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9.
Pavrt T Introduction.
Section 1. s
Historical.

Ain alternating current when paSsed'through an
eleetrolyte‘by means of electrodes will, under certain
conditions, produce no visible decomposition of the
eleetrolyte on these electrodes, While under obther con-
ditions, rapid decomposition tekes place. The gases
produced are found to be violently explosive, so nmuch
so that the dangers of experimentatioh were complained
of as early as 1837; at which time some work was done

by De la Rivee.

The first work of importance on the subject
of alternating current electrolysis was performed by
Manenvrier and Chappius (1) in 1888, The following
extract is taken from their work, which was chiefly of
a qualitative nature, "... for every platinum electrode
of a certain size there is a current below which there

is no evolution of gas. On the other hand more and

mere gas is evolved as the current strength is increased.

In every case chemical analysis has shown that the pases

st either electrode have the same composition. They are

in faclt the gases of water, forming an explosive mixture
but in which oxygen forms less than & third of the total
volume. Moreover, bthe volume of gas liberated per am-

pere minute is always more or less under the theoretical
quantity of 104 ces.,# whick would under similar conditions

1

%gpparently misprinted for 10.4 ccs.



be evolved by a continuous current." They suggest that
the difference is due to secondary reactions, and noté
the @resence of ozone in the liberated gases.

Certain work on'this subject was also per-
formed by Ayrton and Perry (2) and by Zennelly (3)
but their‘results were uninterpreted and are of little

value.

The first theoretical discussion of impor-
tance was made by Mengarini (4) in 1891 who was the
first to build up the laws of mane&vrier’and Chappnis
from the consideration of the elemental waves of an
alternating current. It is unfortunate that his work
~contains several apperent inaccuracies which affect
the value of his résults, He derives an expression
for the electromotive force of polarizéﬁion which
gives a sine wave in advance oI the cufrent wave btt

gives it twice the period of the current wave.

Hopkinson, Wiison and Iydall,(5) two years
later give their experimental determinations of ﬁhe
velstion of the potentisl difference wave to the curr-
entlwave. 211 their curves show that the current

lends the voltace by a large phase difference, which

faot does nob agree with the treatment of Mengerini.

In the same year (1893) Melagoli (6) mede

s contribution to the theory of sltermabting current

10.



electrolysis in which he develops a formulse from which
ecan be evolved all the laws given by Mengarini. Further
reference will be made to thig paper in the theoretical

discungsion in tThis thesis.

Of more recent origin we have the work of
Marsh (7) in 1920. This work is not of importance to
the researdh of thig thesis, being concerned chiefly
with the length of time, under varying conditiomns,
‘reguired for platinum to become’sufficiently coated
with platinum black to prevent the evolution of gas.

His results anpear to be poorly interpreted.

Reference is also made to the wark with 1éa&
electrodes by Sheldcn and Waterman (8) and to the
work of Cooper (9) in which he shows the similarity
of the phase difference between the voltage and the
eurrent to & capacity effect such as in condensers.
In a condenser circuit the current leads the voltage

which is as found by Hopkinson, Wilson and Tydalle.

It is a noteworthy fact that the early
workers on this subjeet take 1little cognizance of

the work done by their co-workers on this subjecte.
2. The Origin of the Investigation.

The application of electricity to heating
problems has again brought up the subject of alterna-

ting current electrolysis. In the water-resistor type



(1)

(2)
(3)

1 gcﬁ

of electric boiler, which typesfinding @ide spplication
because of its simplicity and economy of desigm, heatb

ig generated by passing The electric current by means

of iron electrodes through resistent water. Decomposition
of the water means loss of energy, but, that which is

of greater importance, ﬁhe presence of the products of

the electrolytic decomposition present an explosion.

hazard which has exhibited itself on seversl occasions.

The existence of such a danger was &t Tirst denied but
the work by Shipley and Blackie (10) gave conclusive
evidence to show that hydrogen and oxygen are produced
in the tyres of boiler used commercizally. Blegbrolytic
gases Were‘found by them Tto be produced with a large
number of tyves of electrodes end the rate was found to

increase near the boiling point.

The present research was commenced'with the
object of discovering the faetors which affect the rate
of slternating eurrent electrolysis, whereby these
faetors could be so controlled as to diminish or to

entirely eliminsgte the decomposition of the electrolyte.
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Part II. Preliminary Txperiments.

1. Experiments with Platinum.

To arrive at the fuﬁdémental reactions of
alternating current electrolysis the investigation was
commenced with platinum electrodes. Two pieces of plat-
inum foil of dimensions, 1 by‘2.5 by .0063 cms. were
sealed by means of platinum leads, insidefzi glass tube.

An air—cooling’jacket, a reservoir and a tube for collecting
gases were connected to the electrode tube at the ends;
the Whole resembling & miniature hot-water heating gystem.

The electrolyte was natural water.

Thirty-five experiments were carried out with
this apparatus of apparent current density verying from
0,03 Amps. per-sq; em, to 0.1 Amps., and at different
temperatures. Hydrogen was found in 811 the gases that
collected., At low current densities no gas collected.
Gas was first produced on the sharp corners of the elec-
trodes and at higher current densities on the edges. In

no experiment of this series was gas produced on the sides,

A second series of ten experiments were carr-
jed out with diluted sulphurie acid as the electrolytes.
The apparent’current density was successively inereased
from 0.1 Amps. to 0.33 Amps. In no case was gas produced .

The platinum became coated with platinum blacke.
2. Bxperiments with Carbon.

4 similar apparatus was seb up using flst carbon



electrodes. Tweﬁty‘exﬁerimenfs were carried out at
Varyimg currents and temperatures. As in The series
with pletinum gas was first evolved from the corners.
At higher currents it was evolved from the edges and at
still higher currents it was evolved from the sides,
The gases onAanalysis showed the presence of hydrogen,

oxygen and carbon dioxide.

An spparatus was designed in which ten carbon
rods projected through a rubber stoprer into a spherical
glass jar. The usual type of cooling system was installed
but on a larger scale then the above. When the current
was passed through the carbons which were connected
alternateiy in parsllel and the electrolyte, & copious

evolution of gas took place from the projecting ends.

3 Importance of Current Density.

The above experiments indicate that electrqutic
gases are Tirst produced on projecting points and edges
of electrodes, and in larger quantities than on the sides.
The natural conclusion to be drawn from these observations
is that the current density, given in amperes per square
»eentimeter, is greater on these projecting points and
edges than on the sides. This is born out by the fact
that although the path of the current between’two points
on opposite electrodes may in some cases be 1onger than
befween two sides, the %Qlume of the electrolyte through
which the current may pass is much greater and the resis-

tance along this path will be less than along a path
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petween the sides. The larger part of the current will

take the former path which means o greater current density
on the points and edges.
These experiments have indicated that the pri-

mery factor in the production of gas by alternating

current electrolysis is current density.
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Part III. Uniform Current Density.
1. Introductory.

The variatioh of current density over the
surface of the electrodes has been totally neglected
kby early experimenters. Values given by some are of
little use, ‘others give no values. Mersh (loe cit)
briefly mentions arvariation‘of current density to
explain an anomaly iﬁ his result. The preliminary
experiments of this resesrch, having shown that gas
ig first produced at thé places of high current den-
sity, showed also that no progress could be made with-
oub a design of electrode on whiéh the current density

is as nearly as possible uniform over the surface.

2. Bouipotential surfaces and Current Density.

Imagine two identical spherical electrodes
in g uniformly conduveting eleétrolyte, at a distance
apars great‘as compared with their diametef and with
a difference of potential between them, This difference
of potential may be continuous or alternatiﬁg without
influencing the reasoning. The boundaries of the electro-
1yté are at & great distance from the electrodes as com-
pared with their diesmeter. All points on the plane per-
pendicular 1o the line joining tﬁe centers of the elechrodes
and at the point of biseciion of this line will be atl The
same poteﬁtial. No work will be domne in moving a body
from one point to another, and if any two points are

connected with 2 conduetor no current will flow.



This plane is an eQuipotemtial surface. All other equi-
potential surfaces will be in the shape of spheres
approximately concentric to the electrodes. 4n analogy
is seen in the ordinary text-book example of equi-
potential surfaces about a single, charged, spherical
conductor in & non, conducting medium. The proximity

of the second electrode causés a distortion of the
concentrice spheres which distortion inereases as the
_distance between the electrodes decresses. Thevcentral

plane is esgsentially a sphere of infinite radius.

The current density at any point vaiies inversely
s the distance to the neavest equipotentisl surfece. If
the resistance of the electrodes is negligible their sur-
faces will be eguipoténtial Suffaeés. Frdm'the abdve’
reasoning it is seen that the current density on the
surface;of the sphere will be uniform if the negrest equi-
‘potential surface is concentric To the sphere, and the

uniformity depends on the comngcentricitye.

The above conditions are ideal, and cannot be
obbtained experimentzlly, but their consideration is nec-
essary in order that necessary deviations from these

conditions may be better understood.
3, Uniform Current Density with Circular Blectrodes,

Imagine two cireular dises fitlted tightly in the
ends of a eylindrical vessel with insuvlating walls the
space between the electrodes being filled with a uvniformly

conducting electrolyte. The discs are parallel and have

18.
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2 difference of potential. The equi-potential surisces
are parallel planes 2nd the conditions for uniform current
. Sl S, Sl ;

density are satisfied. No pdbulation is necessary &s To

reletive dimensions, 28 in the case of the spheres,

An appaeratus. was éohstructed using this prineiple
on the design shown in figure 1. A and B are the two
plabinum electrodes, To which connecilon is made by the
_ )
mercury rtilled afms. The gas collecting trap with a
thermometér, is shown above the electrodes. The electrolyté
flows through the trap to a water cooled tube and back into
the base of the electrcde chambers Any gases that are vro-

duced collect in the tube Ga

The experiments performed with this apparatus
will be given presently. The opposimg factors to uniform
currentb denéity were, the inlet and outlet, the impoSsibility
of obtaining perfect fitting electrodes and the temperature
variations. The latter defect, which causes a violation of
the condition given above of & uniformly conducting electrolyte
and the limited range of its use, caused the eventual discard-

ment of this btyve of apparatus.
4, Eoui-potential Tines snd Current Density with Rod Electrodes.

