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PART 1.

0 0 Qus o C .

1. Introduction.

The stud,y of the phenomenon of detona.'bion in internal

com‘bustion engines has recently glven rise to man;r gubgidiary pro'blems
of fundamental importance. It has been suggested by many writers that
ionigzation is one of the chief causes of detomation, though no rela.tiqn
has ;;ret been discovered between the forﬁier and th-e latter. Up till now

attention has been devoted ma.inly to tﬂe stud,y of ioniza.‘bion in gaseouns

explosions. The object of the present experiments was to de'bsrx‘nine the

correlation, if any, between the degree of ionization of various sub.stanT
in flames and the amou.nt of detonstion in an engine cylinder charged withj
fuels contalning these su'bsta.nces.

The range of 1nvestiga.t10n 1ncludes an experimenta.l study of

ionization in flames of hexane, ether, a.lcohol, coa.l ga.s e'l;c., and ﬁlﬁ '

effect of adding iron ca.r'bonyl a.nwl ni.trlte, etc., - su'bstances which

alter the highest useful compression ra.tio (B.U. C.B.) Lora fuel.

A11 @.ses conduct electriclty, but very del:.ca.te s.ppara.tus is .

reqmred to show tha.t some ga.ses in their natm'al sta.‘l:e possess this

-property even to a small extent. Unless ions have been produced by

raising the temperature, by exposure to active rays, or by some other
method, all gases are relatively good insulators.
One/

1 _ e e A - . :

The H.U:C.R. is the-highest compression ratio which it is wortd
while to employ with a given fuel: If the compression isg raised abové
this-1imit excessive detonation leading to pre~ignition and loss of -
power is obtained. -For full imformation on this subject reference is
made to the Aeromautical Research Committee publication, R. & M.No, 1013,
on Dopes and Detonation by Callendar, King, and Sims.
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One of the oldest methods of obtaining @,ses in an iomsed
sta.te is by producing flame. Giese, by studying the electrical propeqy

of gases coming from flames ; discovered the theory which is now ﬁsed tof

explain gaseous conductivity. The current passing between two electro '_'
at different potentials immersed in gaseous media is at present considj
to be due to the movement of the electrons toward 1:he anode a.nd' the

positive ions towards the cathode. The mobility of the former 1s of a

higher order tha,n the lat'l:er, except possibly when the electrons becoma .

attached. 'l:o neutra.l a'l:oms. At higher tempers.'bures the ne'u:!:ra.l atoms (MHE- :

gaseous elemen‘l:s disscciate into ions(M) and electrons (E) in the foll
manners -
+ -
M= M +E -TU,
where U is the energ,y a'bsorbed in the process.
Ss,hza.3 e.ssuming tha.t the electron ig a monatomic gas of atomic
weight 1/1836 and the energy U to be the product of the ionization t

potentis.l and the electronic charge, has recently developed a. 'bheory of -

therml _ionization of @.seous elements at high 'l:empera.tu.res which hasg

received confirmation ‘by experimen'hs with salt vapours in flames s.'l;

> and for va.riation

particular temperatures by Noyes and Wilson, Ba.rnes,
in temperature b;r the writere.

G-a.rner s.nd Ss.unders,7 by meing an Einthoven @.lvanometer for
mes.suring the percen‘bs,ge of 1onization occurring in explosions of hydﬂﬂ'i-:j
and oxygen, found that Sahs's theory holds approximately for gaseons '
explosions and therefore that the ionization is ms.inly therma.l as in

flames/

Wied Am., 17,519, 1832

z Phil. Mag., 40,478, 1920
Astroplr Jow:., 57,20,-1923.

Z 7 Physical-Rev., Fe‘brus.ry 1924

7 Phil. Mag., Vol. 3, January, 1927.
Tra.ns. Far. Soc., Oc'l:o'ber, 1926
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' a measure of the degree of ionization.

6.

flames. The similarity between the origin of ionization in flames ang

explosions suggests that the present experiments may throw light or ’j !
shadow on the views expressed by other writers on the relation 'be‘l:wee;
ionization and detonation, concerning which there is much diversity of;f

opinion.

2, m_eg,aj -nmm; g': Ignﬁ zation.

Since tﬁe mobility of tﬁe electrons is éo great compared wi ,_;;
that of the positive ions, the cmént passing between two electrodes.“,‘-‘-
immeréed in the excited flame medium is almost solely due to the
elecﬁricity carried by the electroné. Accordingly, the electrical 1} '
conductivity is proportional to the mumber of electrons pres’ent, and
since the number of electrons is. equal to the mumber of positive ions,

the conductivity may be taken as a measure of the ionization. The

gpecific conductivity at a point in the region between the electrodes

depends upon the potential gradient at the point as well as the cm'renﬁ ‘
per unit area of one of the electrodes, guarded to ensure that the 1i
of force between the electrodes go straight across. The present ,

experiments were not intended to measure the absolule value of the -

jonization, and no measurement of the potential gradient at various

roints between the electrodes was made; it was therefore unnecessary g
have one of the electrodes guarded. Precawtions were taken to Keep i
eleg:trod.ea at a constant distance apart, to keep their poéition cﬂons .
in the flame and to keep the teﬁpera.ture of the flame con;ta.nt; ﬂl@ ar
21‘ tluxe‘ elect:odes and the diffefénce of potential between the lattel"_ “

remained unchanged. The current under these conditions is practicalld

3.1
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" of 30 volts between the electrodes and the current passing through the £

‘medivm was measured by a Kelvin galvanometer, the sensitiveness of which

3. ng;p.tmn__qimm

Two platinum electrodes each % centimetre square were placed f

just over the inner cone of an ordinary b\msen flame. They were ma.de of §

thick foil and welded to wires % millimetre in thickmess. 'l‘he wire
connected 40 the ca.thode was made of platinum, bu'b the anode was a.ttachad%
to the junction of two wires, one made of platinum, the other of platinumf
rhodium. The tempera,ture of the anode could therefore easily be kept
constant, the wircs leading to the anode being connected to a millivolf-{
meter supplied ‘b5.r thc éa.m‘bridge Scientific Instrument (;ompany. The |
horizontal distance between the electrodes was a little over a centimetre,#f
and the distacce was kept constant by passing the wirebs through quartz |

tubes of small bore fused together lengthwise.

A battery of small cells supplied a constant potential differej

could be adjusted by & comtrol steel magnet. The deflection on the gl ;"‘:
meter scale indicated a fairly steady current when the flame was shieldel,
by a chimney

The effect of va.rious cu'bsta.ncec on the cmductinty of the
flane we.s s'budled, the method of introducmg ea.ch substance dependmg on |

its vola.tility. The more vole.tile suhsta.nces were mixed with the air 'Def*

N

entering the flame ‘che less volati.le substa.nces were burned at the end o
a qua.rtz tube introduced at the mouth of the burner. Ca.re mwst 'be t&kan
to have the onnnec'bing wires well insulated and the electrodes free fro? {

deposit.

. . L

| Since the ionization d.epends on (a) the natu.re, and (b) the
concentrationl : ’ E v
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conce_nt-ra.tion ef the ilanxe conetiwnts, (c) the temperature of the_fiu‘.
(a) the distance of the electrodes from one another, and (e) the amount‘.%‘
ef deposit on the elec't;rodes. it was‘necessary to eliminate ail these |
va.ria'bles except (a) as fa.r as possible, if the true effect of each |
su'bstance was to dbe de’cermined. By examina.tion of the ta.‘ble of resulta i
it will be not:.ced that some suhstances decrease whilst others increa.se |2
the mnductivity of the flame. '.L’he action is not a catalytic one, 'but*

the va.ria.tion of the cOnductJ.vlty of the flame is due to the varia.tion

of the consentration of electrons in the flame. The presence of su‘bstv;:;

of low ionization potential - which iz the potential required to give an
elec‘tron eno;:gh energ? to ionize a neutral atom = increases the rumber of;
electrons present in the flame and therefore increases the current;
substances of high 1omzatmn potential decrease the electron concentrat:
and therefore decrease 'l;he c'urrent. ,

The following results with the Bunsen flame and the a.d.dltion

of various substances are typical of results obtained with other flames,;

as will be pointed out later.

9. ZIable of Regulta.

e Effect on Effect on _°' -
Substance. Ionization. Detonation i
Aniline Slightly decreases. Delays. ke
Methyl=aniline. do. do. ~f
Di-methyl-aniline - - - do. : do. slightly .
Benzyl-ethyl—aniline Slightly-increases. do. do. |
Xylidine oo Decreases do. - doo ..
Ni‘trogen-peroxide do. Markedly inducetg
Ammonta - “ do. ' Siightly delay® f
Phenyl Hydragine Little effect S1ightly inducedf
Amyl-nitrite’ Markedly decreases Greatly induced f
Picric acid. Greatly increases Induces.

Larbonyls/

8 Informa.tion o'btained from the report on Dopes and Detonation by

Callendar; King, and Sims! and from experiments made by the staff of 1}
Air Ministry Laboratory. _ :

7 Dark flame between electrodes only.
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Effect on !
Substance. Ionization. Detonation. 3
Iron-carbonyllo Greatly increases Greatly delays.
Nickel-carbonyl do. do. do. do. E
Benzoyl-peroxide do. do. Greatly induces. ,
Hydrogen-peroxide - do. do. Little effect.
Ether Cooling effect Induces.
Iodine Greatly increases Delays .
Bromine do. do. Slightly induces. 1,
Ethylene dibromine do. do. d.o. delays :
Acetylene tetra- o :
- bromide. Increases do. - do.
Chloroform Greatly increases Iaittle effect.
Dichlorethylene do. do. Slightly induces.
Valeraldehyde Slightly decreases 8lightly delays. i
Propylaldehyde Decreases - Little effect.
Paraldehyde Slightly decreases Slightly delays.
Oenanthol- do. do. Little effect.
Acetaldehyde do. do. Slightly delays.
Lead Xylyl Greatly increases Markedly delays

Ethyl fimtd 11 g6, - 4o.

