbs

1,

ghtained by varying the voltage with constant water temp-

° »

grature are given below. The interesting question as o

b

("ﬁ

whether the arc temperature {governed by current, voliage or
wattage) affechs the chemisal resctions, or whe%ﬁﬁy the reverse
is true, will be discussed later.

The voltages given in the following Table (7) and
plotted against temperature in Figure (7) were not accurately
maagured, due to arce Fluctuationi they are ﬁOWﬂV@r, relatively
significant taken as a group. In each case the 38f18$ rege-
istance was &ltered to corresvond to the voltag@ read on the
met@rs with a constant resistance in place of thearc, the back
E.M.F. being aulawed for, and in this way the voltages used

in the Table and curves were obibained.
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TEMPERATURE

FIGURE V]
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Are Volbage. Are Tempsrature.
23 volts. 1600° C.
g 26 " 2025°
3o v 2625°
35 " v 1600°
"l gy ¢ 2625°
38 2925°
26 | | 2025°
it 37 " 2775°
v 33500
24 " | 1600°
gt 38 " 2725°
' ag " | 32250 '

{water Temperabture constant at about 25°¢.)

Figure (8), from the Gata in the following Table (8)

iz similar o the last curve discussed, but in this case the

]

water temperabure was kept at 100°C. by constant boiling; the
heat was supplied by the arce itself and in certalin cases by
an outside burner. For corresponding electrodes the rise
in are temperature ls sbout the same ags that exhiblited in
Pigure (7) where bthe water was sbout 75° cooler, although

the setual are temperatures ave in general much higher.



ARC
TEMPERATURE

WATER AT J00°C.

FIGURE ViI/
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The lowest bemperalbure measured was 1300YC. with

neored carbon are ab 25 volts, the water temperature

G. Soft "graphite® electrodes with a strontium core

the highest temperature, viz. 3600°C, arecing at



wBle

40 volits with the waiser boiling. Some thirty measurements were

2

) . - o .
made between these two extremes, in steps of 76°. The core

substances have some effect upon the arc temperature, but the

R

latter is greatly affected by the guality o

3‘“\“]

the garbon. Undsre

the same conditions of velbage and water temperature the hard

z’ k.4

or ojector” carbons gave the lowest, and the soft carbons
the highest temperature readings.

{e) Since the S@msiﬁiviﬁy of the instrument used

was lessened by the addition of the neutral filter, the temp-
eratures read have c?obaﬂ? o maximum error of 100°C. it is
not unlikely that the high temperatures measured were acktually
somewhat lower than the true arc temperatares, gince the water
djffuseé the 119ht somewhat, and no ﬁG?TGthOﬂ was made for
%hig. The temperaturs of 3500°C. used in callbratlnp the
instrument was obtained with pure uncored carbon arc and a

low D.C. volbage. The fact that a tempsrature of 3600%,

was observed with cored gramxi te rods under water, with a
higﬁa%cltage than in the above, Goes nai show that the under
water measurements are in error, Ifor cor@é rods of this sort

are known to give g bhobtter are than uncoved types. AL present

it seems not unlikely that mugh higher temperatures ars cobtainable
with the under water arc than with the air are, for reasons

which will be subsequently given.
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Te Effect of Water Temperature.




Perhaps the most striking characteristic of the
d ischarge outlined here is the series of changes which take
place when the temperature of the water is raised from room

temperature to boiling point. These changes are not abrupb

o

but gradual, and are particularly noticeable past 60°¢, At
first it appears. as though the reactions become much more

extenzive at higher temperatures, that is to say much more

in
[l

gas is evolved; the are stability doe :finitely increase

with rigsing temperaiurs.

&;!

1 gongideration of any comprehensive theory of
the are mechanism the purely physieal aspects of the effect
of the surraunding water must be taken into account; this
effect must be yractiaalij indepgné@ﬂt of the chemical reasctions
if ﬁot entirely s0. On the obther hénﬁ it is of greatest
lmbartapge to ﬁete rming whether or not the various physiecal

2

fackors affee@ the feactvana, ﬁﬂ@ experimeﬂts oublined in

*wvw aﬂ;e@% of settling this

gquestions.

e e R e e Y



s

The apparatus first used was exirvemely
simple and is not illustrated. The elecirodes were clamped

in a large vessel of water, the te mperature of which was
regulated to within 1°¢. by means of 2 large clectric heating
coil. One of the electrodes was f“ex°aly monnted 50 that

haend manipulation was possible.- The gases evolved were
collected by displacement of wmter in a messurl ng ay¢1nder
held directly above ﬁhe arc; this cylinder could be ?éfilleé'
with water afiter each run b§ means of a small hand punp. The
measuring ervor was less thanizﬁ and to average the errors

opsration {the largest sourece

o

due teo irregularities in the ar

of error) ten or more tests were run at each temperature.

s

As the temperature of the
lwater gpproaches the boiling point the vapour pré$3ure rises
fapi@lw and the evolved gas mixiture %eeomes riéh@y ﬁndwa@e?
vapours; since the power supplied to the are was e@ﬁstam% the‘
rate of evolubion of waber vavour would be dependent solely
“upon the vanouyr pressurs. Therelore, if ﬁhefé was no change
in the vrate of the chemical reactions with water temperature
rigse, th@-volumes of "gas-water-varour" mixture evolved should

have been directly proporticnal to the vanour pressure.
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TABLE {9),

Temperature.