Returning to the experiments given in Part II. section
2, with carbon rods as electrodes, 1t was found that gas evol-
ubion Gook place on the ends of The electrodes, where it is
assumed the current density was grester. The simpler’casé of
twe rod electordes projecting into an electrolyte Through an
insulating substance, and g cross-section of The equi-potential

s

lirnes thet would exist with o difference of potential across
o
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the slectrodes, is Shown in figure Z2a. Exce?t for upper
boundary 4 B, the bounds of the eleetrolyte are not shown,
and are considered to be iﬁfinite. The rods are parallel
and the ends of the electrcdes are hemispherical. This
is similar To the one which occurs in the commercisl tyve

of electric boiler in use at the time of writing.

The resistances from the projecting ends C and D
0F the electrodes are less than on the sides, and the
equi-pobential lines are therefore much closer together

on these ends. High current density is the result.

Tne evaluation of the absolute current density
on such & point, rounded for simplicity, would be &
difficult matter, snd could only be obtained by means
of complicated integrations. There is no doubdb but that
it would be found to be related to the cuwvature, the
greater the curvature the .
greater the current density, and the current densily
wonld be a minimum when the curvature is zero, that 1s on
g flet Suiface;‘ Tt is estimated that the current density
on 2 sharp point may amount to many hundred times that on
the'flat surfece. It is nécessary to note here that,ﬁhe
direction of the point makeg no difference to the current

density as the current will travel through &2l1l possible

paths from one electrode to the others.

5. Shielded Electrodes to Obtain Uniform Current Density.

wrom the above experimentsl work and consideration

(N

of the equi-potential limes about electrodes, the final
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design of electrode, which was used with modifications,
throughout the remainder of this research, was developeds.
A combination of the two theoretical cases given in
gsections 2 and 3 of this pari was designed as. shown in
figure 2 b. In this design two identicel cylindricel rod
(or tube) electrodes are projected from one4flat insulsbtor

to another, at & distence epart great as compared with

their diesmeter. The eylinders may be of any convenient

diameter snd are parallel to one anotker. The insuvlating
nlates are also parallel and their boundaries &are at a

great distaence as compared with the diamever of  the eleetro&és.
o part of the electrodes excent that between the plates ig in

contact with the eleetrolyle.

The equi-potential surfaces will be approximately
concentric cylinders &s shown in the Tigure. These sur-
fsces are shown again in cross-section in figure 2c. This
cross-sectional view ig identical to & cross—section of

the case of the svherical electrodes of
section 2 of this part .

Confirmation of tﬁe produetion of uniform current
density by this method was not forthcoming until a later
date, but will be incéluded here to complete thigs part.

Using & type Bf apparatus of the above design of electfo&es
it was found that on inereasing the current density from
zero, gas was (generslly) first evolved‘from.oertain points,
These points were not particularily loecated hut seeme& to

Te due to loeal metallie differences on the surface. Tn all
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cases Lhese traces of gas were followed on & slight increase.

of current by =& generel evolutloun over the surface.

A qﬁantitath% proof of the uniformity of current
density lay in the corrosion of the electrodes. The rate
of corrosion was found to inerease with an increase of
current density and to be roughly proportional to it. When
one part of the Tod eleetrodes for scme reason corroded
away more than other parts, the current density was increased
on this narrower part, causing greater\corrosion and eventu-
ally cutting it in two. In the experiments with apparatus

hove design, the corrosion was fourd to be very

I

using the

;o

v

uniform, @nd in one case the electrode, although 86 per
cent corroded away, did not vary in diameter more tThan

3

two-thousandths of a centimetre over ils entire surfaces.



Part IV. Experiments at Tow Current Density..

1. Platinum electrodes.

Using natural water in tihe appara%ﬁs as
desceribed in Part IIT. section 3, and shown in figure 1.,
five experiments were pertformed at the boiling point and .
gt current densities from 0.05 Te 0.13% amps. Per Sg.Ch.

The duration of each experiment varied, the aggregate of

the five being‘185 hours. The residusal gases were snalyzed

by zn appersius consisting of a eudiometer, a Hempel's

pipette with sodium pyrogallate to remove the oxygen, and

a pallsdium tube to remove the hydrogen:

In all of these experiments the analyses
indicated the presence of itraces of hydrogen. The 0Xygen

content was low.

With an eleectrolyte of approximatde y 0.0003 N,
Gelcium sulphate & series of twelve ex;erimentsfat graduaﬂy

decreasing currentidensity of from 0.1 to 0.016 amps.,per'

Sd. Ccme. In all cases evidence of the production of hydrogen
was obtained, although in the lower current densities the
rete was very low. The final experiment operated at a
current density of 0.016 for 150 hours and produced 0.7 ces

of hydrogen as found by analysis.

The production of hydrogen on platinum at such
low current densities was found to be in distinet disagree-

ment with subsequent resvplts with platinum in which it



was fouﬁd that a cﬁrrent density of 0.75 amps per

SQ, cm; ﬁés mecéssary té ?rodﬁce any décompositibn.
lack cof vniform current density in the above apparatus
might partly acccunt for The differencé, but the dis-
agreement is too great. The more probable error lies

in the gas analysis.
2. Iron Wlectrodes - Apparatus.

The above apparafus had a very limited range
and its experimental psefulness was limited. An
apparatus on & much 1argef scale was eventually dev-
eloped, after considerable experimentael difficulties
had been ovéréomé:. The final apparatuskis shovm iﬁ
Plate I. (see fIOﬁulsplece) Uﬁiform dnrrémt'denéiﬁy
was obtulned using the . prlwewm78 ouullned in Part III.
sectlon 4, The electrode ﬂbambev was é lass bulb
and oontaigea six electrodeg of m11d steel ( carbon
content 0.174%). Each electrode was ezoosed to the
eiectrolyﬁe for 2 dlstance of 19 cms, and thelr dla-
méterywask0.68 oms; The eiectrodeé.wére plaoed’ih'a’
cirele and the ends of each were protected by a2 large
rubber stopper 2t the top and bottom., TLarge bore
eonnections Tothe clectrode ohamber for the flow OL
the electrolyte were provided. . Each electrode was
_conunected to a switch on the distributiag bosrd, by

which any cocmbination of electrodes cculd be connected




through the ammeters and resistances (not shown) to
the switeh-board. A voltmeter, pilot lamps, cut-ocutbs,

~etc. were ineluded in the electrical set-up.

Above thé electrode chamber was placed a
specially designed gas trap. The electrolyte on enter-
ing the trap was given a circular motion, by which
the gas was oentfifugallj forced away from the elec-
trolyte outlet to the gas colleeting apraratus. The
gas collected im a pipette and could be drawn off into

~a gas bulb for analysis.

The heat developed in the electrode chamber,
was used up by passing the electrolyte through Water—
jacketted brass tubes comnected in parallel. The flow
of tap water in the Jackets could be accurately controlled.
The electrolyte flowed, as in a hot water heating system:
by convection. A reservoir took care of the expansion
and formation of steam. A4 small thermometer.was placed

in the electrode chamber and im the gas trap above.

Tc maintain the high temperature at lower
currents the whole apparatus was encased in a heat-
proof box and auxiliary heaters in the box prevented

radiation.

With this apparatus readings were sometbimes

taken over & considerable pariod, which necegsitated



it being operated unattended. A certain element of
danger existed in the possibiliﬁy of explosive gases
collecting in the electrode chamber =and ceusing an
explosion. A more immediate danger lay in over-heating.
An over-night increase in the line voltége, a change

in the rcom temperature, or, as haprened seversl times
a slow leak in the rubber connections which would lower
the electrolyte to such an extent as to prevent its
flow, would umbelance the conditions vhich gave steady
boiling, and cause 2 violent and dangerous boiling

which would damage the apparatns,

These difficulties were eventually overcome
by a glass.float in the reservoir, by which any
elevation or depression of the level caused the’per-
manent cutting off of the curremt. A dangerous coll-
ection of gas would raise the level and disconnect the
power. Alﬁhough lessening the danger this automatie
control was inconvenient as on innumerable occasions
experiments were incompleted owing to the action of

Tthe cul=-0ff,

The gases were analyzed by a Burrell Precision
Gas Analysis Apparatus. The oxygen was absorbed by
potassium pyrogallate until a c0ﬁstant volume was
obtained in the compensated buretie. HYdrogen was
removed by passing the gas over coprer oxide at 28000.,

until no further decrease in volume was observed.
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3. Iron Tlectrodes - Experimental.

The above apparstus was filled with 0.001 I,
sodium hydroxide, snd electrodes 1,3, and 5 were connected
acainst 2.4 and 6 electrodes, bThe electrodes belng num-
bered around the apparatus. The resultant gases, after
operating at the boiling point, at a currect density
of 0,037 amps. per sd. cm. for 54 hours, contained less
thaen two ces. of hydrogen. The electrodes at the stert

had & metallic Iuster bub soon became dark with corrosion.

Despite numerocus accidents, fifteen complete
experiments were carried out at current densities start-
ing from 0.025 and increasing successively at intervals
of 0.01 up to 0.2 amperes per sg. cm. The strength of
the elotrolyte was ineressed to 0.005 N in the latter
part of the series. The number of electrodes used was
decreased. Steady boiling was msintained throughouty
an exreriment and the duration of each experiment aver-
aged about twenty hours. The gases that collected were
residues from the’steam and in no case was hydrogen
detected. The analyses averaged about‘90% nitrogen and
107 oxygen. This is evidently“due to air having brought
into the system and part of the oxygen having been

combined with the irou.

These experimernts indicated that eleetrolytbe
decomposition by alternating currerts does not take place
at a current density of 0.2 amperes e r square cenbimeter

and belowe
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Part V. Wxveriments at High Current Deusities.

T ApparatusS.

The apparatus deseribéd in the last chapter
Was'very efficient in the collection of gases. The

---------- chance for éscape of gases produced in the system wasg
small and the only air which entered was that which

diffused through the pipe to the reservoir. On the

other hand the range of current densities at which it
conld be operated wag limited, and The temperature, an
importent factar in the proﬁuction of cas,was difficult

to contrel. These led eventually to its abandonment.