Carbon-disulphide Decresses - Delays.
Tin oleate Greatly increases Little effect. 1
Sulphonal - do., decreases Delays. '

Water : Cooling effect do.

Ethyl alcohol do. do. do.

Effect on

Greatly delays.

6. Emgr_imant“a mi‘ ﬁ_h Different Flames.

Va.rious experiments were made to eonfirm 'bhe resulis tabulated~ &

‘a.bove 'by 'D.sing flames other ‘L‘han the ordinary B‘unsen. The J.nfluence of "m _
various su‘nstances on the ionization 1n a hexane flame was ex&mined a.nd g

thereaf‘l:er the ionization in flames of 'hhe substances themselves wasg
determined.

| The/

1o Beddi:h-’brown deposit on cathode only
1 "Ethy) f1uign consists of & mixture of lead-tetra~ethyl and eth"“"e

gi’:;omide in the proportion of 3 gramg of the former to 2 grams of the
atter,
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The method of producing the hexane flame consisted in burning

a nmixture of air and hexane wvapour at the enis of four small quartz t‘ll‘be'g-‘

which were sealed with sealing-wax to a rubber stopper. A long flame ms
thus prode.ced and the electrodea v;ere placed in vthe flame just over the
inner cones. The rubber stopper wae fitted to a veesel containing cotton }
ﬁool goaked in hexane through which a etream of air was passed. The air |
which was supplie;.i uedef slight pressure from a ten-gallon drum, was dri-e.dh "
and freed frem carbondioxide by passing through a tower of gra.m:.iar calel f
chloride, then tﬁrm:gh eo;l.e.-liele and then by bubbling through concentratel,
sulphuric acid. ‘l‘he flow of a.ir wa.e adjusted by neane of a screw elip, |

The ca.thode became coa.ted mth deposit very easily and s:.nce thﬁt
current va.ries very greatly wrl:h the amoun'c of deposit on the cathode it
wag necessary to make each experiment as quickly as possible. The hexane

‘was doped with each substance in turn and the results obtained were exach :

similar to those given in the a.'bove table.

!

To complete the 1nves1;igation, the hexane vessel was replaeed

'by a weighing bottle conta.ming the substance in llq_uid form to be e
The weighmg 'bottle was surrounded by a beaker of water pla.eed on an iron
pla.te which could be heated at will by a Bunsen flame. In this way the
less vola'klle su'bstances were vaporised. The air in soxﬁe cs.ses.'bubhled ’
through the liqu:l.d and in others merely pasgssed over the surfa.ce, the ext
of the contact of the air with the liqmd 'being varied to give the mixt'm';.f
strength desired. The amount of liquid used during each experiment wa.s
determined by weighing the bottle and omntents before and after. In thl

way the mixture strength used in each case wasg kept constant. The

tempera.tm-e, of murse, wa.s kept consta.nt as before by using the Plﬁﬁw

rhodimm’ thermocouple. Those substances in the foregoing table which oould
be/
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be used in this way gave results vwhich showed that flames of substances
which increase or decrease the ionization of a Bunsen flame possess

electrical conductivity to a grea.ter or less degree respectively.

In addition flames of "B.P." petrol, 'benzene, pentane, a.cetom"”

pseudocumol t'wrpentine, and various mlxt'ares were used. a mixtu.re of g

the separa,te conductivit:.es of the two substances, €.ey "B Pp." petrol
_ ca.r'bondisulphide. The current obtained with "B.P." petrol along was g
0.7 microamp., with CSg along 0-03 microamp., with a mixture conta.i.ning ;

25 per cent. CSg, and 75 per cent. petrol 0.1 microamp.

7. Conclugion.

It is evident from these resnlts that a.lthough in many ca.ses ;
knoolc—inducers increa.se a.nd a.nti-knocks d.ecrea.se the ionlzation of |
fla.mes, this 1is by no means generally sgo. Consequently, Wendt and
Grinnns theory:L2 that the advance of free electrons 'before the flame |
front ionizes the unburnt gas, thus increasing the rate of fla.me

propa@.t:.on and ca.using detonation, does not seem at all possi‘ble in the}fé,‘

light of the present results. If this theory were correct an increase .
in the lonization of the fla.me would inerease the ra.te of fla.me proyagafh -
and induce detonation. But the car'bonyls do not behs.ve in this nw.nner.'iz._
is a direct relationship between the intens:.ty of detonation and ionizbf,_

receive con:t'irma.t:.on. Certa.inly for partlcula.r substa.nces ioniza.tion Fl"}

the/

12 J.Ind. Eng Chem., 1924, 16 890,

Y 7.Ind. Eng. Chem,, April 1926,
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the intensity of detonation, for the carbonyls hecome exceedingiy

jonised in flames and the nitrites remain relatively in the nenttral i
astate ﬁhereas fhé former tend to delay, the latter fo induce, detonat :

Wé must therefore conclude that, althoﬁgh ionization acoony
ﬁetona.tion ag it does all flame phénomena, there is no simple relatic;
between them. Ionization doe;s not appear to be either a cause or eff

of detonation, but mainly a temperature effect.
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PART 2.

TBE ELECTRICAL CONDUCTIVITY OF VAPUUTRS AND

- The pro‘blem oi’ the slow beginning of combustion of liquid

i‘uels ha.s up till very recently remained relatively obscure. The chemia} ‘l
of the subject has been dealt with by Ca.uendar, King, Ma.rdles, Stern
a.nd Fowler, 1 in their recent expla.na.tion of the cause of detonation in | . 1
engines us:.ng liqu.id. fuel. The object of the present experiments wag toﬁ,"f
study the physical aspect of slow combustion, in the light of the ionie
theory of the electrical properties of @.ses which has been developed and?
established 'by Sir J J. Thomson a.nd others.

By ccmparing the temperature va.ria.tion of the rate of chemical

action with that of thermionic emission at the surface of metals in the

presence of various reacting gases, Brewer? has shown that chemical acti‘v “
is in that case intimatelj related to the physical processee occurring.r
Whilst the chemical action immediately preceding detonation in an engine
cylinder has now been expla.inedl, it is possible,tha.t as in the aboveﬂ; 3
the mechanism of the action may be explained on the ionic tneory. The 1
following experiments were prosecuted to lea.d the wa.y to such an Bxpw"*f

Ca.llenda.r s muclear theory of detonation 7 led the writer to investigate
| the electrical conductivity of liquid d.rops.

2, Description of Apparaius.
. The method of producing slow oxidation of gaseous mixtures w4 §
similar/

;Engineering, Feb.4th, 11th; 18th, 1927.
Proc.Nat. Aead. Se., Septem‘ber, 1926,
5 Aero. Res. Comn., R. & M., 1013, 1925.
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gimilar to that used by Ma.rdles,l a brief deseription of which will

be given, Fig. 1 shows the general arrangement.

FIG 1.
A, Air inlet. C, Calci‘um chloride. D, Ten gallon drum.
E, Platinum or gold electrodes anl platimm-rhodium
thermocouple. - F, Electric furnace with resistance -
eonkrol., L, Soda lime. P, Filter pump. Q, Quartz tubes.
T, Combustion tubes. U, Sulphuric acid. V, Vaporiser.

Ajr supplied under slight pressure from a ten—gallon drum we.s dried

a.nd freed from ca.r'bon dioxide before entering the wvaporiser, the ra'l:e ,' ‘:
flow being adjusted by means of a screw clip. The air was bub'bled thr i
the 1i<iuid in the vaporiser if a rich mixbture of wvapour and air were
desired, but to obtain a lean mixture the air was merely passed over 'khs
surface ag in the figure. gy raising or lowering the vaporiser relatiy
to the tube which in the case of a rich mixture dips into the liquid,~- 1
various mixture strengths could ‘be o‘btalned. The mixture of air and
vapour was pa.ssed through a com‘bustion tube, the temperature of which
could be ad,]usted by means of a Gallenkamp electric furnace with reslvf'
control.

The combustion tubes va.ried from 2 ft. 6 :lns. in 1ength, the

dia.meter varied from 30 mm. to 15 mm. and both quar‘l:z and glass tubes

used. For comparative purposes tubes 15 ins. long and 15 mm. in

mixtures was found not to depend on the material of the tube; the h’-bf'
were of glass, except for high temperatures, when quartz tubes were “’“}'i

The pressure in the combustion tube was atmospheric approximately, Bin“

only a alight increaee of pressure was necessary to maintain the fl” :

of the mixtures .

, Two electrodes, orig:.mlly made of platmum and later repl“”d :
by/ . ;
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'bé' gold were made of thick foil and were % cm. sciua.re. They were ‘
fused and soldered in the case of platimum and gold respectively to wirv ':f
% mm in dia.met'ei'. Two wiroo, one made of platimm and the other of |
platinum-rhodimi, ha.d their ;']unction at the a.noole; the Wiro connected l:
to the cathode wa.8 of pla.tinum Surrou.nded by qua.rtz tu'bes of ama.ll 'bo

fused together 1engthwise, these wires were kep'b 1nsula’l:ed from the gas L
mixtures. The electrodes were thus rigidly prlaced nearly a centimetre
apart. |

The temperature vm.o niea.oured by connectlng the wii'eo from tiie
anode to a millivoltme‘ber supplied by the Cambridge Scientific Instrmem
Compa.ny. The electrodes being kept at a constant potential difference ot
30 volts by means of a battery of small cells, the current passing 'betwe:f
the electrodes was ixiea.sured. 'by a gelvanometer of the Lord Keivin type. |

In the experiments wi’bh liquid drops a.ir supplied by a compres

a.ir cyli!ider pa.ssed t.hrough a spra.yer mechanica.lly similar to that used |

4
the writer in experiments with salt wapours in flames. The mixture of}
air and spray entered the combustion tube where the air and vapour mi: 1

entered in the experiments with wapours.