4%¢,
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R4
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75
82

83
90
21
o7

225 ceos./minute.
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2156
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Rate of Plow: Gas-Vapour Hixiure.
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Figure (9) gives the data in graphica
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seen that the curve is not perfedtly regular, but exhibits
a marked increased gas-vepour flow near the boiling point. In
the same Figure is drawn the wvapour pressure curve for water,

the two curves having common abscissas. The inerease in the

]

ras flow is nob entirely accounted for by the inersase in the

n

o
i

[*]
CJm

partial pressure of the water in the mixbtures collected,

3. Collesetion at Constant Temperature:

of tests the discharge was operated in a closed vessel, a¥b
a controlled temperaturs, and the gaseous products led to a
separate collection vessel the temperature of which was kept

&

constant during a group of Lests. Tempsratuves up 1o 12 ¢G.

it

woere obtained by applicabion of pressure in an apparatus which
will be described later. The results are given in Table (10)

and arve plotted in Pigure {10). There is a conslderable

i

inerease in the rate of ths reaction as the water ltemperature

anproaches the boiling poinbt, as e videnced by the inereasing
pgas flow rate, but the curve indicates that past 100°¢, there

o

ittle further rise.

Jrmi

&
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Water Temperalture. Rate of Flow of Gases.
109 g, 200 ces./minute.
18° 210 a
27° 200 "

369 ’ 225 “
42° ) 230 «
190 ‘gg0
60° 235 K
709 260 "
80° 270 i
QQQ 320 #
100° 340 ¥
110° 560 i
120° A 370 i

A disceussion of these resulis is reserved for

<

2 lzter Sechion.
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S UMMARTY:

Study of the effect of the
temperature of the surrounding water upon the discharge

aetion has vielded the following results:

{1} The considerable change in the appearance

:w

of the discharge with the approcach of the bolilling point o

ot

the water is largely due to the evolution of largs quantities

of water wvapour mixed with the gaseous products.

{2) The increass in vapour pressure with .
rise in temperature of the wabter was found to be insuflfl
to explain the inecrease in rate of evolution of the gas-vapour

mixture.

{3} By fémovimg the wabter vapour the gaseous
products were measured free from water vapour effects; there
was found a considerable increase in the rate of production
of the gases up %o 1000653 but the flow rabtes past this point,
abt&imeé by addition of pressure, showed little increase.,
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In the tests outlined above & pressure of sbout one
atmosphere was applied in order that the water temperature
could be raised above the boiling point. The effect of the
pressure was apparentliy nil. It seemed advisable to eontinue
at higher pressures, since this factor is of great theoretical
interest in all gas reactiong. From a nraetzcal standpoint
" 4% was more feasibles Lo incrsass the pressure, rather than
decrease it below atmospheriec; furthermore, an infinite pressure
inerease is theoretieally possible, giving a gregter ange for
the observation of any changes, whereas the lower limit of

pressure with this éischazge ig the vapour pressure of water.

Pressure effeect ig intimately connected with the
physical cooling effect of the water, since pressure raises
the boiling point greatly. The importance of this will be

discussed laber.
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1.Apparatus?

=t

1l experiments so far described were

4]

done with hand manipulated arcs, this bype having proven most
stable and easily controlled. Operation at high pressure

‘naturally preecliuded any such arrvangsment so that a self

&

adjusting, or exbernally adjusted arc was necessary it has

]

been noted previcusly that the discharge employed w
Et foo by

&

a8 very

4]

ensitive and ecareful manipulation was essential if the current

and voltage were Lo be kepht steadyy hence the substitubtion of

et

mechanical control for "hand and eye" operation presented &

problen.

Two general types of control were developed; in the
first the two electrodes were fixed to small earriages sliding
ég rails, anﬂ held separated by small springs. A chain and
drum device brought the ends together and the adjustment was
very fine, so that ths 1engthvaf the are could be ecarefully
controlled: pressure on the endg, whieh 1s somebimes yéqui?edg
counld alse be obiained sasily. The drum wag econnected to the
outside control handle by means of a\sgeaially maahia@é‘dyiva
shaft, which gave easy conbtrol and at the same time effectually

sealed the pressure.



FIGURE XI




The dilute acids formed in the dischavge, together with
glectrolytic éff@ctg, are very corrogive,; so %J&%
Juzt described had to be fregquentliy removed aﬁd cleaned. Apari
from this, it gave satisfactory servvice. It was Tfound possible

however, by esmploying heavier currents, to maintain an arc which
was less suseeptible to the effects of electrode wear and

a@n&queﬂt?y much more stable, In Figure 11 is shown the com-

plete apparatus used in the pressure tegts, including the are

i

adjusting deviee for use with heavier currenis.

The electrodes A-A were clamped in two holders B-B
the left one being immovably sebt in a block of cast cement G,

he right elsgtrode bola@r formed the movable rod D whleh passed

3

through a machined gland Ej; at all pressures employe ﬁhé joint
wag kept gas tight by screwing in the pressure nut F, which
forced the asbestos-graphite sealing material against D. Oune
side of the gérfen@ %as ccam&sﬁed directly to the end of D,
the other being sent through the conductor G. This was made
from a heavy duby aviation type "spark-plug®, such a device
forming a very convenient méaﬂs of eonducting heavy currents
through a wall in any apparatus in whiech high pressurss nmust

be maintained wiﬁhﬂuﬁvleakage, Inside the apparatus a wire

sorried the current from the plug to the clamp B.

The main casing of the spparatus was npade of high

pressure steam piping (wrought iron) with asbestos graphite
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packing throughout. The joint at H waé specially fitted é@
make frequent opening of the casing possible; ordinary pips
threads wers found bto break down on repeated using. The tower
extending from H to J formed the gas chamber, the volume of
whiech sould be convenie ntlv alt red by adjustment of the level

of the water., The pressur@ guage K and high pressure valve L

were of ordinary construction.

with this apparatus pressures up to 400 pounds per

aguare inch were employed, although this was =slightly over the

ffs

safety Llimit. Abowe 300 pounds it was necessary to employ a
screw device to feed in the electrode holder D against the

a e i3 SR a2 _,ew
pressure insides otherwise, no difficulities were encounted
onee this simplified form was pgonstructed., Apparvently any
pressure whatever may be éev?lﬁaed, ag with electrolytic gas
production, since with the btower J filled almost completely

with water 400 pounds pressure could be abtained in one minute

or less.