An apparatus Was developed, after repeated
trials, by which the temperature couid be accurately
controlled, and which was capable of being adapted to
an almost unlimited range of current densities. The
apparstus in its final form only, will be described.

This is shown, except for & few minor alterations in

Plate II. (see frontisyiece)

The same method of o%taining uniform current
density was used with the exception that the electrdes
were on Separate pairs of insulators and situated some
distance apart. Observations were made on esch separ-
stelv. A four litre Pyrex besker acted as the electr-

2

ode chamber, and the gases , when prodvced, were
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collected by a pair of cones and a bulb, and were
drawn off into & eudiometer tube, situated 2t some
distance from the heater to keep it ét room temper-
sture. The whole gas collecting apparatus was filled
with the electroiyte. The volume of gas »roduvced was

measured in the eudiometer. These parts of the app-

aratus are shown in figure 3.

The heat generated in the electrolyte was
removed by water circulating in a copper cooling
coil (wound st an angle to save space). An elsbor-
ate set up was required to maintain the tempe rature
constant or to rapidly change it. A mercury filled
thermostat control of the usual design, was built
to zive 2 range of from 0°C to 100°¢ but to still
have & high degree of sccuracy. This controlioperated
a reversing relay, of a srecigl design To overcome the
effects of arcing. The reley controlled the current
to0 & solenoid which in bturn controlled the water
supply from the constaﬁt pressure reservoir to the
cooling coil, excent for a2 thumb-screw controlled
by~pass. The whole temperaturé controlling system
was easily adjusted to meet the conditions in the
electrrde chamber. The Pyrex-beaker rested on an
sir-blast gas furnace, by which the temperature

conld be repidly raised.or the furnace could act

32,
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as an auxiliarj*heater to maeintein high temperatures.
An guxiliary electric heater of commercisl use was
immersed iﬂ’the electrolyte. Thermometers were inserted
at several points. The electrolyle was maintained at
a uniform temperature by a mobtor stirrer. Some diff-
ieulty was experienced in céntrolling the speed of
the stirrer, owing to the under-load on the motor.
’Uniform'speed was very essential., This difficulty
was eventually overcome by the use of an adjustable
brake-band load and & governor of the centrifugal
brakiﬁg typee. The res?ltant heating of the mobor

necessitated cooling by an air blast.

One of the distinet features of the apparstus
was the case with which the electrodes could be re-
moved, despite tTheir crowded guarters, fox xaminaﬁion
and measurement. The entire temperature controlling
and heating system connected with the electrode
chamher,ywere claméea togéther in sueh a way that
they could be removed clear of the apparatus and

replaced in exactly the same position in one motion.

Electrical connection was made to the
electrodes by copper wires through glass tubes and
soldered to the electrodes iﬁsidé the insuleating
rubber ends. To avoid differences in current den-

sity due to the resistance of the electrodes,




conneetion was made to one eleetrcde at both ends.
Tests showed that the error introduced without
this double connection was inappreciable. These

connections can be seen in figure 3 .

The wiring diagrem of The apparatus 1is
shown in figure 4 . The elecirodes were connected
to swiﬁches-on the distributing board the power
. on which was controlled by & timing switeh. The
power could be controlled by hand or by slectric
relsy, and its durgtion was timed by a stop-watch
to an acecuracy, in exveriments of short duration,

of one-tenth seconds

Three ammeters of ranges 0.2 to 1.0, 1.0
to 5.0, and 3.0 to 15,0 amperes were connected in
series, with shorting switches across the 1oﬁer
range ammeters. This gaVe acgurate readings over
a wide range of current. The strehgth of the
current was controlled by & series of tThree var-
iable rheostals of maximum resistences 4.5, 60,

snd 600 ohms. respectively. These were conn-
ected to an arrangément'of switehes whereby all
possible eoﬁbiﬁatiOﬁs of the resistances could
be conneeted into the eircuit. The resistance
of the total bank could be varied from 0.0% ohms.

to 664.5 obhms. repidly or in very small steps
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as desired. & voltmeter was connected to the
electrode leads to give the difference of poten-
'tial. The remainder of the circuit consisted
of pilot lamps, cubt-oubts, switch-board, etc.
Suitable 1ighting-arrangements were provided

for observation of the elecirodes.

Experiments carried oub at low btemper-
atures required an ice-brine mixture for cooking.
A temperature of - 129¢ was obtained with
erushed ice, salt, and.a saturated salt solution
in & porcelain container. To maintain this
temperature it was necessary to plece The ice
in & wire baskebt to keep it at the bottom of the
mixture., The liguid was psssed through a strainer
2nd siphoned threough &n insulated tube to the
cooling coil. The brine was kept -saturaied by

passing it through a funnel of solid salt.
2% Fxperimental. - First Series.

Two electrodes of the same steel as used
previously, (Part IV. section 3) of dimensions
3.3 ems by 0.671 cms. were construeted and placed
in the above type of spparatus. Tenth normal

sodium hydroxide was the elctrolyle.



Twelve ezperiments at a current density of
0.86, were conducted at grsduallyincreasing temper-
atures to & maximum of 17%. Traces of gas were
evolved with the fresh =leetrode, but the eleetrodes
darkened and nc further gas was produced. The
same was repeated at 0.91 amperes current density‘
and no trace of gas was produced. The current
dénsity was graduaily raised and evolution of gas
commenced & & currert density of 2.0. On raising
the tempersture to the beiling point (from 80°)
the rate was Tound to inecrease at consbant current
density, but at all times it was very low., In the
last set of this series, at a current density of
2.0 snd at the boiling point, four experiments were
carried oub, their time aggregating twenty hours, and
in all analys?S; of The gases that collected no in-

dication of the presence of hydrogen was obtained,

These results lead to the following conclus-
ions.

1. Fresh polished steel electrodes give off gas at
low current densities.

o, Oxide coabed steel electrodes do not produce
decomposition of the electrolyte at current
densities of below 2.0.

3. Observations indicate that steam formation aids

the procduction of gas.



%, Experimental =~ Second Seriese.

Using shorter electrodes a similar series of
forty experiments were carried out. The results
of the last series were confirmed and in addition
the fbllowing were obtained. Opérating at . a
temperature betwsen 50o‘and 700 no evolution of
gas was observed at a current density of 3.5 amps.
per sq. cm., or below. Operating at the boiling
point very slight traces of hydrogen were found
after six hours at a current density'of 5,0 amps.,
while at3.75 the rate was appreciable. No hydrogen

was produced below a current density of 3.0.

with still shorter eleetrodes, a series
of twelve experiments showed that no gas was pro-
dueced st =2 current density of 5.0 and at a temper-

ature of 70° during & periocd of twelve hours.
4, TExperimental - Third Series.

The Tirs?T partvof this series wag carried
out at 5000. and with 0.2 N. sodium hydroxide. The
electrodes were of the same steel turned to.a
smaller dismeter. At 2ll values of current density
below 6.0 no sign of decomposition weas observed. Gas
was evolved in quantity at a current density of 7.3

but the rate, small at first, inereased rapidly to &



limiting value at constant current density.

The same was observed while operating
st & temperature of 60°. Below a current den-
sity of 6.0 no gas was produced,above,the rate
inereased with increased current density. An
attemet was made to Tfind the relation of The
rate to the current density but consistent
readings could not be obtained. A total of
eighty-five experiments were performed which
showed, in a qualitative way, that electromlytic
decomposition commences at & definite ecurrent
density, that the rate increases rapidly at
this current density as the action proceeds
until 1T reaches a limiting velue, and that
above this point thekrate increases, with in-
creasing current density. In all These exXper-—
iments the gases collected were from both
elestrodes, and the complication introduced by
) diffefence in the corrosion of the two necess-
itated the study of the electrodes individualiy.
This will be outlined in the next sectiomn. The
gases on znslysis were shown 1o contain two parts

of hydrogen to one pert of oxygeun by volumes.

5, Experimental - Fourth Series.
The milé steel electrodes were replaced

by piano wire steel as it was impcssiblé to burn



the steai,to a finer diameter, and vhe electrodeé
were placed on separate pairs of insulators as
shown in figure.#$.  Accurate determination Weré
made of the guantity of gas evolved from oune elec~-
trode, while qualitative observations were made on
the other.

Fach determination was designated by the
time of day at The commencement of The experiment.
The time of the current was measured by & stop-
‘Watch. The ammeber and temperature readings were
taken at least twice during each determinations
The gas evolved was drawn over into the eudiometer
tube and allowed to come to room temuerature. The
barometric pressure was takel. Measurements of tThe
dismeter of the electrode before and after each
series was verformed, were taken and The area was
caleulated and interpolated throughout the series.
The possible error introduced by this interpolation
was much less than the limits of error of the exper-
iment. ¥rom the current and this area the current
density weas determiﬁed; and from the gas e?olve& and
the time interval the rate was deﬁermined. This
rate was multiplied by a factor whieh corrected for
temperature, atmospheric pressure and the wvapor

pressure of the sodium hydroxide solution. The rate

40,



was divided =y the area to bring to 1 sa. cm.

The data for the first twenty-five exper-
iments dréshown in Table I. This table ig copied
direetly from the notebook and is included as a
sample of the method of tabulation and caleulation

o

used in the fifteen hundred experiments in this
research,kthe»resultsfahich are given graphically
in subsequent pages. The consistency of duplicate

readings is secen from The Table.

Z

ol8 Expverimental - Fifth Series.

With the sane eleetro&és in a more
corroded condition, fifty determinations were made
at 50° ¢. The corrosion became very great and the
readings very'irregularc No appreciable gas was
evolved until a current density of 8.0 was reached.
Above 13.0 it rose repidly until at 17.0 the rate
lay on the curve (extended) of the sseries above.

Arcing was exhibited at current densities above 14.0.

i@ith the same electrodes in &g still more
corroded condition, thirty determinations were made
at 30°C. A similar curve To Tthe =bove wes obtained
but the readings Wére more consistent. The curve
had the same slope for its lower vart but the glope

inereased from a current density of 18.0 to 22.1



TABL

e}

I.

Sample and Method of Recording Results

and

Caleculations in Taboratory Notebook.

Date
17/6/26

Baromeler 2903~ 744 mm.
Tempersture 17°9C =~ 2900 A,
Vapor Pressure . - 14 mm,
Gas Pressure, 7%0 mm.