3. Ionization in Gageous Media.

The neutral atoms (M) are dissociated into ions (M) and elect "

(E) according to the equation-
U + M = ﬁ + 1_3
where U is the quan'bity of energy a.'bsor‘bed in dissociation.
Sinee the mobility of the electrons is of & higher order than":,

of the fons the conductivity of the mediwm depends meinly on the smober o °’
freel/ '

4 Pnil. Mag., Vol.111,, p, 128, 1927.
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f;z'ee e’lectrone preeen:l:. Ioniza.tion in gaeee &t normai tempa'atu.ree is i‘.
a low order of magnitude a.n.d can only be measured by‘ very delicate

apparatus. .
| The appa.ratus descnbed above was sufficiently sensitive %o ’
measure the electrical conductiv:.ty of an ordina.ry Bu.nsen flame wrbh 1
tl_:an 1 per cent. of error. The degree of ioniza.tlon in & sa.lt-free B
flame wae taken as the sta.ndard relatively to which ionization in the
media could be deacribed as of a low or high ord.er of ma.gnitude. Thun,
ioniza.tion in flames containing alkali salt wapours is of a high order v ':

of magnitude 2

6. ﬁe Elecf;'ricai (;onductigity'of

Yapours during Incipient Combustion,

Lean mixtures \yith air of p'ere e'bher, normal hexane, phenol, 2

aniline, iodine, toluidine, and combinations of theee were successively;_ 3
passed througﬁ the combustion tube and the temperat't—:re in each case 8 ‘
raised to the 'peint of inflammation or explosion. At first no disple ' :A
of the galvanometer was observed, but after the mixture had paesed thr
the tube for & short time & current was obtained. On diexﬁanéling the

apparatus it was discovered that the measured conductivity was due to

deposits on ’che electrodes. Consequently, the com'bustion tube and. elec'-,‘
were carefully cleaned a.fter each experiment and the tempera.ture waa i
raised as qulck.ly as poss:ble 80 tha.t the electrical arrangements ahmld

not be fouled. In every case the ionization was found to be of a low -

qrder of nagni‘l:ude » no deflection of the @J.vanometer being obtained-

The mixlrure strens'ths were then !.ncrea.sed until it W fO""‘l
with rich mixtures of the less volatile substances ionization was qﬂ-ﬁ’
Prépl_e‘qnced above 400° C. Before any displacement of the galvanometer “»

observed/

> H.A.Wilson, Phil. '.l‘rens. A, p,6_3, 1915,
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observed, however, a thick fog appeared in the combustion tube. Not §

until such a fog was formed was the medium measurably electrically
conductive. |

At this stage 11; seemed'éuite definite tha.t ioniza.tion in
vapour; during slow com'bustion was of a low order of magnitude and the:g
results were summed up ‘by Ca.llendarl thus: "No tra.ce of ionization mf»
he detected antil the ‘bemperature was raised to ’che point of 1nflamtvf
when the iIntense ionization which always accompanies flame was immedial
apparent”.

Su‘bseéuently, mixtures of hydrogen and acetylene with air
appeared to be exceptions to this rule, but it was discovered that ths; _,
cc-mductivity obtained in these later experiments was due to leaknge ‘ne ‘
the electrodes owing to the accumulation of various substances in tha_"f{
(iuartz tubes of smail 'bo?e surrounding the wires leading to the elec'ﬁr_'
When the ciuartz tubes used in previous experimen‘l;s had been removed &
new ones substituted no conductivity wa.s o‘btained in r:.ch or lean mi.v
of hyd.rogen-a.ir and acetylene-air. These experiments show that unlessi‘ i:g.
total insulation of the electrode§ is ensured misleading results may b
obtained. \

It is also important to mke the ‘l::.me of each experimezt as
a8 possible in order to preven'l; the elec‘brodes from ‘becoming fouled.
an example of the way a small deposit on the electrodes and supportﬂi:mii;,,
qm:-tz tubes affects the results, an experiment with hexane—air v_é.ll b"
cited. Whilst with a fairly rich mixture of hexane-air with tubes s |
electrodes comple‘!;ely free from foulness no current ould be o'bta.med 3
%o 600° 0 » With tubes and electrodes which had become fouled throwg® 1 ;f
time taxli:'e_n._to meXe ;l:he experi:;ent at 5000 é., the disﬁlacemm‘h‘on the 5

galvanometer/
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gelvanometer scale was 180, the indicator of the Ayrton shunt being
at 300,

Electrodes.

Tha.t the presence of pla.'l:imnn ha.d a nua.rked effect on the

combust:mn of 'bhe suhstances in the com'bustion tube was no‘b at all obr ::‘
if the temperatm'e of the 'lmbe were ta.ken to be tha.t mea.sured hy the
platinum-rhodium ther:mocouple. It was the discovery of this so-called
oatalysie which J.ed the writer to substitute gold electrodes for the
platinum ones. Wd.th gold electrodes no surfa.ce action was a.pparent.

The temperature of the middle part of the furnace was nv.sured
by a Ga.llenda.r platinum ther mometer reading on a Whipple indlcator. A
On hea.t:mg the furnace, combustion of the hydrogen—a.ir mixture was obse -"_
'by the formtion of vﬁater in t]de U—ﬁbe after the mixture ha.d pa.ssed thr: “
the ccmbustlon ‘bu'be. The hydrogen was suppl:.ed by a cyl:.nder of coznp'es
hydrogen and, after gently bubbling through concemtrated swlphuric acid{ :
joined the flow of air from the ten~gallon drum before entering the

combustion tu:be .

The “bempera.ture of the f'urnace as mea.su.red 'by the Gallenda.r

pla.tinum 'l:hermometer a.nd the tempera.‘l:ure of the electrodes as mea.sured biﬁé

the platinum-rhodium thermocouple were exactly the same until com‘bns‘tiﬂn._i

meedeed, when the temperature of the electrodes rose rapidly bub tha.’w
the furmace conftimued increasing élowly at its former rate. Fig.l! shm,
the variation of the tempera.tu;e of the furnace with that of the elec,t:‘mﬁ;’
for & 30 per cent. mixture of hvj‘dl'ogen-air. The chemical catalytic adio]

of platinum seems therefore to be due to surface combustion.

6./
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6. Tﬁe- Electrioa.l (;onduc'biv;’rt& of Liquid
Drops-Air Systems Duringz Incipient Combugtion.

The only mod:.fica.tion in the appa.ra.'l:us used in 'bhe precedlng
xperrments in order to mea.sure the electrice.l conduch ivrby of llquid dz'
was that already mentioned, Since rich mixtures of vapour were previ‘
found to 'be mes.surably conduct:.ve a.fter fog formtion it was expected t ‘
1iquid drops should have the same order of conductivity. This wa.8 .... ;;
be eo; about 300°(5 . there was a sufficient rmumber of free electrons in ' ;‘:v
Yapouxr eurrounding the drops to cause a measurable current to flow be :>
the electrodes. The tenmeramre of ea.oh substance was raieed gra.duall}-'
3000(.: . to 500°C Throughout this range the conductivity increased
exponentially with the tempera:bure for ea,ch substa.nce. With the treme

inorea.se of free electrons, 'bhe drops mist becore pos:.tlvely charged to

high degree, but, since they move very slowly relatively to the electr _‘

the current is due almost entirely to the movememt of the free electrom
F:.gures 11,1V, Vv, and Vi, give the experimental results for
li.qm.d dr°Ps of undecane (b-P range 198-20800) and undecane mixed with

var:.ous orgam.c substances. Experiments with d:.fferent mixtures of ndodl

and toluidine were carried out, ‘mrb no rela.tionsh:.p could be o’b‘bained :

mixture strengbh and conductlv:.ty, though for each mixture strength the
conductivity inereased exponentially with the temperature as in the abﬂ, 3

experiments,

The combustion t'uibe, mde of q_ua.rtz, wa.g surrounded by & °°ﬁ'
nichrome wire which was used instea.d of the furnace to heat the Tube.
Another quartz tube of smila.r dimensions was’ placed side ‘oy side with
axis at a distance of two centimetres from the axis of the com'bustlon ’

This/
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This second quartz tube formed part of a mercury arc lamp supplied by

Hewittic Electric Compa.ny Ltd., and was filled with luminous mercury
rich in ultre.-vlolet light. .
It was found that although the a.ction of the llght lowered t
temperature of initia.l combustion, it did not supply enough energy to
measurable ionization in the case of the combustion of wvapours nor did-..
ra_.ise the conductivity of the liquid drops systems {0 an appreciable e.!.

At first it was thought to induce congiderable ionization after expos %

but further experiments showed that during the time of exposure deposiif§
had been formed on the electrodes. The increase of ionization was _due"'

the fouling of the electrodes only.

. Do i

The min conclusmns from these experiments are that the slow

com'bustion of a disperse system of 1iquid drops of various organic

su’osta.nces in air is accompanied by profuse liberation of electrons and
that in mixtures of ra.p.ours and air comparatively few electrons are |
present. The importance of these conclesions rfith regard %o ;nterml
combustion engines will now be indicated. ‘
It is well ¥nown that liquld d.rops persist in an engine cyl *
s.t tempera.tures fa.r hlgher than are requ:.red for their evapora.tion :ff\-
effec‘k is due to the i.ncrea.se of ‘pressure necessarily a.ccompanying iml'
of tempera'l:ure. A review of this suib,)ect has been given by Ca.llendaro
Consider one particula.r volume of the engine cylinder. SuPP“’ '
the ‘temperature of this volume to be suddenly increased relat:.vely %o " ]
ofﬂthe rest of the cylinder. The liqu.id drops which exist in this _'
porticular volume will evs.pors.te and the substance of w_liich "l:he drops ‘.
composed will now exist in the molecular s'!:afe. The elec‘trons will 1

recombine/ i
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recambine with most of the positive ions into which the drops have beef

divided, a.nd consequently the ciua.ntity U in page 15 liberated will be ]
very 1a.rge.

The fa.ct tha.t ignitlon oceurs a.'l: a 1ower temperature in ;
mixtures of gaseous fuels conta.inlng liquid drops than in & completely i‘
vaporised mixture may be accounted for by this supply of energy from theg
recom'bination of the electrons and ions. "De‘bona.tion", Qays Callendarl
"requires the mmlta.neoua ignitlon of & considere.ble prOportion of the.
mixture by something uniformly distributed through the mixture 1te;1f" ¥
It is probable that such ignition may be started in detomation of the ‘
miclear type by the source of self-ignition explained by the present {

experiments.