The cement block ¢ required freguent renewal, being
redueed to g soft mass by the corrosive agtion of the liguid
and shbray currents. CGement proved to be a convenlent mesans
of insulating the connector B from the casing mebtal, the latte
being in electrical contact with the rod D.

B e R L S



2, Exverimental Besulis:

ve

w

At pressurss over T

Weﬁt some

b
ot
=y
6
s
e
o
L
h
(D
g.-.a

atmospheres the characteristviecs ¢
ahang@s;:the sound emibtited and the mechanical vibration of the
heavy apparabus {weighi aboult 75 pou dg} in r@ﬂsed Zreatly.
This effect lessened and finally disappsared when the pressure
. was inereased to eight aitmos 36?63 Yisual obsservation of the
arc was abtemnted by means of h@ﬂqy lsnses set into the side

of the casing, but no eonclusive observations were made because

of the intense illuwmination.

1t was thought advisable to run pressure tests from lowey lo
higher 1imit at 2 single sxpsrimental periodi a convenient
way of deoing this was to observe the rise in pressure per unit
time, sinee a uniform rise indicates a constant mass of gas
producsd, assumiag the Gas Laws to hold., The ?ésuiﬁ cbtained
is shown graphieally in Figure 12, where presgure rise ig
plotted against time of arc coperation. All readings were
taken in 2 single run without sltering the input power, water
tempesrabture or other conditions. The curve is quite linea

indiecating that the amount of gas produced was independent of

the pressure within the limits used. The data used in this

o
:
8
fude
4]
ey

given in the following Table.




PRESSURE IN POUNDS
PER SQUARE INCH

FIGURE Xl

TIME ;, SECONDS
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T ABLE {12).

Elapsed Tinme. Pressure.
{Start) U segonds. 10 poun@s/équar@ ineh.
50 15
80 17
75 20
110 30
145 35
195 a2
230 - 50
275 57
340 58
360 72
375 7T
395 85
450 02
495 28
525 106
575 iis
65@ 125
720 135
730 141
770 162
810 158
835 165
880 175
940 180

1040 205



As a ches
throughout the range of Table (12), in which the gas evolved
was expanded to abmospherie pressure and the volume measured
at econstant tewperature. From atmospheric pressure to 23

o

atmospheres the volume of gosg evolved per unit time did not

vary more than 5% from the mean, and there was no rsegularity

1t is evident that pressure has little if any effset
. . - ey et F ok end B4
upon the production of gascous products: this is significant

e s ey i, o B g B3 B e B D5 g
the are ouneration in liguld mediums.

R Y N ROl AR i SR S sl G AP

Diseusaion of these resulbs i reserved for o

later Seebion.
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Determination of the effect of

ressure nupon the discharge has been discussed as follows:
P it z :

{1) An apparatus capable of standing pressures

up to 30 atmospheres, providing for discharge operation atb
fx k ] S &

fd

all pressures with a minimum of interruption, was developed.
(2) The vise in pressure per unit time with
the discharge operating in a sealed system was determined,

the relationship being perfectly linear up vo 20 atmospheres.

{3) Direct collechbion expesriments showed that
the shove tests indicated a constant mass of gas evolved per
unit time, regawiless of pressure, within the 1limit of error

of the wmessurenmentse.
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G. Discharge Spectras
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An attempt was made to obtain spectroscoplce evidence
which might give some information as %o the mechanism of the
reactions baking place in the discharge:; this was unsuccessful.

The resulis, which at present do not appear to be of particular

)

'
g..sa

gnificance, are briefly outlined below.

Hilger spectrometser was

foicd

A standard glass prisp

k)

employed, using extra fast ¥odak plates. The

ol

iischarges wers
perated in a metal vessel with a thin miea window and exposures

of from 10 seconds o 20 minubes were made; standard helium,

2]

hydrogen and mercury bLubes were used for comparigon puUrposSes,

and the lines were measured by means of a travelling microscope.

TLiveing and Dewar® found the hydrogen end so~called

o

Ywater" spectrum @ramﬁﬁ@n% in spark disecharges in water and
water vapoursi they always obtained brzl gant bydrogen lines

when water was "dropped intoc the electric arc". The discharge
operated in watey however, ylelds no such specbra when carbon
electrodes are employeds no .Jdle&& on of hvdrogen lines was

sver observed on the plate, so that the discharge musi be of-
different nature to the air arc as employed by the sbove workers.
Iin agreement with Konen' two caleium lines 3934 and

3969 ® were observed in all under water carbon arcgiazcept

those with pure mercury slectrodes, metal arcs gave faint lines
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Copper electrodes in pure water gave briliiant hydrogen
red and blue lines {wavelengbhs 4861 and 6563 2), but this was

T,

the eonly direct indieation of the effect of fhe water.

Carbon electrodes gave a much weaker continuous
spectrum when operated in water than when in air, for a given
intensity of the prominent lines: reversals were frsguent, as

has been observed by numsrous invesbigators.

b

o definite gonelusions have bsen obbained from this



He Qurrent, Pobtential and Enerpy Relabionships,




In the last three years there has been a widespread

ifort bo wa?atc the current faector in some way to the extent
of the chemical reactlions taking place in various discharges.
Humerous workers claim very definite relationships have been

established in this connectiong among these may be mentiocned

"3 Eodgnsﬁeinﬁl and Brewsr and Qesthave?50, working

gators appear bhe more interesting when it is recalled that

»

workers at the beginning of this eentury were unanimous in
their decision that the current played 1little if any pari in

discharge reactions,

With the development of the theory of ionisation

)

pobentials there grew up the opinion that voltage was the

ot 48

gt

gontrolling factor in discharge re
49

m

Ons} §&ﬂ3bfbﬁ hi=Jdones
and Logiep condueted researches along this line. VWhile the
importance of volbage is now fully realised, it must be r@mémbered
that most discharges operate with space pobentials far sbove

the valtége reguired to produce the ions of almost any substance
which may be presenbt. Recent work has been directed, therefore,
towards obbaining some explanastion for the pronounced effects
ogurring with potentials higher than the lonising value, withoub
in any way discrediting the established theory that the prod-

uction of ionsg is the primary sssential.
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is mentioned previously Lz@ claimed that ﬁhe taction
‘of the cavbon are in water was of a purely thermal na%ﬁreg without
gdvancing any experimental proof. Preliminary work showed that
5 “"atei gas %quw librium" ' , which might be suspected from the
presence of carbon dioxide, monoxide and hydrogen in the gaseous

products, was hardly probable, so that a search for possible

slectrical effects ssemed indicated.