3, T, P. Correction Factor 0.904

Time of4Day current Area Current Temp. Rate Rate at Rate

of Reading | Density - R g.gzgéz ﬁgg'
1142 3.5 1.0 345 300 0 0 0
1215 3.5 1.0 3.5 300 .6 .54 54
1228 4.0 1.0 4.0 349 4.0 .35 3.5
1431 4.0 1.0 4.0 309 4.25 3.84 3.8
1444 4.5 .99 4.55 28° 6.4 5.8 549
1505 5.0 .99 5.05 28° 8.6 7.78 1.9
1514 5.0 .98 5.1 30° 8.0 7.24 74
1523 5.0 .98 5.1 30° 8.1 733 7.5
1532 5.5 .97 5.67 30° 9.3  8.41 8.7
1541 5.5 .97  5.67 30° 9.2 8.32 8.6
1554 6.0 .96 6,25 29° 10.9 9.85 10.2
1558 6.0 .96 6,25 30° 11.3 10,2 10.6
1602 6.0 .95 6,32 30° 1i.1 10,02 10.6
1609 6.5 .95  6.84 300 13.7 12.4 13.1
1612 6.5 .94 6,92  30°  13.7 12.4 1%.2
1616 7.0 94 310 15.9 14.4 15.3

1-45
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TABLE

T. Conttd.

PGPREE MEEN

Time'of‘Day Gurrent Area Current Temp. Rate Rate at Rate
of Reading Density gf%:géz gzgq

1620 7.0 95 7.53 310 15.8  14.3  15.4
1626 765 +93 8.06_V 300 17.6 15.9 17.1
1630 7.5 .92 8,15  30°  17.5 '15,8 17.2
1637 - 8.0 .92 8.7 300 21,0 19.0 20.7
1643 8.0 .91 8.78 300 21,0 19.0 20.9
1649 8.6 91 9.45 300 24,0 21.6  23.7
1653 8.5 «90 . 9.45 309 23,5 21.2 2%.5
1703 9.0 .90 10.0 500 26,1 23.6 26,2
9.0 .89 10.1 30°  26.3 ,'25‘8 26.7

1708
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amperes per Sg.Cm. At 811 points it was lower

than the curve with morderately corroded slectrodes.

Te - QCritical Current Densitye.

The existence of a "eriticel current
. density," below which no decomposition takes place

and above which there is rapid decomposition, has

R

B NG S

been definitely established in the course of this

research. Over Thirbty series of experiments of
from ten to Tifty observationsg in esch, using steel

electrodes under varying conditions, gave & value

D

f current density above which elesctrolytic decom-

k¢

position suddenly commences. In the preliminary
experiments, in which the current density was

not uwniform, the ériﬁieal point was gradual, while
in-later expériments itts position could be found

by £

h of an ampere. This position was found

2

Lo one=tent

to vary as conditionswere varied , such as corrosion

temperature, etc., These factors will be discussed

presently.

Twelve series of experiments, similar to
the sbove, indicated z very definite critical current
; . . which i : :
density Tor platinumswas lower than iron and devended
on sueh Tactors as @em@erature and coating of the

electrodess



8. Hxperiments at TLower Temperatures.

Operating 2t a temperature of 30° Centigrade
the current density was successively incr reased from
zero o 10.0 amperes per square eentimetre. Piano
wire steel was used for the electrodes‘and ha1f~n§rma1
sodium hydroxide for the electrolyte. No decomposition
took place until a curreptAdensitﬁ of 3.5 was reached.
The rate at which electrolviic gases were produced from
one electrode in cubic centimetres per minute per
sauare centimetre, corrected o standard conditions
is.shown, plotted against the current density by the

curves 4 and B, (taken under the same conditions but

)

t different times), 1in figure 5, Readihgs were
taken at half-ampere intervals above 2 current deunsity
of 4.0 and at one-tenth-ampere intervals near the
critical p011 , and each readiug was verified by'three

to four duplicates. These duplicates are not shown

in the graph.

gimilar curves were obtained at different
temperaturss and different states of corrosion. These
were of the same slope as A and B, but were displaced

to one side or the other,
9 Relation of A.C. Electrolysis to Faraday's TLaw.

One ampere of direct current in one minute would

produce, in accordance with Faradey's Law, 10.4 cubie centi-



46,

HLI1S UDE) L UDIAN) OY

S2SD L 214 H10I128] T JO DIbL) JO WOILP]DY ¢ b1y

2z

/0

Critrcal Current ﬁf’/zs//g/

6
Amperes per 5g. cm.

35 4

N

‘wo be 120 U 18d 522

32
28
24
2
3
/




meters of elesetrolytic gas at standard conditions.
Ais the ammeter reading of an altermating current is

1.11 times the average current for each wave, and

™

a8 The average current is the electrochemical curr-

ent, one amprere of alternsting current should Theo-
retically produce $.42 cublec centimetres per minute.
One: electrode should produce 4,71 cubic centimetres

of electrolytic gas per minute. Thisis shown by

curve C in figure 5.

It was found that sbove Tthe critical point
an incerease of one ampere inereased the rate of gas
produetion by 4.71 cubic centimetres pr minute,
within the limits of experimental error. (There is
2 small discrepancy close to the critiecal pointe.)
This is shown in the graph by the curves A, B and G,
the upper part of 4 and B having the seme 51ope‘as
that of C. Above the critical current density alter-

nating current electrolysis follows the law of direct

current electrolysis, provided that the criticesl current

densitv is subtracted from the current density used,
When the critieal current density is reached, all the
current above that point generated electirolytic gases,
which are freed from the slectrode. This law for
alternating current electrolysis was developed from
over one thousand observations on the rate of gas

produetion with iron and platinum electrodes.

47 .




Part VI. Other Factors in A.C. Blectrolysis.
1. Influence of Temperature on Critiesl Current Density.

The initial point at which gas is evolved was
determined over the range of temperature 0°C to 10000.
It was found that the critieal point rose rapidly to =
maximum 8t aboutb 80°C and fell off to a valw of 3.0

amperes at the boiling point. This is shown in Figure 6.

The 7ige in the first part of this curve
indicates that gas was first evolved at a comtinuousiy—
increasing current density, as the ltemperature was
raised. On the formation of steam on the elecirodes
the critical current density was lowered, the extent
of the lowering increasing with the increase of steam
formation. The rise is duve, we believe, 10 an increase
in the velocity of the secondary reactions with a rise
in temperature. The catalytic sctivity of the surface,
which, it seems probable,-is largely responsible for
the secondary reactions, evidently increases with the
temperature. PFurther reference to these secondary |
reactions will be made later. The formation of steam
on the electrodes probably has a washing effect whefe—
by recombination is partly prevented by the removal
of some of bLhe products of electrolysis. The part
played by temperature in ﬁhis phenomenon is beiﬁg

further investigated,
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£311 of the experimeﬁfs of this-resesrch were
carried ont st atmospheric pressure. Increasing the
pressure would inerease the temperature at which
boiling takes place, and the drop in the curve wculd

take place near the new boiling point.
2. Other Factors which Affect Critical Current Density.

Fresh metallic electrodes prddnce gas at a’
lower current density than corroded elestra es. The
extent of the corrosion is very important. At consitant
temperature moderately corroded electrodes gave a critb-
ieal point at 3.5 amperes per sguare centimetre, whereas
heavily corroded electrodes Were Tound to produce no
decomposition at a current density of as high as 9.5
amperes. It is to be remembered in this connection
that thehcurrent densities given are the apm rent
current densities. Mo allowance can be made for pitt-
ing of the electrodes, which would thereby increase
the acﬁual surface. Apparent current density is all

that is necessary for practical considerations,.

No marked difference in the position of the
eritical current density was observed when thé electro-
lyte was prepared from an acid or a salt, The éorrosion
of the iron in the normel salt solution and the acid
solution was much greabter than in tThe sodiumrhydroXide
solution. Alkaline solutions have thus a practical

- »

advantage.
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Mild steel was found to have normslly a higher

value for 1ts eritieal current density than hard

steel, such as piano wire. This will be investigated

furvther. The critical current density using platinum
electrodes was very sharp at 0.75 ampveres per square

centimetre at 3000.

3. Bffect of Temperature on the Rate of Hlectrolysis.

Typical curves for steel electrodes, in which
the fates of evolution of gas at comstant current den-
sities are plbtted against the temperature, are shom
in figure 7. Numerous éurves fepresénting different

states of corrosion to that of tThose shown were obh=~

o

tained. They were all of the same form, bulbt were

above and below the position of those in the figure.
The rate drops rapidly with rising temperaiure To &
minimum at 80°C end rises agein at the boiling point.
These curves are related to the critical current®
density curves by the relation to Faraday's Law given
above *
4, Effeet of Arcing.

Arcing took place to some considerable
extent at high current densities and temperatures, and

was associated with vigorous boiling. A slight in-

crease in the rate oceurred aleong with the arciung,
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but this increase was nO‘gieater than the normal
inerease at the boiling point without arcing., In
figure 7. the parts of the curves Tor current den-
sities 5.0 and 6.0 marked "xy" indicate where arcing
took place. The rise in these parts 1s no greater
the rise in the curve below, -in which There

©

was no arcing.

A& large numbexr of experiments were per-
formed in which arcing took place, and in no case
was 1t found that arcing made any appreciable giff-
erence in the rate of electrolysis. Actual obser-
vations showed & decided drop in the rate with
arcing, but when the rate was corrected for the
change in area due to steam coating,(caleculated
from the change of resistance), the curve shows

the normal rise.

The results are not in agreement with
the statement made by Kaeliﬁ and M,ﬁhesonl, who
assume that no decomposition takes place except
thermal decomposition in arcs on the electrode

surface.

w

5 Other Factors Affecting the Rate of Electrolysis.

A£11 of tThe above experiments were carried

IF,T. ¥aelin and J.W. Matheson, Eng. Jour.IX. No.2,

Pe 198, 19260 !
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out using 60-cycle alternating current. The sfiect

~of changing thre freagueney has been experimented with
by Meneuvrier and Chappuis, (loec. cit.), who found

that incressing the freguency. decreases the rate of

h

gas formstin . The relation is not simvle.