FIC. 111.
ﬁndecane and ﬁisc;llaneous Antiknockers =
ﬁndécane pius t;ace of ifon ca.r'borwjl. ‘ :
do. do. saturated solution of lodine.
gg: do. 10% carbon-disulphide.

EG. JY.

‘Yadwlk

Undecane and Nitrogen Compounds -

E  RNitrobenzene.

F  Nitroxylol.

G TUndecane. -

H do. plus 10% phenylhydra.zine.
J do. do. nitroxylol.

X do. do. nitrobenzene.

FG. Y.

Undecane and aromatic bases and phenols -

L  Cresol.

M Undecane plus 5% aniline.

R do. do. phenol.

0 do. d0.10% xylidine.
P do. d0.10% toluidine.
Q do. :

R do. d0.10% eresol,

FIG./
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EIG, ¥Y1.
Undecane a.nd Alcohols -

S
T
U
v
w
X
2

Benzyl alcohol. s
Undecane plus 10% ethyl a.lcohol. .
do. do. do. behzyl alecohol.
do. - ' .
" do. - do. do. amyl aleohol.
- Ethyl alecohol.
Amyl aleohol.
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PART 3.
ONIZATION AND CHEMT CE G SLOW COMBUSTION.
1. Ionization and Slow Combustion. 4 |

-

Although it is well known that flames are highly ionized it
does not appear certain whether slow combustion is accompanied by any §

liberation of electrons since the high temperatures at which most gases 'f,

become conductmg are not attamed.

During the period of inclplent oxidation which precedes comb'a.d
1mportant cha.nges occur in the ga.s mixture rend.ermg the mixture highly
gsengitive to inflannnatlon. Thus, Bone, Fraser and W:.ttlha.ve recently :
demonstrated that with mixtures of methane a.nd oxygen when an electric 1;
spark is passed, there is a definite lag or induction period followed by;
the propagation of a "ghost-like fla.me" through the mixture before ma.in'-‘i

combustlon occurs. with a condenser dlscharge-spark, of 8 microfara.ds s,t

1000 volts, combustion immediately started with an intense luminosity in i
the reglon of the spark where strong ioniza.tion would occur. |
Experlments conducted 'by pass:mg gas mixtures through heated "

to determine whether there was any difference in the spontaneous ignltio

tempera.ture and degree of peroxidation of a system of liquid droplets :“' 3
vapour respectively in air showed that not only with the drops did the ‘l
mixtu.re catch ﬁre at e considerably lower temperature but inflammatzon |
occurred at still lower temperatures in tubes in which inflammation had
Just occurred. indicating that something remained in the tube from the ‘;
burnt gases 'to sensitize the fresh nirture. |

Su'bsequent 1y/

1 Proc Roy.Soc., 4.114, 442, 1927,
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Subgequently it was found that ionization occurred more

extensively and at lower temperatures with the system of droplets duri -.

élow combustion than with the wapours, when ionization only became
a.pprecia'blo; a'i: the tempefa.ture of inﬂanm‘bion.

The possible impor’ca_ncé of ionization on the propagation of
the flame wa.s suggested by Sir J.J.Thomson who pointed out that electronjf"
emi;sion from the fla.mé front into the adjacent unburnt gaé layers wouléé '
pfepa.re the way for the flame, and recently considerable attention has b :7
paid to ionization ir{ the interna.l combugtion engine whefe detonation in‘ff
the familiar for;n of "knocking" or "pinking" occurs with certain classea’
of fuels with the accoﬁpanimentof intense ionization. The h&pothesis t‘ ;:
"anti-knockers" such as lead tetra eth;;rl or iron carbonyl absorb elect_ri
has been testedEZ’B’A"& 5) and it would appear that the large ionization%
value and radiant ener§ emission, although an accampaniment, is not ihs

cauge of detonation,

0

The important part in detonation that ean be played by electroy

follows from H.L.Callendar's muclear drop theory which in brief accounis

for the "kmocking" in the petrol combustion engine by the spontaneous

6,
ignition of the system of droplets of fuel separated during canpression."

"/v' ! g . =¥

The electrons could act as nuclei for the condensate so that the gas

mixture 18 dispersed with electrified droplets at the surface of which

combustion begins. The electric charge would also tend to increase the

specific surface and to lower the wapour pressure,8 vwhilst also sensifis _

the molecule to chemical change. Thus Lind & Bardwell have shown 9 that 4' 
complete/

; Wendt and Grimm, J.Ind. & Eng.Chem., 1924, 16, 890.
2 Clark, Brugmann & Thee, ibid., 1925, 17, 1226;

5 Garner & Saunders, Trans. Far,Soc., October, 1926,
A Bemnett, ibid., 1927.

1 Callendar, Aer.Res.Comms;, R.% M, Fo.1013, 1925. -~ R
8 Callendar, King, Mardles, Stern and Fowler, "Engineering", Feb. 192
; -J:Thomson, "Conduction of electricity through gases", 1903, p. 147 4

Ssq_.' s
7 J.Amer.Chem.Soc., 1926, 48, 2335,
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complete oxida.‘l:ion of metha.ne occurs readily in the presence of gaseous}

ions produced by a.lpha particles.

When e mixture of hexa.ne vapour oi ace‘l:ylene in air is pa.ssed*
through a heated. gla.ss tube at a temperature below its inflammation poin
but with occurrence of combustion a mist of pungent odour is formed and |
tﬁe mi;t persists aftef pagsing through absorption apparatus designed to
coflect the pﬁ-oducts of élow combustion. The mist becomes densely grey-;"-
white when ultra~violet radiation passes into the reacting gaées and thg
mist formation and iiberation of electrons appear to be simultaneou;. .

The following results (Table 1) were obtained with a fine spr;"'ij

in air of (a) cymene, b.p.174° - 176°C., (b) amyl ether, in presence of §
wltra violet 1light. |
JABLE 1.
(a) Temp. Obeervation. (v) Zemp. Obgervatiion.
275°C Incipient oxidation 120°C,  Incipient oxidation
indicated by formation indicated by formatio}
of aldehydes and of aldehydes and b
peroxides. ‘ : peroxides.
300®  Ionization with the 3000 Ionization first {
accompaniment of a observed; carbon dioxid
white fog first in appreciable quantifg'
observed. also observed; pronowy
fog. ]
450° YVery dense white fog 516° Ignition.

and pronounced
ionization; combustion
occurring with formation
of carbon dioxide, etec.

571° Ignition.

Simlar resulta have been obtained with 'u.w:lecaa.ne5 and it was _'
conclmled that the presence of liquid drops during slow combustion caus ;

& tremendous rnumber of free electrons- to exist in the gaseous medium

containing/
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containing the drops. Only slight ionization was observed with mogl:
of the dilute mixtures when the mist. formation was not so apparant

and this raised the question as to whether ionization was due to the |

development of surface 10 the drop forming & home for the electirone or ;

whether the mist resulted from the condensation of the products of slg
combustion on electrons produced.

) Fumerous experiments have been carried out from time to tim,ej“

by various workers to investigate whether electrons are liberated duri*\

R

gaseous reactions. The results are not conclusive although it appearn‘

that with the use of very sensitive apparatus slight ionization has b !

detected but the order of magnitude is very much lower than in flamea.’
A.Pinkuéll foxvmd no ionization with nitric oxide and ox;nirgen,‘
but observed some with nitric oxide and chlorine whilét more recently
- Traute and Henglei.n12 ina i)aper entitled "The éonsta.ncy of electrical]
conductivity of gases during chemical ree.ction;i" concluded that the |
ionization observed by Pinkus was adventitious and fhat during ga.seouv
rea.ctions at moderate temperatures even when the hea.f of reaction is
great no free electrons are produced.

13

A.K.Brewer~” has observed ionization during the catalytic

oxidation of a number of organic substances, e,g, xylene, acetone,81°°h*"
ete.
The following experiments show that slow combustion is.

accompanied by ionization in some cases even when there is apwrentw‘ﬁ‘

The main apparatus (Fig.l) and methods employed have a.lreadl: '

been described’?  Small square gold electrodes, 5 m.m. side; 5 m.m. 8

were fixed in the stream of gas mixture which was passed through the

heated glass tube 12 m.m. diameter.
With/ i

10 ' i
Cf., Simpson, 1909, Phil.Trans. A, 209, 379. Q

1l Helv.Chim.Acta.1918, 1, 141.
12 Zeit.anorg.chem., 1920, 116, 237.
15 Proc.Nat.Acad.of Sciences, 1926, 12, No,9, 560.
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With & ;-ising fempefature the point af whiciz combuétion began
was made e;vident by the formation of oxidation products such as water,
carbon ;lioxide or peroxides. Not until com'bu;tion began, at least, was#-
movement on the galvanometer scale observed and with some mixtures,

especially the more dilute, ionization to any appreciable extent occurre’ﬁa

only at high temperatures approaching those of the flame.