& study of the three factors current, voliage and
wattage, insofar as they affect the rate of the chemical
reactions talking place in the under water discharge, was made
and the “Vld@ﬁ@@vdbtaiaﬁé is outlined below.

o s Ry o, T e o SR S A S KT . Dok, N IR N AL R

1. Apparabus:?

Tt was decided to employ the method

of investigation outlined in Section "G%, Part (2), that is %o

say the p?iuct nle of measuring 2ll the factors simulbaneocusly.
during &  peried of s,waay are achion. A gonvenient method

of measuring the reaction rate rapidly involvss the use of a
sensitive flowmeter: Lhis proesdure was found to be satisfactory.

The type of flowmeber employed was essentialy the
aame as that discussed very fully by Ben%ﬁﬁﬁlg it was of very

gimple construcbion, being made up of =2 gapillary tube and

long manometer tubes. By the use of flexible connections
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menometer for the smallest flow rabtes: Hujol or similer oll is
raoommended by soms, bub olls have a high viscosity and gilve
slugezish response in the monowsbter. For the highest flow range

lery (and mervcury manomeber) was found best.

44}
]
&3
%)
3
Ly
]
E‘d
L-Jo
K.J
i““’”

alibration was garried Gﬁb with an air siream, volunes being
measvred by water displacement and btime with s stop watehy
perfectly linear curves were cobiained snd in no case was the

¥turbulenece” condition rsached.

ity

The eurrent and volitsse facbors were observaed on

i

ordinary meters so placed that almoest simultansous chasrvation

of meters and {lowmeters was pessible; ne time or othsr
messurements were required.

B i d

{2} The effset of current upon ths reactions
was aceurately debermined when it was Tound that ths voltage

seross the under waier carbon are gould be kept sonsbant to

auxiliary heating soll.



GAS FLOW
RATE
CC’'S PER MIN .

CURRENT
30 AMPERES

15

FIGURE X/II
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"he line resistance was altered bo give currents Ifrom
about 1 amperes to 32 amperes, the voltage belng constant at
& volbs approximatelys 1t appeared that this nobential was

neeuliarly suitable for constant measurements. The electrodes

the current being plotted ageinst the rate of flow of the

gaseous products. This curve noiiceably slopes towards the
vertical axis, but appears to be guits Evaetwg‘amd a marked
relaﬁienship between the gas flow and current is apparent.
Since the volbage was constant in these tests any notentlial

effects may be assumed Lo be constant,

The data ussed in this curve will be found in the

table on the Tollowing page.
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T ABLE  (13).

Discharge Current. Rate of Gas Flow.
1.8 Amperes. 30 ces./minute.
2.2 37
2ok - 38
2 .5 , 45
Dotk 50
3.6 54
4,4 85
5.0 115
6.4 | 145
7.0 : E 157.

8.0 172
8.5 - 257
11.5 350
14,0 400
15.0 | 500
17.0 ‘ 625
17.5 875
18.0 700

{(continued--next page)



{eontinued).

TABLE {(13)-

Current. Ra

Amperes.

te of Gas Flov.

715 des./minute.

750
750
775
- 850
975
1080
1200
1400
1450

1500

=105=
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By keeping the line resisitance sconstant and varying
the length of the discharge it was found possgible to vary the
potential across the are over a considerable range; the current
however, also changed with the volitage, and could not be kept
constant. It was believed that a series of readings of this
sort would give definite indication of the effect, if any, of
voltage upon the discharge, provided that the previously
determined effect of current wers kept in mind. In disceriminating

"

between the "thermal™ and Yelectrical® discharge theories 1t

is of importance also to consider the power or wattage factor,
since this represents energy developed in the discharge.
Experlmenis of this sort were carried out with the
gsame apparatus deseribed in the pgurrent tests sectiony the
gas flow was measured by means of the fla@me%ay and the current
and voltage airectWon meters, . It is important to record that
no voltages intermediaie between 4 volté {(approx.) and 20 volis
(avprox.) could be obtained with the carbon arc; it is believed
that the lower potentiasl is obtained only with a "shorted® are
which is entirely different in physical and chemieal nature to
the "econtact® are, although both are secured with the electrodes

2

in apparent contact. 4 disecussion of thl point will be given

later.
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Iin the following Table are given the data used in

dvawing Figures 144 and 14B. They are typical of seversl different

=,

rins with various line vesistances; all readings were obtalned

-

by variation of the are length only, and the temperature,
o _ ) b

pressure, electrodes, ebte, were the same in sach Case.

T ABLE (14) ,

Discharge Dischavge Inpub Rate of
Gurrent. Potential. Wattage. Gas Flow.
8.5 Amperes 40 volts 340 watts 332 eces./minute.
8.7 44 582 C o 200
9.0 45 405 3550

10.2 : 24 245 270

10.3 23 236 282

10.4 22 229 ig2

10.4° 25 260 270
11.0 22 242 275
12.5 4 50 15

C12.8 4 B2 18



GAS FLOW RATE
CC’'S PER MIN.