Dur experiments were carried out ot voltages
below 110. Electrostatic effects and an increase
in areing might be expected at high voltages. Whether
these faefors have any appreciable effeect or not on

the eveolution of gas is being investigated.
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Part VII. The Influence of the Hetsllic Nature
' of the Electrodes.

1. Steel and Iron Hlectrodes.

Experiments were conducted in which the
eurrent densiﬁy was suceessively~increased by small
intervals from zero to 10 amperes per sqguare centi-
metre, the volume of electrolytic gas ?roduced per
minute for each current density being messured.

Piano wire steel was used for the electrodes. No
messnreable decomposition took place until a curr-

ent density of 4.5 was reached, ahove which the

rate rose rapidly. This point is the critical

current density of this particular steel, TVisible

but negligible, traces of gns were evolved slightly
below the critical point. The rate at which elec-
trolytic gases were produced from one electrode in
ces. per minute, per sS¢. cem., corrected to standard
conditions,'plotted ageinst the current density is
shown by the Curve 4 in Figure 8. A1l points on :
‘the curve were verified by a duplicale reading,

Thig curve is parsllel To that fequired by Feradeyls
Toaw, and if the oritical currernt density is subtracted
from tvhe current densities in thé curve it will bé-

some coincident with the curve of Faraday's Law.

The snrface of the electrodes previously

polished, tarnished 2t = current density of about
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2,0 and soon became snd remained a deep brown coclor
throughout the duration of their use. Thig coating

was wrobably due to hydrated oxides of iroun and its Thick-
ness as shown by micrometer measurements wag less Than

two-thousandths of & millimebtre. Piano wire steel

electrodes, which weie operated at higher current
densities and temperatures for some time, became
“heavily corroded and pitted. The critical point of
these electrodes was displaced to the right. An
increase in actual surfaece due to pitiing, might
gccount for a part of this inerease in the critical

current density, but the inerease is toc great To be

. PR : . il
entirely accounted for in this way .

The relation of the rate of gas evolution
to current density with séft iron electrodes is shown
by Curve B in Fizure 8. The critical current density
was found to be at about 3.8 amperes per sda. c.m.,
whieh is slightly'lower than with the steel elsctrodes.
As above, a constant difference ig observed between the
ste of alternating current electrolysis and of direet

current electrolysis at the same current density.

On ineressing the current density by smell
intervals from zero, it was found that The current

density could be increased above tThe usual eritical

T. The corrosion of steel by an salternating current is

is discussed by A.J. Allmand and R.H.D. Barklie, Trans.

Faraday Soc. 22,34, (1926).
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point without evolution of gas, the electrodes
becoming darker than usual. On the commencement
of gas production the fate iﬁereased rapidly at
constant current densitv until it reached the nor-
mal curve. This is shown by the dotted 1ihe "abﬁ
of Curve B ih Pigure 8. This elevation of the
critical point was followed by & visible throwing

off of part of the dzrk surface materizl, the

electrodes resuming their normal brown color.

On redueing the current density the evo-
lubicn of gas was not regulsr close Lo the ceritical
point, but was produced in sudden bursts, each
burst being accompanied by & color changé on the
electrode similar to that observed with the ele-
vation of the critical point. The intervals of no
,gés production between the bursts incressed as the

eritical current density was approached.
2. Platinum Electrodes.

The relétion of the rate of alternating
eurrent electrelvsis to current density with plat;
inum eleetrcdes, is shown br Curve D in Figure 8.
The critical poirt was found to be 8% 0.70 ampéres

and could be reproduced with accuracy. As with

the soft iron an elevation of the critical point




was frecuently observed. In the particular

case shown in the figure’this elevation amounted
to 1.6 amperes above the eritical point, but it
was found that the current density could, with
care, be raised to 5.0 amperes without evolution
of gas. The metallic surface beczme coated with

deern grayv - substance,which W&S‘subsequently re-

Ay

moved by the evolution of gas. The rate of
evolution of gas coincided with the normal curve
only after the coating had been completely removed,
This coating was unlike plétinum biack but i pro-

bably composed of Tinely divided platinum. The

diameber of the electrodes decreased with use.

Although the curve with platinum covwld
be readily reproduced wilh great accuracy, its
lower part shows & decided departure from a straight
line. The significance of this will be deslt with

in a subsequent paragrarh.
3, Qilver HEieetrodes.

Tike pletinum, silver electrodes show &

e

departure from & straight line near the critiecal
current density{Curve A., Figure 9), but unlike
platinum, this departure is smell. The rate foll-

ows the law of alternsting current electrolysis
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ovef-a wide range. The critieal current density
reouired to be subtracted in this law is obtained
by extrapolation from the curve. The actual erit-
icel current density was 1.6 ’amperes, while the
extrapolated density was 2.3. HNo elevation of the
eritical current density was observed and the
corrosion was negligible. The electrode surface

became frosted in appesrsnce and remained the same

throughout.

4 Coprer EBlectrodss,

Coprer gave a sharp eritical point at
1.9 amperes per sSg. cm. and a perfectly straight
line curve throughout the range (Curve B, Figure 9).
On reising the current density from zero by small
steps the usual critical point wes vassed without
evoiution_of cas, The electrodes beooﬁimg spotted
with orange and black patehes and finally completely
black. The orange substance wasg likely cuprous
oxide and the the hlack, cupriec oxiée. The critical
currert densitv was elevated to 10.2 amperes before
evolution commenced. The black costing was repidly
removed by the gas and the rate of evolution rose
at constant current density as shown by the part

ght of the Curve B in Pigure 9. The point "b"
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was reached only when the black coZyer oxide
was completely removed after which The curve
B was obtained with the clear copper surface.
Tre presence of oxides of copper evidently has
a more marked influence on the critical curren

density than the oxides of other metals.
b Nickel Eleetrodes.

The rate of alternating current electro-
lysis for nickel electrodes does not follow the .
law at low current densities (Curve ¢, Figure 9).
On increasing the current density above thé erit-
ical vpoint the rate followed the dotted line "abe",
the mormal Curve C being obbtained with decreasing
current density. This may be a tyve of elevation
of the critical current density. The departures
from thevstraight line im ﬁhe lower part of the
curve may be accounted for by a variation in the
thickness of the surface oxide-coating with the
rate of approximately 3.5 ccs.rﬁer minute. The
eorrosiom of the electrodes was aporeciable, but
they remained a deep black threughout the measure-

ments.
6 Alvminum Flectrodes.

A point below which no gas was evoelved for

aluminum electrodes could not be fovnd and a




eritical current density if existing, must lie
below 0.01 amveres per S0, c.m. It was found
impossible to obtein rate-current density curves
owing to the large changes of resistance and to
the corrosion of the electrodes. Due to the
chemical action of sodium hyvdroxide on aluminum,
half normal sulphuric acid was substituted as the

electrolyte.




Part VIII . The Theory of £.0. Blectrolysis of Water.

The establishment of the law for A.C. electro-
lysis by relating the rate of evslutioﬁ of electrolytic
gas (2 volumes of hydrogen Lo 1 of oxygen) to current
deﬂsity*above the critical point led %o the consider-
ation of the mechanism of the electrolysis. No con-
tfibution of importance to thevtheory of this mechanism
appears to have been mede with the exception of that
of malagoli.l His theoretical considerations were
not based on quantitative evidence but nevertheless
have proven to be surprisingly in sccordance with the

sbhove results. Appasrently no notice has been Taken
2

a-

of his contribution. Attempts were made by Mengarini
to develop a theory bto account for tThe difference
between a.c. ard d.c. electrolysis but his conclusions

do not seem compstible with the above results.

Ain alternating current being a series of equal
and opposite direct currents should liberate on the

electrodes its equivalent of hydrogen and oxygen acc-

ording to Earaday's Law. Qne ampere of direct current
in one minute produces, 10.4 ccs. of electrolytié gas
at standard conditions in accordance with Faraday's
Iaw. As the ammeter’rea&ing of an alternating current
ig 1.11 Gtimes the average cﬁrrent, and as the average

current. is the electrochemical ecurrent, one ampere



of an alternating current as read from the ammeter,’

should theoretically produce 9.42 ces. per minute.

One electrode should produce 4.71 ces. of electrolytic

gas per minute. This can be represented by the equaﬁion,
R = 4.71 Ip, - = = = (1)

and by the Curve shown in Figures 8 and 9. In all cases

in this research it was found that the alternating curr-

ent produced 1ess gas than requireﬂ.by Faraday's Taw.

Mhe rate of evolution was found (a) to be a function

of the current density, when the current density was

maintained uniform over the surface of the electrode,

(b) to increase with increasing currentd density above

the critiesl point, and (e¢) to follow with few depart-

nres a2 straight line curve, parallel to Faraday's T.o%.

The eriticsl point was found o depend on the metall-

" ie.nature of the electrode, the coating on the surface

and the temperature (Part V1. section 1).
| - witha suptface area of /sg.clzr.
Consider a metballic eleetrod§4immersed

in an slkaline solution and an alternating current
(Figure 10) passing through the eléetrode,fthe
solution, and a second electrode. The current comm-
ences at the point A, and decreases To zero at 0.

(1f the current commences atb any other point an equil=-
“ibrium, in which the current may be considered as
starting at the point A, is shortly reaohéd 2s in

ordinary slternating current theory.) Part of the
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current may be stored by the electrostatic spacity
effect between the charged ions and the electrdde,

an:  effeet known to exist at low voltages, but asv
the current is indueced by a voltage above 'the decom-
position voltage, and is in this case positive, it
discharges its equivalent in hy&roxyi ions. Two
discharged hydroxyl ions unite vo form water and
atomic oxygen. Part of this oxygen may combine with
the metal of the electrode to form an oxide of the
metal and part eifher in the atomic or molecular
condition may be adsorbed on the surface or absorbed
in the surface layer. The remainder, if any, will
form molecular oxygenzand pass off from the electrode.
The quantity that is absorbed by combination or other-
wise, dépends on the metelliic nature of the electrodes,
the nature of the surface, temperature, etc., bub
independent, except in certain cases, of current
density or voltage. If the nature of the surface

and the tempersture is constant, the quantity which
can be absorbed 1is constant‘and can be measured by
the coulombs which produce it. This quantity is des-
ignated dox . Mhe quantity of electricity that
passes during the auarter wave, that is the area OAB,
ig designated by g coulombs. The quantity of oxygen

liberated from the electrodes sgain measured in the

e
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coulombs thet produce it, is ecual to g - dex .