IABLE 11. ‘
- T ‘ ‘Tenmp,of Temp. of
Mixture - Percentage of Vol. Incipient initial
Combustion. appreciable}:
lonuam,.,‘;
Hydrogen-air 50% H2 6150¢ 650°¢
Acetylene-air 2.5% acet. 550 °c 620°¢
do. 20% acet. 405°¢ 450°¢
do. 50% acet. 30 315
Ether-air Rich in ether. . 145 350
do. 10% ether. o ' 173 400
Carbormonoxide-air 48.5% CO. 465 500
do. 64% GO, 440 465
do. 30% GO. . 450 480
do. 9% CO, , ‘ 460 460
do. 1% CO, ' - 500 500
Carbomonoxide—hydrogen— - )
air. 22% CO; 11% Ho 430 430
do. 6% CO; 3% Ha 445 445
Hexane-air. : 30% hexane. | 2170 450
do. 5% do. 350 650

2. Mechanism of Chemical Reaction
The dela.y in ionization during the slow mmbus‘tlon of lean
mixlmres of hexa.ne, h;ydrogen, etc. untll high temperatures were reached"
might appear to th.row eome light on the mechanism of chemical reactiOn 1;

during combustion. ‘The scission of the Qxy.gen molecule into atoms
o/
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0=0 —» =-0-and=0-

would proba.‘oly result in profuse libera.tlon of electrons 80 tha.t i

hypotheses of ox:.d.a.tlon and combustion at moderate tenperatures whichai‘
1nv01ve this atomic separatlon are not so conv:.ncing as those in whicﬁ' :'
the oxygen molecule is incorp»prated“a.s a whole, e.g. as when 0 = 0 beo*
- 0«0 - and the formation of alkyl hydrogen peroxide from a hydro-
carbon

+0, = R.CHE, ~0-0-X
Bone g hydro:xylation theory of the slow combustion of

hydrocarbons asgsumes atomic separation, e.g. in the formation of the
T - a2 . ‘
intermediate compound C - O H from acetylene and the intermediate
U '
. ¢c-0H
formation of alcohols from hydrocarbons. |
R, CH; + 0, —> R.CH OH+ 0—>R.CH(OH);>R.CHO + azo;ru

The modern conception of the atom consists of & mumber of

electrons contimvually moving round a cenbral charge of positive elecirif

The number and arrangement of the electrons determine the chemical aa'_t'i‘:
of one atom on another, the rumber of electron;: in the atom being --:'“'f
proportional to the atomic weight. Electrical cond;zction arises from . i
drifting ofrelectrons in the difection of.the applied electric potenti&_} '
grg_,dient and the energy of heat motion of these "free" electrons 1ncr‘}'”
vyith the temperature. Richa.rdsonls has shown that at ..-i.nui‘ficiently hiei B
f_;gfnperatures this energy is great eno%zgh to carry them out through the }
surface of hot bodies. The emission of electrons by many quite differ 4

substances at high temperatures proves that they are a common constl

of all forms of matter.

Electronic emission hag been attributed 'by many writers %o

chemical action and by others to the purely thermal increase of electro
kinetic/

llj"Zche & Andrew, J. C S., 1905, 87, 1232
The emission of electricity from hot bodies" 1921.
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kinetic energy, but neither view has been established with certainty.

Richardson has fully discussed this questionls (op.cit.) and the only

experiments which can, without obvious objection, be quoted to support
forme;' point of 1'riew are, in his opinion, those of Haber ami Just ].'6
and Just found that when drops of caeéium or of liquid alloy of sodium
and potassium are attacked, at low pressure, by several chemically adiw
gaées, the drops emit electrons. 1t .seems in this caée that the electra*

are probably liberated by chemical action, the rate of emission being

proportional to the chemical action occurring.

Recently Brewer” found that ionization occurred during the

oxidation of ethyl alcohol wapourat temperatures well below that of igzﬂf
where there appears to be no other accompanying phenomens whiéh could glé 3
rige to the ionization observed. In his later paper 12 (Nat.Acad.Sc.,
September. 1926) 3rewer carried out experiments where chemical reach ion;k;,
ionic emission took place at a hot electrode, the reacting gases being !
attemmated that the heat of reaction did not materiall;;' affect the

_ temperature of the electrode. Theée experiﬁenf# suggest that the gas
molecules are ionized at the surface by the combined image and contact L §

forces. Starting at a distance of 10"8c.m. from the surface the ions h:

thrown out by the processes of emission to a region of weak surface fors
where it ig possible for them to combine with eleetrons to form neubrsl {

molecules, which are then able to escape from the surface region.

5. Correspondence between Ionization and
Chemical Action.

- e
The equation i =AT? e ~ &T ... .. ... (1)
and :

i=BT26-b/T L A N (2))

where/

13 "Ann.der Phsik", vol. XXXV1, p.308, l1911.
"Phys.Rev.," 26, p.633, 1925,
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where i and T are the cﬁrrent and absolufe tempera‘t:ﬁre respectively ani
A, a, B, b, are conetante, are given b& Richardson (op.cit.) for the raJ
of thermionic emission for either poeitive jons or electrons. These
fomulae ere approximations and although (2) reste on & more solid
theoretical basie than (1) there is nothing to chose between them in
practice.

A thlrd. formula of a similar type mey be deduced from the
shermodynamic equat:.on used ’by Saha18 for calculating the thermal
1oniza.t10n of ga.seous elements at hlgh temperatures. Sa.ha's equation

ha.s 'been found to sa.tisfy temperat'ure variatlon of 1on:|.za.t10n in flames .

of alkalli salts 19. From p. 140 of the latter paper we have

5048 ¥ 2 - v ;
B logyo K = - '_[' + 2, logl0 - constant, B |
Where K o i‘; \" being the ionization potential.
) P _ .
oo 2p 5/2 = &€ /T, where &,/ are constants.
514 -c/T

A i=CT e asceveae s eee st b seae (3)’ >$

where C, c are consta.nts ]

It has been sjhown5 that the ionization dunng slow combustioni,
in a disperse system of 11quid drops - air increases exponentially wit} j‘
the temperature. Equations (1), (2), and (3) eatiefy tﬁe ;'esnlt:e of
expe?iments with different systems equally well. The resulte for undeQ

are taken as a typical case (see Fig.11). The formla

/Tde-s"/r ,. where & =%, %, 2,

and 19 Cf are constants,

therefore satisfies thernuomc em:.ssion, iomza.tlon in fla.mes and §

jonigation in liquid drops-air systems during slow combustion, a:uwe~

each cage, within the limits of experimental error, all points plotie]
with/ o ' 4

18
19"Phil Mag.", 40, 478, 809, 1920; 41, 267, 1921.

Bennett, "Phil Mag , 111, Ja.rmary, 19217.
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with axes (log i-& log T) end 1/T fall on straight lines.

The rate of chemical action is expressed by the equation

where 0( =%, '-?7‘

i= §T% ""/ 7,
Richardson concluded tha.t gince 95 in the case of chemical ackion diffé
from that in the case of thermionic emlssion the em:.ss:.on ca.nnot be due
to chemlcal action. Z!3~re1zverl3 (op.cit.) has now accounted for this

difference.

The ma.in features of correspondence 'between ionization a.nd

chemical actlon are (1) Ioniza.tion in gaseous media incresses very slo:'f-,

at first but when once begun it accelerates very rapidly; (2) a.ppreciab
ionization occurs whenever combustion becomes appreciable; (3) substa
which promote combustion promote ionization; (4) the variation of the
of thermionic emission, ionization in flames and ionization in liquid |
drops-a.ir systems during slow combust ion and of chemical action with
temperature follow the same genera.l law.

In the light of these results it seems very proba'ble that thel;
processes occurring at the begiming of and durlng combustion are (a) 8}
thermionic emission or thermal ionization; (b) as soon as ions are

liberated they form centres for chemical activity.

4, Action of Iron-Carbonyl, Lead Tetra Ethyl, etc,
on_slow Combugtion and Ionization.

The presence of iron carbonyl, lead tetra ethyl, etc. even

in traces, exert a great influence on slow combustion, delaying

sponta.neous inflammation and. a.ltering the temperature a‘b which incipieh
combustion 'begins. The formation of h:.gher oxygenated su'bsta.nces which _'5
induce autoxidation is inhibited by the presence of the "anti-lmockers' }

the action appearing to depend on the thermal decomposition of these
metallic/
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meta.ilic compm-md'e yielding metal particles of colloidal dimensions
ina hi.ghl& active state7. The meta,l particles also appea;' to act
a dual capacit&r of inhibiting peroxide formation and causing accelex*
combﬁation at 'the metal surfa.ce at higher temperatures. !

The resul'bs obtained in experlments with undecane and hexy
with and without iron carbonyl (see Flg 111) show the initial J.nhi:l
of chemical change in slow combustion by the decrease in electron |
emission whilst inecreased jonization at higher temperaturee indicate#
catalytic actlon.

Experiments wrbh hydrogen, hydrogen—alr mlxtures, hexane-ai;a
mixtures, coal—gas-air mlx'bures and acetylene-a.lr mlxtures, with ani}:
wi‘l:hout iron carbonyl, lead ethide a.nd nickel carbonyl, were nade at
temperatures up to _§>_OO°C and in every case the addition of the orgam
metallic compound was found to increase ionization slightly. Bj &
special device (see Fig.1l) only a trace of ironm ca.r'bon;}l etc. was
a.llowed to enter the stream of .gaees and then only for a few eecondm
whilst the reading was being taken. With CO-air mixtﬁ.ree tﬁere vé.s&

rapid movement on the galvanometer scale as the "doped" gas mixbture

vassed across the electrodes followed by a re’cu.rn to the normal readl§

after the puff had pa.ssed The foulmg of the electrodes and tube ~'
much difflculty in measurmg ‘bhe ionization and they had frequently‘
be thoroughly cleaned durlng the e@erimen‘bs. ,

- The mixture 67% CO + 33% H2 + air gave very striking resnlia
As a p'uff rlch in iron carbonyl wa.g pagsed through the combustion tubﬁ

at 50000 the current passing between the electrodes increased enor' f

The actual readings were:=

Temperature/
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Temperature. Galvanometer Remarks.

--------- - Disgplacement. -
43000 » 3 m.m. Without Fe (CO)g
500°¢ 25 m.m: "
500°¢ : 450 m.m. with

- ghunt 100 With Fe (CO)
500°¢ 35 m.m. After pa.ssagg of
puff.