FIGURE XIV A”

VOLTS @

1

300 F0o0o
A INPUT WATTS.

FIGURE XIV B’

i i}

300 400
INPUT WATTS.




It is evident that no curve could be drawn for the
points given in Pigure 144, 3in wihich the Gas Flow Rate is
wlotted against both volbtage and wa tpage’ a clear relationship

g

is however, evident between the volitage and wattage. This
ig shown wra;h ieally in Figure 14B. Within the %e%iﬁeatai
error the equation of ﬁae surve ig simply:

W 5 koY,

Ees

where W is the inpubt watbtage and V the voltage across the arc.

It is obvious that within the range 20 to 40 volis
the pobenbtial scross bhe discharge hag no effest upon the rate
of ehemical reaction taking place in ity however it is most
probable that a minimum volbtage is reguired bto maintain a true
~ under éate? arc., This "eritical potential' is perhaps th
value neeessary to give a space potential sufficientiy great
to produce the ions whieh play a fundamental part in the arc.

AR A a4 U s WY o .

A general discussion of all the expsrimental work

presented here Tfollows in the next Section.
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S UMY ARTYS

Experiments on the effect of current,
voltage and wattags upon the discharge reactions have mads

possible the following conclusions:

1. &n almost direct relabtionship exists

between the discharge currvent and the "rate” of chemical

&

reactions baking nlace in the

-
b e

W

2. A certain eriiical voltage is regquired

fute

to produce true arcing under water; above this potsntial the

he

chemical reactions are enbtirely indepvendent of wvoltage in the

range studied.

S« The chemical reactions arve. guite indep-

ngz Bhis be sufficient to

Lty

d

‘... Far

i

endant of the input wabtiage prov

maintain the are.



THEORETIG
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Many caveful studies have been made of simple reactions
such as tﬁm digsseia%ion of water vapour and the synthesis of
ammonisa gas, taking place in sasily controlled "glow" discharges
and vet it wmay be said hét at present there is no complebely
satisTactory theory to acecount for all of the observed fachss
nor is it probable that all the important factors have been

°

investigated. Bearing this in mind, no attempt will be made

ey

here to advance a coumprehensive thsory of the operation of the
low tension arc discharge in water: it is fully realised that

x

the experimental work in this connection is far from complete,

fots

The low tension arc, even when opsratin ng in a vasuum,
s%11l presents a serious problem for the physieist; an inves-
tigation of chemical effects which may take plage in such a

discharge is therefore hampered by the lack of knowledge of th

2

purely electrieal aspect of its operation. Furthermore we must
ﬁénsi&ar that when the electrodes are involved in the reactions
we are faced with a double complication: first, ths eleetrical
characteristies may be completely chenged, particularly as

- regards the effeet of ﬁhﬁ?ﬁal slectron emission: and second,
any chemieal changes which take pléce as a result of the elect-

rical effects of the discharge may be "masked" or altered by

subsequent reactions of the primary products with the elecirode
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materisls.

¥

But these are not the only difficultises; with ths

fo

under water discharge it was goon found bthat the liguid medium

has a very great sffeet upon the discharge actlon and upon the
reactlons taking place in it. The chemical energies involved

are small compared to the heat given to the wabter. The arc

ure is very high over a considerable region, yet Lher

At
is a velatively very cold region in close proximity Lo the

The study of the discharge mechanism became naturally
divided into two branches: the ghysical 2ffeet of the liguid
mediuvm, and the chvmi al veactiongg this division is followed

in the following discussion.




1, Physieal Effects of the Surrvounding kedium:

the are in ligquid waber a high temperature is produced when the

stance of

"
{—Jo

electrodes are brought togebher, due.bo the great re
the irregular ends, and the formation of steam follows immedlabel
The areing no doubt takes place in steaw and other gases, but
géparaﬁion of the electrodes is not necegsary in order to main-
tain the discharge, as discussed previously. The most pronounced
effect is the conversion of large amounts of electrical ensrgy
into heat, and the mechanism by which this change takes place
"will be considered first. The theory outlined here has been

successful in explaining all the facts now available.

T . a : BD T S KD

Y

{a) Temperature Gradients and Ieat Exchange:

From
the very high temperabure in the arc vegion, which the pyrometer
showed existed over a considerable space, to the surrcunding
water there musé exist a well defined temperature gradient. For
convenience sssume the mean discharge temperature is 3000°C. and

the water temperature 0°¢. THow is the transition made between

these two exbremes?

|
("‘q

L2



,/A—3OOO °c

B 3000 —100°C

5L C Yoo stEnM . —
100° wATER

D 100°waTER —
O°WATER

FIGURE XV.
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Iin Figure 15 is shown a highly diasgrammatic and

"ideal” theoretical discharge region. Closely surrounding the
electrodes is the regiona® assumed to be at 3000°C., in which
probably only gases exist, exclus 1v§ of water VADOUT Adjoining
this region, and represented by the area betwesn the first and
second eircles is the region"B" containing waber vapour and gases
at temperatures ranging from that of "A" to 1000G°3 the boiling
point of water. It is an experimental fact that large amounts

of heat are transmitted from "AY o the cold surrvounding water
(assumed to be at 0°¢.). This transfer wust bake place via the

s

region €, much enlarged in the sketeh: in this heat energy is
transferred from sbeam at 100° op & little highse, to water at
1@00; that is to say the latent heat of wvaporisabtion is supp il a
to an infinite?? thin laver of water here. This water may or
may not vaporiss. It may, in theory, abscrb an amount of heat
insufficient tc vaporise it and lose this again to the nearby
cold watery but this is iwmprobable, and the true condition is

2

probably an alternation bebween vaporisation and condensation

e}

¢

baking place at 100°,

The water at 100° gonsidered above is in eontact with
a laysr infinitely nesr this btemperature, but slightly cooler;
thus the ehange from water at 100 +to water at 0° takes place

2,

n a eontinuous gradient, represented by the region "D%.

fuds



boiling point it escapes with the gases. Therefore the "statie
t exchange disgram of Figure 135 1s not csmplghe; we cannot
conzider that the region "B" is of constant size, made up
always of the same vapour wiich merely transfers the heat to
being removed from "BY by chemical
decompogition and by physical agitation and the sweeping effect
of the escaping gases. This sboam is supplied by the water in

"D, vaporised in the vegion "g%. OF course all these gradients

may exist in & very small volume due to the violen of the gas
and steam removal, and the rslative sizes indicated in the Figure
have no significance oxcent for discussion.