At the point O the eleetrode is stored with oxygen -

and is producing & back E.i.F.

The curreut is reversed and hydrogen is
discharged on the electrode. A& guantity of hydrogen
equivalent to gox will resct with the oxygen stored.
Trom theklaét auarter wave to reproduce water. The
electrode will then be in its'original condition,
that ig, electrically neutial. A guantity of hydrogen
designated by ap will cocombine with the metel, be
adsorbed on the surface, or absorbed in tThe surface
layer as with the oxygen and the remainder, if any, will
form molecular hydrogen and pass off from‘the elec-~
trode. When the point D is reached the guantity
liberated will he,

2a - (gox + an )
Owing fo the high voltages sometimes oceurring,
the sctusal mechanism may become complicated by the
discharge of metallic ions, e.g. sodium ions, butb

the resultant will be the same &as above.

Similarly, in the half wave DET, oxygen
is discharged, a quantity aq; will neutralize the
hydrogen Qf the previous half wave, and a gquantity
Gox Will be =absorbed by the electrcde. The

quantity liberated will be equal to 2 g - (an + Qdox )e



Representing (¢, + Qgx) by 2 Q, we have
as the electro-chemical equivalent of the total
guantity of electrolytic gas produced, in the cycle

from ¢ to T, the difference 4 g - 494.

With current of frequency "fn the quantity

produced in one second will be eaqual to 4 fq - 4 £ 9,
a2nd in one minute, 240 fg - 240 £ Q. The quantity
240 faq, is the totéi'quantity of electricity that has
passed, which will be the aversge current, multiplied
by the time; that is, in one minube. 60 I7/1.11
coulombs, where I1 is the current per sg. cm. of
electrode surface, from the ammeter reading. From
Raradayts Taw one coulomb will 1ibérate 0.1974 ccs.
of electrolytic gas or 0,687 Ges. on one eleotrb&e4
Therefore the volume, "R"3, of gas liberated atv
standard conditions, ber minute, per SQ. cme will be
represented by

Ry = 0.087 ( 60 I3 - 240 £-80)
1 ,  )

or

Ry = 471 (I - 4.44f Q5 ) =------- (2)

Thus we have an equation of alternating current
electrolysis o
The value of £ and Q, being constant end inde-

pendent of the current, the rate plotted agaimst the
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enrrent, ( evrrent density in this case) gives a
straight line curve with = slope of 4.71, which is

the slope of Paradayls lLaw..
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Part 1X. Gritical Current Deﬁsity and Tlectrolyte Cepacity.

1. Critical Current Density and the Law of
Alternating Current Electrolysis.

Prom Bguation (2) it is seen thet when the
current density is less then 4,44 T Qo (which is 1,11
x 4 £ Qg), Rl becomes negative. Actuslly Ry becomes
zero, the value of Qo mnot being fully satisfied.: No
resultant decomposition will take plaqe until bhre
current density exceeds This value of 4.44 f Qoe This
point is The Weritical curreunt &epsityﬁ and is repres-
ented by, |

Teg = 111 x4 £ Qg =—=m=-==-o (3)
Substitﬁting in equation (2) we get,

Rl = 4.71 (I1 - Ig)--------—- (4)
which is the lew of alternating eurrent electrolysis

as derived empirically (vide).
2. Electrolytic Capacity.

When the‘frequency is coustant, it is seen
kfrom equation (3) that the oritical_ourremt density is
dependent on the value of Qp. This quantity is here
ezlled the Melectrolytic capacity,” and, as is seen from
ite origin, is defined as the average storage capacity
for electrolytbic gases, l.e. hydrogen and oxygeun, on
one Sg. cm. of metallic electrode surface. It is meas-

ured in coulombs. <+ts value depends on the nature of




the electrode surface, temperature, etc., and is
the guentity in which alternsting current electrol-

ysis is particularly councerned,
3. Direct Determination of Electrolytic Capacity.

An apparatus was developed by which an app-

-

roximate value of B, could be obtained, but by a more
direct method than from the critical current density.
A palr of eleciric relay switches were accurabely
vimed to break gharply the connection Cf the éltero
nebing current to the elecivrodes and conunect them Lo
g milliammeters The movement of the milliammetér was
&ampened by & high induetance and the discharze pro-

longed by resistances. By taking readings of the

current at regular intervals until the discharge was

{=

complete a close approximation of the total amount
of electricity stored on the electrodes at the time

of bhe break in the current could be obtegineds.

Cperabing at 2 current density of 4.1
amperes, which was the critical current density for

2

the electrodes used, & large number of discharge

readings were taken. They were either positive or

negative and varied from zero to a definite maximum.
The average maximum value obtained was 14,7 millicou-
lombs per Sg. Goe of electrode surface for the electro-

lytic capacity of the metal ( irom ). Calculating

72



the value of 2 from equation (3) it was found in
this case to be (freounency 60-cycles) 15,0 milli-

coulombs per sd. ¢m. Similar agreement was Ifound in

o

other cases bub due to the shoxrt time of discharge,

the asccuracy of the method was limited.

The relation between the magnitude of

-

the discharge and the arec 2t the contact points on

P

the breaking of the alternsting current also gave
confirmation o £ the above theory. Maximum dis-
charzes were obtained when the current was broken
with & ninimum or no arc,'and minimum or no 4is-
charges weare obtained‘wheﬁ the are at the contact
points was a maximum . From Figure 10 11 is seén
that at the points 0, D and T the current ig zero,
and the arc, if the current is broken at This point
ig small. (The phase difference at this voltage was
small), At these points The quantity of electrolytic
products on the eleetrodes is g maximum and a maximum
discharge iS'obtaime&;¢Similar1y at the points € and

. ! o o n
T the arc is a maximum and the electrodes are,a

nearly neutral condition.

These simple and direct experiments showed
slso that the electrblytic products stored oﬁ the
electfede exhibit a back electromotive force, and
that , whatever the néture of the absorption which
holds them on the electrode suriace, it ailows these

products to readily regain the ionic cord ition,.
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4, FElectrolytic Capacity snd Nature of Elsctrode Surfsce,

Re-arranging equation (2) we obtain.

4.44 £ 95 = I1 - R1
4,71

Rut from ecuationm (1) it is seen that Ry/4.71 is
egqual to the current required by Faradayts Law to

-

produce the rs

-

te Ry, which current is called Ip, 7he
equation becomes,

@,o = Il - IF - = - (5)

The value of the electrolytic capacity Q,, can therefore

current density at suny rate and the corresponding curr-
~ent re@aired by Faradayts Leaw for that rate,kby 4,44
times The fravency. The valué of I7 - Ip at ahy
varticular rate is conveniently obtained by m@asuring
the horizonbtal distance at this rate between the

curve of a metal‘and the curve of Faraday's Law in‘
Figures 8 znd 9. The

requeney in the above exper-

£
imental work was 60-cycles.

With silver electrodes the value of Q, is
constant above a current density of 4.0 amperes and is
therefore independent of the current density over tThis
range. Its value is 8.6 millicoulombs. Below 4.0

amperes it decreases in velue =t first slowly, and




then more rapidly, until &t the critical point
its value is 6.0 millicoulombs. A greater diver-
gerice is seen with platinum electrodes., The value
of Qqp, constant &t 6.7 millicoulombs above 4.0
amperes, decreases 1o 2.6 mes. st the critical point
of 0.7 ampsres. This variation of The electrolytie
capacity with curreut density near the critical poindt
may be accounted for by the lower voltage in this
range, and consequently a lesser Mdriving Tforce" to
assist in the absorption of the eslectrolytic products
intn the surface laver of the electrode. This effect,
arpreciable in the case of platinum, is small with
silver electrodes and 1is practicaliy non-existent with
the obher metzls used. The elevation of the currend
density above the critical point of platinum, which
mesns & supersaturation of the electrode sw face
over 1its nbrmal capacity, is accompanied by & vis-
ible chenge in the surface coating. The sur face
coabing is probably finely dividéd plabtinum possess~
ing a greater surface aund & creater storing power than
the normal surface.

Copper, being a readily oxidizable metal, and
copper oxide, & readily reducible substance, it is To

be expected that g copper oxide-coated copper electrale

would give & very high electrolytic capacity and a large

-



elevation of the gritical currernd deﬂsity, Such

is =zetually found to be the case, as shown by the
part "ab" of Curve B in Figure 9. With the bright
copper surface the electrolytic capacity is comstant
entirely independent of the current density. Its
value 'is given in Table II. The curve for copper

was drawn with 2 straizht edge parallel to the

curve for Faraday!s Léw’and touches all pointse.

Bright metallic surfaces, as with silver,
platinum and copper, could not be maeintained for
experimental determination of the slectrolytic
capacity of steel, soft iron and nickel electrodes.
The eleetrolytic capacity was therefore greater
than with the metallic surfaces. Appareﬂtly”ﬁhe
thin oxide ooaﬁing on these metals was of uniform
thickness as they follow the law of z2.c. electrol-

ysSise

At current densitiss sbove 6.0 amperes the
values of 3, for iron and steel were constant, as
seen from bthe constant difference between the curves
B snd A and the curve of Paraday's Iaw in Figure 8,
The slight depsrtures near the critiéal point are
likely dve to =2 combination of The effect of low
vbltages and an elevation of the critical current

density.
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The Critical Current Density and Eleetrolytic

i

Capascity of Various Metals in Half-normal Sodium Hydroxide

Solution at 30°C and with a Frequency of 60-0yecle.

Hetal Current Density Critical Current, Electrolytic

‘ or Range. Density,&mps./émz Capacity
‘ ‘ Millicoulombs
per SG. CNe
silver 4,0-10.0 1.6 8.6
u 1.6 1.6 6.0
Platinum 4.0- 6.4 0.7 6.7
on 0.7 0.7 | 2.6
Copper 1.9-10.5 1.9 : Tl
v (oxide 10,0 10.0 3.6
coated) ‘ '
Steel  0°C 4.5 - 10.9
" 3000 4,5 =10,0 4,5 16,9'
n 80% 4.5 & —e 22.6
n (corroded) 8.0 8.0 1 30.1
n " - 14.0 , 8.0 353
Soft Irom. 3.8-10.0 3.8 14,3
Nickel , 9.0 , 4.6 19.6 o

Aluminum 0,01 0.01 : 0.037
(0.50.HoS0,) ;



The relation of eleetrolytic capacity to
the nature ofmthebsurface is Strikingly shown by
the curve for heaﬁily corroded steel in Figure 8.
The critical current density ig practically double
that of the normal steel., A further increase in the
electrolytic capacity is observed at high ecurrent
densi%ies, dﬂe, probably to the inereased "driving-

foree" of the higher voltage.