It was noticed that (1) the galvanometer rea.dlng did not
increase auddenly but at flrst it moved gradually and then rapidly

accelera.ted tlll when the spot had reached the end of the scale its

velocity was very great, (2) after the puff had passed through the tubeL

the conductivity decreaged to its former order of magnitude, (3) there

slight persxstence of mcreased conductlv:Lty. _
Less striking resul‘l:s were obtained when only a trace of ironﬁ\
car'bonyl wes present in the gas mixl:ure.
The following are some typical results with the less effectilr
mixtures.
TABIE 111.
Mixture Strength Temp. Remarks Galvanomsg
' of mixture. °c. Displacend
Air 100% - up to 650 S 0
do. do. do. with iron carbonyl. 0
Hydrogen 100% up to 650 - - 0
do. do. do. with iron carbonyl. 0
Hydrogen-air 50% up to 650 C - : 0
do. do. 650 with lead ethide 2
do. do. do. with iron carbonyl 5
do. - 10% 570 with lead ethide 40
Carbon monoxide 10% 520 - 0
-air. ,
do.  do. 550 with lead ethide . 2
do. do. 600 do. 1
Coal gas - a.ir. 50% - 610 - . 10
do. do. do. with iron carbonyl 20
Acetylene ~ air Weak up to 470 - - : 0
do. do. 470 with nickel carbonyl 1
do. do. 500 3 -
* On/
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On addition of iron ca.r'bonyl tempera.tu.re rose suddenly
to 800°C and mixture exploded.

A mixture of air and iron cafbon,{rl was paesed through the
combustion tube and did not eause any movement of the galvanometer.
The addition of a puff of the H2 + 60 mixbture increased the conductivity
to a high degree asg described before. The tempefature was not increased
by the puff and it must therefore be concluded that the intense

jonization and the chemical action occurring are intimately related.

FIGURE 1.
A Air inlet; B Battery; C Carbon-monoxide-
hydrogen inlet; E Gold electrodes and platimun—rhodium
thermocouple; F Electric furnace with resistance control;
G Galvanometer; X-Screw clips; L Lime Water; M Millivoltmeter;
N Soda lime; O Organo-metallic compound; P Caustic potash;

Q Quartz tubes; S Ayrton shunt; T Combustion tube;
W Cotton wool.

5. Sumary.

1. The presence of electfons and liquid droplets in the
prodﬁcts of elow com'buetion appear to render the system sensitive to
inflammation.

2, Mist formation and liberation of electrons appear to be
simltaneous.

3. Ionlzatlon sometimes accompanies slow combustion especially
at higher temperatures and with rich mixtu:res.

4, There are several striking features of correspondence
'betWeen ioniza.t:.on and chem:.cal action.

5. Substances which promote com'bus‘blon appear to promote

ionization.
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Llectricity in Flames. By James A. J. Benserr, M. 4.,
B.8c., WilliamsHouldsworth fesearch Student and Carnegie
Research Scholar, University of Glasgow .

ConTrNTS.
Parr I,—Electrical Conductivity of Flames containing Alkali Salt
Vapours.
Parr IL.—The Thermal Tonization of Gaseous Flements at High
Temperatures—a confirmation ot the Saha Theory.
Parr IIL.—Velocity of Electrons in a Bunsen Flame.

Pare 1.
Evtorrican CoNpueriviry oF FLAMES CONTAINING
ALKALT SaLT VAPOURS.
Introduction.

HE main object of the experiments described in this

paper was to find how the electrical conductivity of

a Bunsen flame containing alkali salt vapours varies with
the temperature.

T Communicated by Prof. K. Taylor Jones, D.Se., F.Inst.I.
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The temperature of the flame was varied by altering the
gas supply and by the addition of carbon dioxide. Many
papers on the conductivity of salt vapours in flames have
been published, but the effect of the temperature of the flame
on the conductivity has not hitherto been investigated.

The variation of the electrical conductivity of flames
containing salt vapours with the concentration of the salt
vapours in the flames has been investigated by H. A. Wilson
(Phil. Trans. A, p. 63 (1915)), who found that the variation |
of the conductivity (¢) with the concentration (%) for alkali |
salts can be represented by the equation |
- ALl = b+ac,

et —

where @ and b are constants for any particular salt at ai
given temperature. i

Most of the previous investigations on the electrical]
conductivity of flames have been made in an ordinary
Bunsen flome the temperature of which is abont 2000° K.
The methods used in the present experiments are similar to
those used by B. T. Barnes (Phys. Rev., Feb. 1924) except
that all his measurements were done on a flame at ahout
2000° K.. while in the present experiments the temperature
was varied from about 1500° K. to 2000° K.

Description of Apparatus. i

t

The Burner.—A special burner is used which gives a
much steadier flame than other types of burners. It consists
of four quartz tubes sealed with sealing-wax to a brass
chamber. Iig. 1 shows the arrangement. A short piece
of wide rubber tubing conunects the burner to a specially
constructed glass vessel, hereafter referred to as the sprayer.

The Sprayer~—TIt will be noticed from fig.2 that this!
vessel, besides functioning as a sprayer, is the mixing.
chamber of air, coal-gas, and carbon dioxide, as well as the,
five spray of the liquid being sprayed. Air supplied by an|
electric pump (P) enters the sprayer which contains a
known volume of salt solution, distilled water, or some other
liquid. The latter is sprayed in the manner shown in the
diagrams. The reason that the rubber tube (H) is led well
into the sprayer is to prevent improper mixing of the gas
with the air and spray which would otherwise occur. The
rubber tube (H) leads the coal-gas and CO, into the spray
at its source.

The Coal-gas Regulator.—The gas before reaching the
sprayer is passed through a regulator consisting of 2
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cylindrical jar (J) suspended from a balance with its open
end downwards. This jar dips into a larger one (W) filled
with water. An open vertical glass tube surrounded by one
of larger diameter is clamped over a small vessel (V) of
mercury which rests on the top of the jar (J). The gas
enters through the outer tube, which dips well into the
mercury, and escapes along the surface of the mercury into
the inner tube. The gas is also led into the space within
the jar (J). The arrangement is such that, when the gas

Iig. 1.

A. Anode. K. Coal-gas inlet.

B. Burner. LL. Battery.

C. Cathode. M. Solid glass connexion,
D. Solution sprayed. 0. Earth.

E. Quadrant electromster, QQ. Quartz tubes,

F. Flame. S. Sprayer.

G. Galvanometer. T. Wide rubber tubing.
H. Rubber tubing. WW. Exploring wires.

J. Air inlet. Y. Ayrton shunt.

pressure increases, the jar (J) moves upwards, pressing the
mercury up against the inner tube and thus allowing less
gas to flow. (onversely, when the gas pressure decreases
the jar (J) moves downwards allowing more gas to flow.
After leaving the regulator the gas passes through a large
bottle (B,), which smooths out small oscillations in pressure,
and in order to increase the sensitiveness of the water

Phil. Mag. 8. 7. Vol. 3. No. 13, Jan. 1927. K
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manometer (G,), which indicates the pressure, the gas
passes through a constriction (C,) before entering the
sprayer.

Fig. 2.

[
of
o W3
C —— _

A. Cylinder of compressed CO,.

B. Arm of halance.

B, By, B,. Large bottles.
C,, 0,, C,. Constrictions.

D. Salt solution.

G, G,. Water manometers, .
G,. Mercury manometer.

H. Rubber tubing.

J. Cylindricel jar.

Ga3

M. Solid glass connexion.

P. Air-supply pump.
S. Sprayer.

T. Wide rubber tubing.
V. Vessel of mercury.
Wi, W,. Jars of water.
W,. Jar of mercury.
X, Heavy brass ring.
Y. Regulator.
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The Air Supply.~—Part of the air supplied by the pump (P)
escapes by bubbling through mercury (W;), thus securing
constant pressure. The 4ir supply is regulated by altering
the current driving the pump. Any small variations in
pressure are removed in the large bottle (B;), and the
pressure is measured by a mercury gauge (Gj) whose
sensitiveness is increased by using a constriction (Cs).

The COq Supply—A cylinder (A) of compressed carbon
dioxide is used to lower the temperature of the flame when
required. After passing through a regulator (Y), the
0, partly escapes by bubbling throngh water (W;) to
secure constant pressure. Similarly to the coal-gas and the
air, the (3O, passes through a large bottle (B;) and a con-
striction (Cy), the water-gauge (() indicating the pressure.

The Flame.~The flame produced by burning the mixture
of air, spray, coal-gas, and CO, from the quartz tubes (QQ)
was very steady. On each quartz tube there was a well-
defined inner cone. . It is important that these cones should
be free from any unsteadiness, and it was only after pre-
liminary experiments with different burners and care in
producing a perfect admixture of the gases that the cones
refrained from jumping slightly.

The Electrodes—~—Two platinum electrodes, made of thick
foil, and welded to platinum wires about 1 mum. in thickness,
are placed just above the cones in the flume (see fig. 1).
The horizontal distance between the electrodes was 3% cm.
The platinum wires are supported by covering them with
quartz tubes having a small bore. In this way the platinum
wires do not bend with the heat of the flame. Their ends
are fused into glass tubes which are supported on stands, the
platinuin wires being sufficiently long to prevent the ends of
the glass tubes getting very hot. The cathode (C) is 1 cm.
square, and the anode (A) consists of a disk 45 mm. in
dlameter surrounded by a guard-ring 1 cm. square and
iner diameter 55 mm. The disk is placed slightly in
front of the guard-ring to keep the latter from shielding the
disk from the heat of the flame.

Conne.rions.—The electrical connexions are shown in fig. 1.
The current from a battery of small cells (LL) is passed
between the electrodes. The quartz tubes (QQ) insulate the
flame (F). The guarded disk is connected to a galvano-
meter (G) through an Ayrton shunt (Y); previous pre-
liminary ‘experiments showed that the lines of electric force
bhetween the electrodes arve practically straight across for a
small area, like that of the disk, in the middle of the
electrodes. In this way the current passing through a
known area of the flame is measured.

K2
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The Ezploring Wires—Two fine platinum exploring wires
are placed 1 cm. apart in the flame, perpendicular to the
direction of the lines of force between the electrodes. These
wires are covered with quartz which allows only their tips
to be exposed to the flame, the wires being fused to glass
tubes supported on a stand. The wires can be moved about
between the electrodes, and they are called exploring wires
becanse when they are connected to a quadrant electrometer
the potential gradient can be measured at any part of the
electric field between the electrodes. The cathode is coated :
with lime in order to reduce the electrode drop of potentialsf
a discovery made by Tufts in 1904. There is a region|
between the electrodes where the potential gradient is
uniform, and it is in this region that the exploring wires
(WW) are placed while meusuring the conductivity of the
flame. The quadrant electrometer and the battery of,
120 volts for charging the needle are supported on a table!
with ebonite legs. '

Measurement of the Temperature of the Flame.