2

Te may now consider the rates of heat exchange in the
various g?adientsﬂ Conduction of heat from water at lGOO t0
that at 0° involves a considerable time interval for the heat
must "travel a distance®. But conduction, or rather transference
of heat from steam at 100° (kept at that temperature by a constant
source sf'hea%} to water ab 10@9 gcan take place without any
sueh time interval: the exchange ecan take place in an infinitely
small region with large amounts of heat transferred without any

‘rise in btemperature.
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Tt pust be remembered that a very rapld hsat excnange

rate will be maintained in the gradient "B” because of the large

. N S . PN o
ifference in temperature (here assumed to be 29007°¢,.}; this

u

e

ollews direstly from Newbton's law of cooling. Therefors the

-y

%

region "CY has aveilable heat which it may transmlit to the water

in conbact with it, thus vaporising the latter, at & rate much
greater than the water at 'C" transmits heat to the neighboring

.t o C .
layers and finally %o the region "DY at 07, This is th

e

maLn

e
(D

agsumpbion of the theory presaaﬁeu ners.

7+ has been shown that only a small part of the energy

absorbed by the discharge is used in chemical changes, the
greater part being expended in heating the water oy forming
steam, It has also bsen observed that apparently the size of
the very hot region A" depends upon th e energy input to the
carc. A logical extension of the gradient theOfy is that for
a given input energy there ig a given aresa of the spherical
(theoretieally) exchange region "C". This area is just large
enough to transfer the energy available continucusly to the

surrounding waters th

0]
o

sreater part of the snergy goes into
vaporising liguid, and a small part 1s directly conducted away
into the cold waber, 1f the input ensrgy is increased the
radius, andkarea of "% increases until 2 new "equilibrium”

condition has been reached,



Several deducitions follow immediatsly from the
theory outlined above:
1. The temperature of the surrounding

water has no effect upon the rate of heat exchange between

the hottest part of the arc region and the cold water.

2. The most important quantity of
energy involwved is the latent heat of vaporisation of waber,

'

because large amounts of steanm are formed in the arc reglon.

Ss A facbor of secondary importance is
the gpecific heat of watsr, since gll steam is Tormed from
water which is heated from the temperature of the bulk of the
lliquid up %G the boiling point: if the water is 211 at 100°

this factor completely disappears.

{(b) Thermal and Chemical Energies:

It was shown in
section "O" that practiecally all of the input energy was
accounted for as heat supplied to the waber and as chemical
anergy, the formsr far exseeding the latitsr. The exbtent, or
rate, of the ghemical resctions is tharefora & megsure of the

heat energy given to the water.
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The rate of chemical reaction is conveniently measured
by the rate of gas flow, at least in the eXperimental range as
yvet investigated. 1In tﬂe following discussion this relabtionship

will be made use of, insofar as the experimente are related to

ﬁa
g
o
c«‘u
o

hermal evergy evolved

i T o R o S o A WD o IR,

{e) In Section "FY it was shown that pressures up o

20 atmosvheres have no effeect upon the rate of chemical reaction;

N

regardless of the significance whieh this may have in regar
to the purely chemical veactions, the facts are difficult of

explanatlion exeept on the basis of the

poe

At -the highest pressure employed the btemperaturs of

the waber was kept consbant {voom temperature) but the boiling
' o

. B o 3 . ‘ : .
water was always at 0 °¢. {for convenience), this corresponds o
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water and its boiling point of some 125°C. Bubt no difference

e

I DR T , = b S o Ty . K B Ty 3 3 P
whabever was obzerved in the rate of chemical react

1,

on, whiech
feates no difference whatsver in the rate of neat loss %o

the cold water, considering the inpub ensrgy always uuﬁstante

This is predicted definitely by the gradient theory,
which considers the temperature differsnce in the rvegion "g-Df

in Figure 15 to have negligible effeet upon the rate of heat

exehange.



This vefers only to rates., What of the actual energies

nvolved? Vhen the boiling point is rvaised 125Y this move than

doubles the amounit of heat required to ralse a gram of water to
the boiling point, the water being originally at 0O° An oXeme-

ination of reference tables will reveallhawevef, that as the

b@mperature Gf the boiling point rises, the latent heat of vap-
orisation deereases. On page 114 it was pointed oub tﬁat both

specific heat and latent healt of vapo?isaﬁion must be considered.

To heat one gram of watsr from 0° to 100%° ang vaporise it at this

Lemperature requires the expenditure of 100 % 540 = 840 calories.

fer}

To heat the same amount from 0% to 225° and vaporise requires
225 # 446 % 870 calories. These two total amounts of energy
are almost idenbical, begause of the marked drop in the latent

heat of vaporisationg the figures ave approximats onl

o
»

The theory is thus in excellent agreement with the

experimental facts concerning the effect of pregssure, Further

ions are gilven bel

[
c*%'

applica

{d) Water Temperature and Gas Flow:

gas flow increased appr irat;ly b0%, but did not rise past

, 0 X . ,
over 100~. Reference to Figure 15 again shows that as the
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boiling point is veached the gradient "I" vanishes. This

radient doeg not affect the rabe of heat loss bubt it does

3
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afifect the amount of energy required To vaperise & gliven amount’
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nated only the labent
heat of wvevporisation is rveguired. Applying the idea expressed
on page 113, if less energy is required to produce a given
guantity of steam the spherical area of the gradient "¢"must
increase to keep the heat loss constant. At nresent 1t is
believed that the "volume" of the discharge region has a direct
influence upon the rate of chemical vsaction, so that the
ingrease i@ volume just mentioned might account fov the
increased gas flow observed. Thisg point will be further
discussed in the next Ge@&"@ﬁe