The electrolytic capacity of nickel electrodes
becomesvconstant only at high current densities, changes
in thé surface coating probably accounting for the
abnormal curve. Aluminum has & very low electrolytic
capacity, if any, as mizht be expected from its chem-
ieal properties, aluminum oxide being non-reducible
by hydrogen. A similsr result was obtained by Ae
Guﬂﬁher—SohulzeI. Aluminum on the other ﬁand gives
2

a very high electrostatic capacity and is used for

condenserse
5., The Effect of Freauency and  Temperalture..

Experimental work by Maneuvrier and Chappuis
4 : , .
and by Marsh , has shown that tThe vate of electrolysis
‘ " Ihcrease in 5 :
decreases withafrequencye. Malagoli considers the
relation a straight line funetion with a negative slope.

Prom equation (2), which is

Ry = 4.71 (T3 - 444 £ Q5), = - -= - - (2)
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it iskseen thet if I, and Q4 are coustant the rate

is directly related tothe freguenecy in & negative
direction. If the frequency is zero, That is a direct
current, the rate becomes equal to Faraday's équivaléﬂt.
It is doubtful That G5 is independent of the tire of
charging the electrode. Inereasing the periodic time
would allow the electrolytic produets to penetrate

the electrode to a greater extent, thereby increasing

the electrolytie capacity. Preliminary experiments

indicate that this is probably the case,

Experimental evidence obtained by the
avthor, (Part VI. Section 1.) has shown that the
eleetrblytic capacity with some metals varies greatiy
with temperature, and with others but slightly. The
electrolytic capacity of steel elegtrodes inereases
rapidly as the temperature is raised from 0° to about
80°. An increase of from 10.9 millicoulombs at 0°C.
t0 22.6,miilicoulombs at 80° is found on applying
e@ﬁation (3) to the curve of critical currenmt density
plotted agoinst temperature, (Part VI section 1l.)

A decrease in the capacitybwas observed concurrently with
the production of steam on the electrodes =nd is Pro-
bably due to the washing effeet of the bubbles of steam.
A mueh smaller 3riation was obtaimed»with platinums

For example, at a current density of 3.0 amperes the



electrolytic capscity was fomd to decrease from
6.4 millicoulombs per sa. em. 2t 0° to 6.0 at 50°,

ineressing again to 7.1 at 85° and decreasing ab

the boiling pointe.
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Paxrt X HBlectromotive Force Consideratbions.

&

1. Back Electromotive Force.

Ls is gemnerally understood, on The
first passage of current a Helmholtz dcuble-layer is
prdﬁuéea which exerts 2 back E.M.P: and an equal
and opvosite force, which is the theoretical decom-
position voltage, must be 2pplied to overcome this,
A Ffurther E.H. . To overcome overfoltage and the
resistance of the electrolyte, must be applied To
cause the current to flow. Although a large amount

'i

of'work heg been done relating voltage to currend
dengity aud in comnnection with overvoliage in
general, the relation of voltage to ths quantity

of electrolytic products on the electrodes, or To

the coulombs that have passed has not been definitely
established. Kohlrausehl assumes that the polariz-
ation voltage is direetly proportional, to The
guantity of electricity that has passed and gives
experimental proof to show that this is true up to

10 microcoulombs per sg. em. Despite this limited
range Mengarinig considers it avplicable over a wide
range, and even in recent times Lattey3 makes use of
it without question as to its validity. By an orig~
inal and direct method Griffiths and Heys4 found thad
this relation holds up to 3% microcoulombs per Sd. Chle

with oplatinum electrodes, but above this tThe direct

81.
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proportionality no longer existis. Somewhnat similar
csnlts were obbained through & differeant method
by Clark,5 who Tound an approximate linear relation

) 7,

up to about 2.4 millicoulombs per sd. cm., but he

considers it Ho be mors of an exponential than a
linear funetiom . In the course of am investig-
ation into the effect of superimposing an a.c.‘
on a d.c., Jom886 obtained the relation between
coulombs =2nd overvoltage (what we refer to as
decomposition Voltage)‘for lead elecﬁrodes. He
found that the voltage rose regularly‘%ith the
qusntity of eleetricity, toc a point where the

eurve flattened onbe.

Prom bthe above experimental work it is

et as condensérs. at low

W)

apparent that electrodes

voltages.
2. Determination of Back Hleclromotive Force.

‘Experiments were carried out by the.
author to debtermine the relation existing bhetween o
voltage and the auantity of electricity passed,
with the purpose of connecting the results to the
theory of alternating cﬁrrent electrolysis. A
potentiometer was used to cause low currents to

pass through two platinum electrodes immersed in




sodivm hydroxide solution. The slzctrodes exposed

s rnown ares of surface and were protected from

stray cvrrents. The current was measuvured by a
ecalibrated galvenometer and the potentiometer read- .

ings corrected for the f£211 due to the current pass-
ing and the resistance of the circult. ’The poten-
tiometer was varied to maintain a constant eﬁrrent
through the electrodes ahd voltage readings were

taken at inbtervals timed by a stop watch. The

electrodes wers reversed bhetween each seriese

gufficient evidence has beern obtained
%o show that, at a direct current density of 100
microamperes ver Sd. cm. and above, the voltage
rises rapidly until avout one millicoulomb per'
S0d. Co has passed. Beyond this the voltage 1inc-

reases but little, mo matter how long the current

i

ns been passed. Thisg is showm in Pig. 11,

o visible evolution of gas was obtained
which is accounted for by the solution of the small
quaﬁtiﬁieg of gas in the electrolyte. Ab current
densities ox mbout oune mioroam@ere The maxinum
voltage was less than half the voltage obtained st
100 microamperes.

e Polarization Capacitye.
It may therefore be considered that the

clectrodes act as "leaky condensers® up to the

5
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theoretical deccmpogition voltage of tThe e;eetrolyte.
Thig gimilarity was first’poiﬂted out by Varley7

and by Kohlrausehl. Lbove this voltage decomposition
takes pliee and the electrode bhecomes -polarized, an
increase in voltage or overvoltage,5 being required

to cause the current te flow. The electrostatic
cavpacity exhibited by elzsctirodes below the decom-
vositicn voltage hasg been termed by Kohlréusch the .
"polarization capacity", salthough up to the decom-
position voltage, polariza@iom as we novw understand
it, probhably does not btake place. A4 large amount

of experimentsl work9 vas cerformed Lo measure this
so-called "polarization capacity®™ but with conflicting

10

e : 11
resultss In more recent btimes Vaillsndt and Sorrel

measnured the polsrization capacity in relstion to

4

. .5 s o
current density. Clarke Griffiths and Hevs

measured the capacity and relsted it to the charge

put inte the elecirodes. The relsation of this cap-
12,

scity to freguency has been investigated by Haworth
. e 14 o015 .. 16 ;

YMerritt,12 Jolliffe  , Wolff 7, Banerji~, Smith

17 | 18 '
end loss, and a nwuber of others , but as yet no
definite generslizations have been obtained from
~their results. The velune of this capacity has been
found to be of the order of 10 microfarads per sa. em. for
platinmm electrodes. A4 value of abovut 12,000 ohms per sdg.
cm. Tor the resistance of the "leaky condenser' can

be obtained frcm the leakage curve, given by Griffiths

”gg:wwwa-




and Heys,

for plabinum in sulphuric acid.
Preliminary experiments conducted in this:
laboratory indicate’that the resistance for
platinum elecitrodes in sodium hydroxide solution,

ig of the order of 25,000 ohms per Sds. G

This capacity effect is ceredited by a

12,

num-ey of authers, to the Tormation of a
gaseous film‘between the electrode and the
electrolyte, but thié conception is hardly
tenabls below the decomposition voltsge. Further-
more the mechanism by which it is built up,

while still alldwiﬂg the current to pass, is
difficult to conceive. If the csguation,-

o s O
for the-capacity of a parallel plate cordenser
(K = dielectric constant, A = arsa, d =
thickness of dieleotri&,);hélds dovn to atomiec
dimensions, the thickness of a gaseous layer, o
produce such s capacity may be obtained. To
give a capacity of 10 mfds, a thickness calcul-
ated from equation (6) of approximaetely 10"8 ems
would be reanired, wihich is of atomic dimensionsSe
The SPacial separation of molecules of & gas 1is of

1

the order of 10 ' ems. snd as a layer ten molecules

thick would be hardly sufficient “o separate the

g6,




walls of thGVCOHdeﬁSGT, the minimum thickness
of the gaseous Tilm would have to be of fhe
order of 1072 or 10-6 ems, that is 100 to
1,000 times as great. We must conclude there-
fore that the condenser effeet is mnot due to

g gaseous Iilm as such, or that the equation

for the capacity of a condenser shows very wide

veriation at small thicknesses.

16
If as with clark? and Banexrji , we
consider the effeet as due to the Helmholbz

e

double layer, a bebter agreement with the thick-
ness of the dielectric is obtained., If = iow
potential is appliedfto'the'eleetrode it will

_attract the oppositely charged ions to itself
but will not be sufficient bo cause the electron

to eross the intervening space, whatever its

‘nature may be. The reguirements of & condenser

are fulfilled. If the dielectric is compressible

the capacity of the condenser will inereagse slightly
with the voltage. Sueh was actually found to be

the case with platinum by Griffiths and Heys

gnd with a number of other metals by ClarkE.
As one part of the double layer is composed of

ponderable ions, an increase in freguency would

e



not allow the iocns to approsch the electrode
as closely and a decrease in the capacity wonld
be obtained. Such is found vo be the case by

12,1%3,14,15,16,18
the apbove experimenters, - ,

.
The layers of the coadenser are nob
rigid but are composed of rapidly vibrating par-
ticles. It is coneeivable therefore that two
oppositely cherged particles might come into
sufficient contact to allow an electron Lo pass
below The decomposition voltage. This would

ccount for sthe leak observed with elsctrolytic

condenserse

4, TElectrolytic Capacity and Polarizabion Capacity.