To measure the temperature of the flame by means of
a thermocouple is not very satisfactory because the thermo-
couple is at a lower temperature than the flame itself. The
method used in the present experiments is that used by
Barnes (op. cit.). '

A strong solution of a sodium salt was put in the sprayer
so that an intensely coloured sodinm flame was obtained.
White light from a gas-filled tungsten-filament incandescent
lamp was passed through the flame, and its spectrum observed
in a direct-vision spectroscope which separated the D lines
very clearly. The temperature of the filament was adjusted
so that the D lines were not visible on the continuous
spectrum of the filament. If the filament was too hot the|
D lines were seen reversed as dark lines, and if too cold they
were seen as bright lines. The temperature of the filament
when adjusted is that when the D lines were not seen and
was measured with an optical pyrometer supplied by the
Cambridge Scientific Instrument Company.

The flame is by no means at a uniform temperature, the
hottest part being found to be just above the cones. Itis
here that the electrodes are placed, and it is here that
the temperature is measured. Different temperatures are
obtained by altering the pressures of gas and CO,, the
air pressure being Lkept constant, since an alteration i
the pressure of air would alter the concentration of salt ip
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the flame when salt solutions are being sprayed. The
following table gives the pressures of air, coal-gas, and
CO; for the different temperatures measured :—

Temperature Air pressure Coal-gas pressure  CO, pressure
(© absolute).  (mm. of Hg). (mm.of H,0). (mm.fof H,O).

1920 ...... 90 17 0
1870 ...... 90 20 0
1720 ... 90 20 20
1670 ...... 90 20 25
1570 ...... 90 17 33

These temperatures were measured when sodinm-carbonate
solution was being sprayed. It is of course assumed that
the temperatures remain unaltered when other salt solutions
are being sprayed so long as the conditions of spraying
remain the same. The pressures of air, coal-gas, and CO,
were very steady with the apparatus described above, and
no difficulty at all was experienced in securing constant
pressures.

Measurement of the Velocity of the Flame.

The special apparatus used for measuring the velocity of
the flame is shown in fig. 3 and will now be described.
Alarge wheel (W) baving four openings (D D D D) round
its circumference is mounted on the same shaft as that
turning a stop-cock (S) which is open four times in each
revolution of the shaft. An electric motor causes the shaft
to rotate at about 2000 revolutions per minute ; the stop-
cock is therefore opened and closed very rapidly.

During this experiment distilled water is sprayed so that
anon-luminous flame is obtained. A second sprayer con-
“taining a saturated solution of sodium chloride causes a
mixture of air and vapourized salt (A) to pass through the
stop-cock four times in each revolution of the shaft. There-
after the mixture enters the flame through a narrow horizontal
quartz tube (QQ) placed at the bottom ot the flame.

The wheel (W) rotates in the direction of the arrow-heads
(AHH) with the same angular velocity as the stop-cock (8).

he flame will therefore be seen as many times per second
% the stop-cock is opened, when the flame is viewed through
the stroboscopic wheel. By means of a pinch-cock the
Pressure of air and salt spray can be diminished till the
Puffs disappear, or increased until the puffs are very luminous.
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The shape and position of the puffs can be seen from the
diagram.

The flame is shielded from the draught of air caused by
the rotation of the wheel by enclosing the latter in a wooden

Fig. 3.

;/_:A\,K\
N

o ‘1]
ORI D
Q N 1
) i T
7777777777
H @
=\ H
A
W A aray /
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(0]
He
A. Air and spray inlet. Q. Narrow horizontal quartz i
. Burner. R TFine solid quartz tube.
D,D,D, D. Openings on wheel. S. Stop-cock.
F. Flame, ‘ V. Vernier and vertical sale.

P, P, P,P. Puffs of sodium vapour. W. Stroboscopic wheel.

box with glass windows. The distance between the puffsis
measured by inserting a fine solid quartz rod in the flams
supported on a vertical slide. The slide is provided with a
millimetre scale and a vernier.
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It v is the upward velocity of the flame in ¢m. per second,
n the number of puffs per revolution of the shaft, » the
number of revolutions of the shaft per minute, # the distance
between successive pufls in cm., as seen through the strobo-
scopic wheel, then

v=nrz/60.

About four puffs could be seen in the flame, the distance
between successive puffs being nearly the same. The velocity
of the flame was measured in this way for each temperature
given in the preceding section. The values given in the
following table are mean values obtained from a number of
readings.

Tempargtm‘e of Flame Velocity of Flame

(° K. (em. per sec.).
1920 422
1870 419
1720 394
1670 387
1570 392

Amount of Salt tn the Flame.

The amount of salt per c.c. in the flame depends on
(1) the amount of solution sprayed per second ; (2) the up-
ward velocity of the lame; (3) the cross-section of the flame.
In the previous section we have determined (2) for each
temperature. With regard to (3), since the flame is rect-
angular just above the cones the cross-section can easily be
measured. The following table gives the results obtained :—

Temperature Cross-seetion of Flame
(® K.). (sq. cm.).
1920 2:5%53=132
1870 26X54=140
1720 21x%52=109
1670 2:0%52=104¢
1570 2:0x51=102

We have now to consider (1). Since the air pressnre on
the sprayer is kept constant throughout the experiment the
volume of solution sprayed per second remains constant, no
matter which solution is being sprayed. The method used
for determining the volums of solutien sprayed per second is
the same as that of Barnes (op. cit.). .
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One hundred c.c. of sodium chloride solution,not necessarily
of known strength, is put in the sprayer and sprayed for
three hours under constant air pressure (viz. 30 mm. of Hg).
The contents of the sprayer are then emptied into a beaker,
and care is taken to see that no solution is left in the wide
rubber tubing (T, fig. 1) and the burner. The latter are
therefore washed out with distilled water, which is then
emptied into the beaker.

One hundred c.c. of the sodium chloride solution is titrated
with a solution of silver nitrate (not necessarily of known
strength), and it is found that a volume V, of silver-nitrate
solution is just sufficient to neutralize the sodium-chloride
solution. If a volume V, of the same silver-nitrate solution
is just sufficient to neutralize the contents of the sprayer,
etc., in the beaker, after spraying, then the fraction of the
salt sprayed = 1— ‘7’

1

It is quite wrong to weigh the sprayer and burner before
and after spraying to obtain the amount of solution sprayed,
because when the solution is sprayed for a long time con-
siderable evaporation takes place. In the experiments to be
described later, when solutions of different salts are sprayed,
the quantity of solution placed in the sprayer is always
100 c.c., in order that the conditions of spraying should be
the same as when the present experiment was performed.

The number of litres (V) of solution entering the flame
per second is given by the equation :

:(1—- E) was found to be "1026.
v,

We have now considered (1), (2), and (3), and are in a
position to determine the amount of salt per c.c. in the flame.
Let m denote the number of gram-molecules of metal vapour
per c.c. in the flame, % the concentration of solution sprayed
into the flame in gram-molecules per litre, G a constant for
any particular temperature ; then

m=Gk.

G is determined from the velocity (v) of the flame.gasesin
cm. per sec., the cross-section () of the flame in square cm,
and the number of litres (V) of solution entering the flame
per second. Thus '

G=V/av.
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The following table gives the values of G calculated from
this equation from the values of V, a, v already given :—

Temperatura. 10'* G.
1920 171
1870 1-62
1720 221
1670 2-36
1570 237

Since G- has now been determined, m is knewn for any
concentration (%) of solution sprayed.

- Specific Conductivity of the Flame.

If ¢ amperes is the current measured by the galvanometer,
X volts per cm. the potential gradient measured by the
electrometer, A square cm. the area of the guarded electrode,
the specific conductivity (s) is given by the equation :

s =T§{ amperes per sq. cm./volts per cm,

The method of making an experiment to measure the
specific conductivity of the flame will now be described.
The burner and sprayer are removed and washed out with
distilled water, They are then replaced and thoroughly
dried by air supplied by the electric pump (P). One
hundred c.c. of distilled water, measured by a pipette, are
inserted in the sprayer. The coal-gas is then turned on and
lighted. Air is supplied until the mercury pressure gauge
registers 90 mm., and as the air pressure gradually increases
the cones in the flame begin to appear and then grow
smaller and smaller. The flame when distilled water is
sprayed is a non-luminous one, very different {rom the flume
when ordinary undistilled water is sprayed which contains
salt in small quantities, colouring the flame. The electrodes
become intensely luminous, the guarded disk of the anode
being less hright than the rest of that electrode unless the
guarded disk is placed slightly in front of the latter, as
shown in fig. 1. This shows that the guard-ring had a
tendency to shield the disk from the heat of the flame.
When the pressures of coal-gas and CO, are adjusted to the
various temperatures, readings of the galvanometer and
quadrant galvanometer are taken. The flame is then
extinguished.
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The burner and sprayer are removed as before, washed
out with distilled water, and thoroughly dried by air. One
hundred ¢.c. of the solution to be sprayed are inserted in
the sprayer and, as in the cuse when distilled water was
sprayed, galvanometer-and electrometer readings are taken
at each temperature.

The measurement of the conductivity of the flame when
distilled water is sprayed hefore each measurement of the
conductivity of the flame when salt solutions are sprayed
serves a double purpose. Its first use is as a gauge of the
constancy of the apparatus. Secondly, to obtain the con-
ductivity of the vapourized salt in the flame it is necessary
first to obtain the conductivity of the flame without salt, but
without altering the flume in any other way. The spraying
of distilled water gives the flame the same vapour content
as when salt solutions are sprayed.

Variation of the Conductivity of the Flame without Salt
with Temperature.