{e) water @eméeraiure and Arc Temperatures

In Section

"D it was shown that raising the water btemperature from 5°
to 100° results in a rise of about 1500° in the arc temperature

the gradient theory may be applied satisfactorily to explai:

Here we nust consider the region "BY in Pigure 15:
obviously the larger the area of 8" the larger the area of "a",
and the same applies to the volumes. The mean discharge temp=
erature as measured by thse pyrometer depends upon the extent of
the region in which the temperature approaches that of the very

hot electirodes. As "B" incresases (with increase in the water

e
®
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cllow, SO

2%3,3

3

temperature) an increase in the volume of "A" will

s oAt o
shat the mean temperaturs of "A" will rise.

This explanation may however, be incorrect; evidence
now at hand indicates that the discharge temperature, at least
in the region "A", depends upon the rate of the chemical reactions

only, and not viece versa as one wmight expsct.

an approXximate pleture of the conditions existing in the low
tension are discharge in water, and it has been suecessful in

ex;i»iﬁiﬁg gualitatively the experimentel facts available.

o LGB K S $OS. Aore e
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2. Nature of the Chemical Heactions:

realised that the svidsnce is incomplebe it is believed advan=

agéous to theorize regarding the nature of the chewieal changes

[}

ﬁaznﬂg nlaee in the discherge, with particular attention bo the

hers between the thermal dissociation of water and Lhe thermal

eaction between water and the elecbrode materials. On page 69

high temperatures was reviewsd: it is obvious that at %h@ temp=
sraturss cbtainlﬂw in the under water discharge there would be
consiésrahle dissoeciation of water wvapour into its elements.
Becombination on cooking would be pravented by union of the

N

oxygen with the carbon of the sleetrodes, the hydrogen escaping

free; & test of such & theory would be the relationshin bebween

Y

ons ab aor

tde

the rate of the react stant eonditions of slectrical

input energy, asnd the tenmperature of the discharse.

A eritical examination of %ig res {(6) and (10) will

3, . 3 ‘ & = Q
show that a rise of 15007 in discharge temperature results in
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nerease of about 50% in the rate of the reactions, these

44

o
o
i

and others have ghown

e

being approximate figures only. Bjerrum

w
&
ety
i)
[e]
b
1O
w
[92]
0]

that in the vegilon 20007 o DOUQ a rise of 500°
the dissociation of water vanour more than 400%. It does not

seem possible therefore that the thermal dissoecisbion theory

explains the reactions ocurring in the discharge w“tlsfactori Vs
nevertheless such dsecomposition may be a pr ali%Lma:gAi& other more
important and extensive ahaﬁges.

The gsseous products are of such nature that at first
the actlon of the are was cvonsidered to bs purely thermals that

is to say the earbon electrodes were heated to a2 high t@mperaturé
and reacted with bhe water dirvectly givimg rise to & "water-gas®
equilibriun. This eqguilibrium has received much atiention for
many years and was Ffound to be econveniently expressed by th

following equation:

Y60 % Cugo

it

31 gy
('}; O
2 Cf}f)
in which ¥ is the sgullibelwuwrn consbtant and the other

terms a2re the goncentrations of the variocus componsents. The

value of ¥ has been the subject of mueh dispube but its variation
: s R < SR .
between 1007 and about 100070 is fairly well knownji at higher

temperatures the uncertain wvalues of the speel ific heats of the
gases involved make the thermodynamical czlculation of the

consgtant of little use. BRecgent work lﬁdlC&t@S that the reactions




mple as previcusly believed. Langmuly

are noet as si nointed
out that a surface rveaction was intimately involved and Ehead

and Wheeler®® found that an unstable complex c¢arbon oxide was

one of the intermediate products: the latier view was held by
- £ . :

Lowry and Hulett™  and seems to be gensrally accepted todaye.

7,

g whieh tend bto the belief

3

Fa
g

fe

Haber®d advances %ﬁlﬁe various arvgume
that the value of "K¥ changes sizn at about 2800°C. at which
temperature the heat of the (net) resction Decomes acbually
positive, iaﬂtead of negative ag it i at ordinary btemperatures.
Thiele and Haslam®® investigated the steam-carbon reaction st

te Wﬂséatuﬁas over 1000%C. with four different types of carbon,

and found considerable difference in the eguilil:

[
-3
poe
ot
8
ik
]
o
0
1753
}.3
s

each case; bhis is of gourse quibe conitrary to convenii onal
thermodynamic theory. Furithermore these workers found ithe
reaction with re%or@ carhaé to be of a "negative" order, since
the amount of ste&m~ﬁecompeseﬁ incereased ag the pressure was
decreaseds also, the reaction rate doubled for a 30 rise in

. PN ¢
temperature when abowve 1000

There is definite svidencse that the resctions in the
are are not related to the water-gas a¢

vineing is the fact that the resction rate is not greatly

fede

aifected by the discharge btenmpesrature. Nor do the concentrations

of the various gases correspond to those in the thermal




veachion. The acbual caleulation of the constant ¥* from the
analysis of the discharge p?odactg has nob yvet been made with

any acouraey, because of the indeflinitensss of

feds
o
o
G
]
&
e
&
fe
(6]
ot
]
3

“ﬁﬁzﬁﬁs this corresponds to the concentrabi
vapour aetually taking place in the reactions ang this guantity

ig not easily debtermined.