AL the %heoretical decomposition voltage the
electrostatic condenser breaks down =nd electrolytic
products are pfoduced on the electrode surfsce. Theée
products are not immediately removed from the surface
but are stored in some mamner in the surface layer.
Their presence causes an inereased resistaznce or &
polarization of the electrode suriace. Gas will be
liberated when the storage capacity of the electrode

surface is satisfied. The average of the guantities

of electricity per sg. cm. which must pass after The

theoretical decomposition voltage is reached, befare

88.



electrolybic gaseous products are liberated

from each of the two electrodes,we have called

the "eleetrolytio capacity" of the metal, as
determined. by this research. The term "polar-
ization capacity", we have limited to the range
below the decomposition voltage and is an electro-
statbie canacity. Jolliffel4 used these terms 58
if identieal, but a distincetion has been made in

this research.

The measurement of electrolytic cap-
acity by the rate — ' currenf dengity curves
or the direet method given above unecessarily in-
cludes the effect of The polarization capacity,
and it was for this reason that the above exper-
iments were performed to find the relavive effects
of the two capacities. TLet us consider a platinum

electrode which exhibits & polarization capacily

of 10 microfarads which is ﬁhe average value in

an electrolvte with a theoretical decomposition
voltage of 1,0 volts. The auantity of electricitly
required to bring the electrode to this voltage
would be 10 microcoulombs. The electrolytic cap-
acity of.platinum determined above was about 5

millicoulombs or 500 times as great. The effect




90, .

of polarizstion capacity on the electirolytic
eapacity in alternating current electrolysis
of water is therefore negligible under The
conditions of current density, frequency, elc.

given above,
5. Phase Difference,

The curve of back electromotive force,
(Pigure 11) may now be applied to the sine wave
of the slternating current. A current starting
at the point A, (Figure 12), and varying as the
sine of the angle, will follow the path ABC. This
ecurrent is passing through two elecirodes and an
electrolyte. The voltage regquired to overcome tThe
ohmiec resisbance of the elsctlrolyte, kuown as the
#TR drop®, is shown by the curve DEF. On the
passage of current an eleetromoti#e force oépbs—
ing the current will be sel up iﬁmediately, and
will increase at a rate depending;bn the current
and the polarization capacity of the electrode,
~until the theoretical decomposition voltage of the
electrolyte has been reached. This is represented
by the point G end the dotted lim . On further -
passase of the current the voltsge will rise but

slightly, &rrespective of evolution of gas.
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This overvoltage will increase with current density.

On reversing the current the back
electromobive force will fall’but slightly, until
the hydrogen produced has neutralized The oxygen
absarbed on one electrode and vice-versa on the
other. If we assume vhat the individual electro-
lybic capacities of the metal for hydrogen and
oxygen ars equal, and“operate 2% the critical cnrr-
ent density, the hack B.M.F. will drop suddenly
at the point H to zero and immedistely set itself
up in the opposite direction, until the same decom-
position voltaze has been feached. It will then
proceed along the path JZ until the hydrogen on one
electrode and the oxyéen on the other have been
completely neutralized, and fall to zero at the
point . If the individusal eleectrolytic capacities
of the metal for hydrogen and oxygen are not eoual
the reversal of the single electrode potential at
each electrode will take vlace at different moments.
Tre drop from H to J in the Figure will take place
in two parts at the instants of these reversals,
the first drop taking place before the point H is
reached. Operating above Gthe critical current den-
sity the curve of the back electromotive force will

not change its shape, but will be displaced to the

92.



left, depending on the distance of the current

density from the critical point. Operating

below the critical point the value of The
electrolytic capacity will not be fully satis-

fied, but the curve will be the same as in the

3

s

Fthese variations from

[

Figure. The Tirst two o

Lo

pe

4y

the above conditions will thus casue the point
of maximum back B.M.F. to be displaced to the

left.

An egual and opposite E.1L.F. of the same

y ) 1
ne pack

G P. will then have Lo be

=

shape as T
iﬁpressed t0 maintain the current flowinge. This
E.lf.F. is shown in the Figure by the curve OLNNPE.
Combining this curve with the cnrve of the "IR drop",
DER, the resultant voltage curve, DR3VWE, shown by

the heavy line, 1s obtained.

As is seen in the Figure, there is a diff-
erence bebtween the phase of the current and of the
voltage, the current leads the voltage as in &

condenser cireunit. This phase difference has been

19 : ‘
discussed by Cooper. The theoretical consider-
ations of Mengarini® led to & vhase difference in

which the voltag: led the current but this is nok
in accordance with observalion. Confirmation of

the above theory is found in the zlternstiung current

95



end voliveoge curves obtained by Hopkinson,

. 20 . G
Tilson, and Iydall, which show & vphase 41ff-
erence as hich as 72° with the current leading
the voltage. Their curves for the voltage do
net follow the sine law snd show considerable
irregulsrity. In some cases indicatbions of

the distortion shown in Rigure 12, are S868%,

The extent of This phase difference and

g

the distortion of the wave form will decrease

stance are inezressed,

x

i

2
e

A and the res

»)

¥

as the curre
Tor the same current and resistance tThis diff-
erence will vary for different metzls, and vary
with their eritvieal current deunsity and tie
individual electrolytic capacities of the elee-

trode for hydrogen and OXygele

24.
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The firgﬁ principle tobe obgserved in
preventing alternating current elecur0¢y%1s ig the
obtaining of uniform current densities. Pipe or rod
electrodes with exposed, rounded em&s, ag alt present
used, will produce high current densities on these
ends. The current density used comn rei&lly‘in
steam-producing electric boilers is sbout 0,75 am=~
reres per sauare inch, as calculated on the assump-
tion of uniform current density. ibove Thig dengity
decompositien of the electrolybe beccmes serious.
Prom Lre above experimental work, it is seen Thatb

1 be operated a2t a

l‘.’*

gleetrodes producing steam ¢

=]
c!.

curvent density of 13 amperes per square inch withoub

e

decomposition of the eleetrolyte, which density is
some distence from the eritieal noint of 19 amperés
per souare inch. Such a high current density as 13
is impracticable due to difficulties in handling

the steam, but the pr esent day bo i can be made
safe and its heating capacity incressed to 8- Ccon-
siderable extent if the electrode chamber is desicned
o ohtain as far as practicavle the conditions of

uniform current densgity.

Two suggested designs of such electrode
chambers are shown in figures 13% snd 14. In one the

three electrodes are placed symmebrically and vertiecally :



in & metellic ceylindrical tank, as shown in figuze,lﬁ;
Ho special arrangement at the Top 18 neceggary as

long as the water level remsins below the steam

0

outlet. The essential feature is the lerge porcelain
imSLlator 2t the bottom. This ig a cireculsar plate
which fits the bottom of the chamber with three
shallow pockets for the ends of the sleclrodes,
(figure(}b). Mo great thickness of the porcelaiﬁ

is necessary, as there 1s”no strein upon it. A hole
is provided through the centre of the porcelgin and
the electrode chamber for the water suroly. The
above arrargement with electrodes of two inches
diameter, separated from one ancther and the walls

of the chamber by ten inches, cives & high uniformity

of current denaLc/

Concentric cylinders might also be employed
as shown by figure 14, In this design the electrode
chamber built from twe ceylindrical walls and acls as
one electyodes. Tke other cylindrical electrode is
inside. The porcelsin insuletor is a Fflat ring with
a circular groove, a5 shown in Tigure 14%. ﬁumerous
small holes give aceess to the water supnly. This
design is advantazeous because of its compactness, hut
is limited in this form to simgle-@hage current. A

ok,

shamroek croup of thiee such chambers, Or 81 arrange-

ment of three cylindricsl and concentric cylinders in

the same way a8 above is sdaptsable to three-vhase current.

97+



‘In the second case the dizmeters of the cylinders would

=

be such as to egqualize the load. The limitation of
the compaciness of such a design would not be in the
current density but in the handling og the steam. This

is a problem for the electrical hesting engineers.
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Pert XIT. S

(1)

(2)

(3)

(4)

The primery fesctor in alternating current

electrolysis is current density.

In alternating current elect rnlv81s g critical
current density below which no electrolytic
rases were evolved was delermined for seven
metallic eleetrodes whern The conditions of
freguency, temvperature, pressure, voltage

and electrolybe were maintained constant.

Above’the critical current density alter-
nating current electrolﬁgis was sharn to
follow the law of diréet current electrolysis,
“ﬂd may be made coincident with it by sub-
tracting the critical current density from
the current denbwtv employed. In other

words, when the criticel current density

ig reached, all the current above that point
generaves electrolytic gases, which are given

of f frow the electrode.

The critical current densilty with 1fon electro=-
des varies with tempe rature, rigsing from 0°¢

to shout 80°C and falling to the boiling point.




(5)

(6)

&)

(8)

(2)

NO

(10)

102,

The rate of gas evolution with iron electrodes
likewise varies with temperature, falling
from 0°C to about 809C and rising to to the

boiling point.

Y

Arecing in itself mekes no appreciable difference

in voltages below 110,

The existence of a critical current density is
eredited to an electrolvtic capacity of the
electrodes to sbore up the products of elec-
trolysis. Direct determinations of this cap-

acity have been made.

The electrolytic capacity was sharn to be dep-
endent upon the nature and condition of the

clecirode surfece.

The relation of the back B.M.F. to the guantity
of electricity passed was determined and related
to the wave of the alternating current, producing

a phage difference.

Tre generstion of explosive gases in the water-
resisbor tyre of electric heater can be prevented
by a design of electrode chamber that wounld secure
and rebzin under operating conditions uniform

current density.




(11) The current density in such a heater can be
considerably inereased over present usage

without danger of the generstion of explosive
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Plate I. WMiniature electric water boiler
used in determining the cause of the pro-

duction of explosive gases. (see page 26.)

Plate IT. Apparatus for determining the
rate of alternating current electrolysis
2% various current densities and fregquen-

cies. ( see page 30.)