Since the conductivity (oy) of the flame without salt was
measured hefore each experiment on the conductivity (o) of
the salted flame, a considerable number of values of o, were
obtained. The curve shown in fig. 4 is therefore an average
one, and the values indicated on the diagram by small circle
arve the average of the total number obtained during the
course of the experiments, They are given in the following
table :—

T. 107 g,
1920 319
1870 274
1720 1-28
1670 113
1570 078

Throughout this paper the temperatures are expressed in
degrees absoluteand the conductivities in amperes per square
em. per volts per cm. It will be noticed that the conductivity
of the tlame increases with the temperature in accordance
with the theory that the flame gases are ionized, electrons
and positive ions being formed, and that there is equilibrium
between these electrons and positive ions and those flame
atoms which are not ionized.

Ampbps. per so.cm./Volt Der cm.
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Caleulation of the ITonization Potential of Salt-free Flame
Sfrom Temperature Vartation.

Saha showed (Phil. Mag. vol. xl. p. 478 (1920)) that the
hermal jonization of the neutral atoms (M) of gaseous

+ —
elements into positive ions (M) and electrons (B) is a sort of
chemical reaction satisfying the equation :

+ -
M=M+E-T,
where U is the quantity of energy absorbed in the process.
he electron is assumed to be a monatomic gas of atomic
Weight 1 1836. The energy U can be expressed in terms of

e ionization potential (V), which is the potential required

0 giv_e an electron enough energy to ionize a neutral atom.
IEN is Avogadro’s constant,

U=(VeN)/(J .300)=2302 x 104 V calories.
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Since 2:302x%10%/4:571 = 5048, Saha’s thermodynamic
equation U
logm K=— m +2:5 IOgm T-—656,

where K is the ionization equilibrium counstant, becomes
048V
logro K = — 5_T8_ +25log, T—656. . . (1)
If Ki; and Ky, are two values of the ionization constant
for the flame gases at temperatures T, and T, respectively,

1 ;
logio (Koa/Kor) =5048V, (T1 — '11:> +2:5 logm% , (2

'V, being the ionization potential for the salt-free flame.
Let p, denote the partial pressure due to the electrons in

the flame without salt, ;SO that due to the positive ions, and
po that due to the neutral atoms. If K, is the ionization
constant for the salt-free flame,
o )2
Ky= []9.}3():_‘(}’0) , since ]—)o=;_)0.
- . Po Po
Po=py because the number of electrons in the flame is
equal to the number of positive ions, aud the partial pres-
sures are proportional to the number of ions present. The
conductivity (o) is proportional to the number of electrons
present, the conductivity due to the positive ions being
negligible because their mobilities are so small compared
with those of the electrons. Therofore

po=ANAoy,
where A is a constant inversely proportional to the
velocity of the electrons,
for if the number of electrons is kept constant the con-
ductivity would only increase by an increase in the
velocity of the electrons. It is shown in Part III. that
the velocity of the electrons is nearly independent of the
temperature. A is therefore almost constant for different
temperatures.
If p, is small compared with p,, we have
KOCL 0'02.
Equation (2) now becomes
1 1 T
loo, 292 ] (___ ) 9e =2, ., (3
2 oguo > 5048V, =T, +2 510ng1 3
Putting
T1= 1920, T2=1570, 0'01’——3'19 X 10_7, 0‘02'—_0'73 X 10-7’
the value of V; obtained is found to be 1'8.

Amps. per saq. Cm./ Veolit per cm.
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Using this value of Vg, K, can be calculated for different
temperatures from equation (1). The following table gives
the results obtained :—

T, 10t K, 10~4K.}/o,=const.
1920 ...... 7-95 88
1870 ... 550 85
1720 ... 162 99
1670 ... 1:05 91
1570 ... 040 86

Since the last column in the table is nearly constant, the
value 1'8 for the ionization potential of the salt-free flame
holds good for a temperature variation of 350 degrees.

Variation of the Conductivity of Casium Chloride and
Rubidium Chlovide with Temperature and Concentration.

Figares 5 and 6 show the variation of the conductivity of
the flame containing various salts in different concentrations

er Cni.

Amps. per sq. cm,/ Valt p
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with the temperature. By comparing these curves with that
for the salt-free flame (fig. 4) it will be noticed that the
conductivity of the salt-free flame is several times less than
the conductivity of a flame containing the spray of a very

Amps. per sq.cm./Volt per cm,
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dilute solution of salt. The followiny tables give the results
obtained, % being the concentration of the solution sprayed
in gram-molecules per litre :—

CsCl.

108 6.
A ]
T, k=381x10-* k=-62x10-4 k=125x10"% k=25x10-1 k=50X
1920 ... 145 2:87 381 713 121
“1870 ... 1:35 188 313 561 93
1720 ... 069 1411 169 . - 291 42
1670 ... 058 087 1-32 239 340

11870 ... 0-46 076 1:03 176 256

e Tk R VoY

[kt i o = S
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RbLCL
107 o.

T. k=2x10-5.  k=bx105. k=10x10-5,
1920 ...... 650 983 16:35
1870 ...... 528 810 12:60
1720 ...... 258 318 467
1670 ... 20 245 340
1670 ... 125 145 200

Parr I1.

Tar TeERMAL IoN1ZATION OF GaSEOUs EreveENTs AT HicH
TeMPERATURES—A. CONFIRMATION OF THE SAHA I'HEORY.

H. A. Wilson’s equation, viz.
q » ’

ke

2
e’ —

1= b+ac,

is obtained in the following way, under the assumptions that
both the salt and some constituent of the flame are ionized -
and that there is equilibrium between the electrons and
positive ions formed and the weutral atoms (atoms not
tonized). If K, K, are the ionization equilibrium constants
for the salt and flame constituent respectively,

K=pp/p, « « « « .. Q)
Ko= popfpey - - - « . . (2)

7, P> P» Do, Po being the partial pressures respectively due

" to the positive salt {ons, the electrons, the neutral salt atoms,
the positive flame ions, and the neutral flame atoms. As
pointed out in a preceding section, the conductivity is pro-
portional to the number of electrons present, and therefors,
if ¢ is the ratio of & to oy, A a constant,

Ac=p=;+;;05 e e e e e (3)
since the number jofj electrons is equal to the number of °
positive ions. _
Assuming, as before, that p is small compared with the
total pressure, we have
p+p=mRT, . . . . . . ®

Where R is the gas constant for one gram-molecule. From
4 preceding section we have

m=kG. . . . .. )
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From (1) p=pp/K ;

therefore. (4) becomes
+ AW
P -/cG‘rR'.I/(l + K} ;

also, from (2), . .
_ Po=poKo/p ;
substituting for 3 and Poin (3), we get
Ac=kGRT/(1+ AclK) +pKo/Ae. . .+ (6]
When k=0, c==1; therefore p,K/A=A.
Therefore (6) becomes
kGRT/(Ac—-AJe)=14+Ac/K,

or kel(¢?—1)=A/GRT + ¢cA%/GRTK.

Putting b=A/GRT, a=A?GRTK,
kel/(*~1)=b+ac,

and K=0*GRTfa. . . . . .« . (1

Since @ and & are constants for any one temperature
kef(¢*—1) is a linear function of ¢. The curve represente
by Wilson’s equation will therefore be a straight line, thy
ordinates and abscissae being respectively Ze¢/(¢?—1) and ¢.

If the straight line be produced backwards to tmeet th
ke/(c*—1) axis, b will be the ordinate at ¢=0. « will be th
slope of the line. In order to obtain & accurately we mus
use small values of ¢, and therefore the selutions spraye
maust be very dilute ; but if ¢ is so very small that ¢®—11
very small, the error in k¢/(¢*—1) will be very great. §iHend
those values of ¢ which are very small are of little use #
calculate & accurately.

The results-which were obtained with rubidium chlorid
were considered the best for calculating b, H. A. Wilso
showed in 1915 (op. cit.) that & is proportional to th
molecular weight of the salt. For this reason the b's 0
Na(Cl, KCl, and LiCl are too small to be calculated with an
degree of accuracy.

Fig. 7 shows the straight lines represented by Wilson!
equation obtained from the results of rubidium chloride
different temperatures. In order that the ¥’s should
obtained as accurately as possible small enough values of 1.
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must be used. The curves for casium chloride (see fig. 5)
do not give small enough values of ¢.

Fig. 7.
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The following table gives details of the calculations, the
last column being the values of log;, K calculated from
Saha’s theory on the assumption that the jonization potential
of rubidium is 4-154; the second last column gives the
values derived from the Game conductivities :—

2 i o log, K. log, K.
L1096 10, 10 10%. 107 ]"glﬂ(z)‘ 10gia(GRT). Gpblid Theoretical.
L 171 317 71 25 202 5305 F436 - 926 - 9%
0..162 974 65 -3¢ 124 5093 5401 — 951 — 958
0. 221 19285 -32 72 0142 6152 5500 -1085  —10-68
.23 1122 26 124 0054 7736 5515 —1076 1105

0. 287 073 18 145 0022 7352 5491 —1116  —11'94
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It will be noticed that the ionization constants derivedj§
from the flame conductivities are of the same general mag-%&
pitude as those devived from Saha’s thermodynamic equation
at the highest temperatures, but there is considerable dis
parity at the lower temperatures. The results, therefore
show that Saha’s theory holds good only at high temperatures @

Parr ITT.

VeLocity oF BLECTRONS IN A Bunsen Frame.

From the results of the experiments described in this paper; E
the velocity of the electrons in the flame can be calculatelfg
in the following way :— ]

If n is the number of electrons per c.c., u the velocity o »..'
an electron due to an electric field of one volt per cm., i
then -

c,=une.
If N is Avogadro’s constant,
p=nRT/N.
Then, since Ne= 96500,
u=0,/(0G x 96500).

The following table gives the results calculated from thi§
foregoing experiments :— ;

T, o, X 107. bx 108, Gx101°  « (em./sec.) ]
1920 ......... 317 73 174 2700 ]
1870 ......... 274 65 162 2700
1720 ......... 1-285 -32 221 1900
1670 ......... 1122 -26 236 1900
1570 oo 073 ‘18 237 1800

In conclusion the writer wishes to say that the subjed
was suggested to him by Professor H. A. Wilson, F.RSE
under whose guidance the research was begun. The write]

E. Taylor Jones for supervising his work, and the Universif
of Glasgow for faclities for research in the Natursfff
Philosophy Research Laboratory. '
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