Two recent papers deserve comment here. Peters and
Kuester® investigated the reaction between carbon dioxide,
monoxide, waber and hydrogen in the elscirie discharge; high

voltages and low bemperatures were swploved, the »Pressures

55 than stmosvheric. A definite current relabtionship

o
&

FRRIN

being
was obssrved and the vroducts were found to be vaery different
from those ecaleulatsd on the basis of the thermal theory. On
the other hand Lefbvre and ﬁcntagne57 {whose original paper has
not been egamined) Ffound the eguilibrium bebtween carbon dioxide,

monoxide and oxygen, in the discharge, to agree perfeetly with

£
L*S
Ha

the thermsl date. It is difficult bo zes how they arrive ab

this soneclusion, since the experimental methods employed hav

’

loeng bheen known to give erroneous resulis, Xnox 0 raviers the

experimental work done on the nitrogen-oxygen reaction in

&

various discharges, and shows that the esiimation of spark
temperatures, assumpbion that the products are instantly "ehilled”

ané other early mistakes, led to false conclusions.




nave been found

59

o

in-the products of the under water dischaTlge. Pring and Hutbton
obtained such nroducts by heating earbon and hydrogen to a high
vemperature but some consider the hydrocarbons Lo come from

impurities in the carbon and not from any reaction. Their

formation in Lhe discharse wmay possibly be due to either or
I, o * By 5 . P _ ] P E ey 2 A% % 3 et S P
B of these factors. and there ls no evidence in this conn-

gction at present.

SR e g A A Ay AP D Al AN G . N T S AT OAOR WA

CORGLUSTION :

Bevond

egiocn of the

ciation of water vapecur in

o

ary reactlion,

a probabllidy,
claimed that thermal reactlions are the most

possibly they asrs inappreciable comparsd to the

S R

affects.

. e, TR OR VD, oo A W
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{b) The Electrical Theory:

Shipléy and Goodevel? nave
reported volumes of hydrogen evolved in excess of 1000% of
the amount predicted by Faraday's law for the currents employeds;
but with the low tension are with carbon electrodes the excéﬁs
may reach ten times this figure. It is evident therefore that
the elsctrolysis law does not apply to discharge phenomena.
Early workers abandoned the abttempt to obtain a current-yield
relationship but recently thers is a gfﬁwing.beli@f that bhe
current is a fundamental factor. It is known that the current

is a measure of the lons rsasching the slectrodses, whicgh in

¥

-

certain discharges are relabed to the botal ionisation. But at
best the relationship is wvariable and it can only be said that
in some cases the chemieal reaction rates, insofar as they are
dependent upon the extent of lonisation, are functions of the

current in the discharge.

1t was shown in the preceding section (a) that thermal
dissociation of water vapour probably takes place to a consid-
srable extent in the discharge. Bubt the intense ionisation

in low tension arecs would be favorvable o the slecirical

2 variety of ions. Even if we consider the drop in potenitial

to be uniform throughout the are length, the gradient must be
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“in excess of 300 volits per centimeter, since the length of the
arc rarely exceeds 1 millimeter. Such a gradient 1s sufficlent
o produce many ions from the substances available in the arec,

as gshown DY Senﬁt&eb@ﬁ_aﬁd Rehren56 and Bleakneyél Alsc, the
hydrogen and oxygen produced by therwal decomposition might

ome ionised by the electron sitream, these ions subsequently

o'
S
2]

attaining sufficient velocity in the arc field to bring aboutb

further decomposibion by collision.

The elose dependency of the rate of the wsactions
upon the eurrent (Section "HY) is very indicative of the

electrical nature of the primary rsactions inder52 points

4

cut the faet that careful work done with nearly every type of

Ec/

discharge and gaseous reactlon has shown such a relationship.

The reaction of the oxygen with the carbon of the
electrodes may of course be a purely "thermal®™ reaction; bub
evidence which is not yet complete tends to show all the oxygen
or the garbon, or both, is ionised before the reactions take

place. At any rate the fact that all the oxymen is found in

>
3

tis

g an indicai ion that thes reactions

ot

combination with c¢arbon
take vlace at or near the elsctrodes {(where the potential
gradient is greatest); some free oxygen would almost certainly

be given off if the wabter were simply thermally dissoclated.
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An interesting fact is that the electric discharge
through water vapour has been known to produce the so-called
fwater® bands and lines, and Xonen® has observed these with

. = - &1 '
under water ares. %3%303 has recently shown these bands to
652 : ,
t have demonstrated

how extensive the produetion of these lons is. Loziar49

be dus te the Qﬁ% ion, and Barbon anﬁ Bartlet
onsiders
that the formation of the OH particle 18 & necessary step in

the dissogiation of water vapour, and considering these f
it is posgible that the ilonisgation in the under water are wmay
result in the produection of H and OH parbticles, variocusly charged.
Hegative OF ions might reach the anode and there reaet with the
elsetwéde materials such veaction might explain the production

* compounds discussed in Section "BY, parts 2 and 3.

of "hydroxidic
Even graphitic oxlde may be hydroxidic in nature since its
oxide shruchbure is purely hypothebical at present, and some of
its hydrogen is wvery tenaci uslv held: Hulett and Nelso dia
ﬁé% gonsider this possibility, although they could not Temove

all the hydrogen from this eompound without explosive degompos-

ition. Hore evidenes in thisz connection mayv be obtained later.
o

There is also the possibility that photoghemical

1.

reactlons play a part in these ares, since under waber dls charges

)

have long been known to be sources of intense, low wavelength
radiationg. There is no evidence for or agalnst this theory
at presenty however no products (aldehydes, ketones, ozoune,

hydrogen peroxide, ete.) usually assoeciatéd with photo action



=127~

have been detected, although repeated tests have been made.

Sy st B MY T, W WD i e il

CONCLUSION :

The esvidenee ab present available is
all in favor of the electricai’dissoaiation %heery, although
no a@%empé has baan made to diseriminate between the various
sonisation theories outlined on Pages 25-27.
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