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ABSTRACT

Primarily, the work presented here deals with the ionization
and electrical recombination processes of alkali metals in the
hot gases produced by hydrocarbon/oxygen/nitrogen flames. The
gas convective.flow is intercepted normally by a metal gauze
between the burner and which a potential is applied. The result-
ant current-voltage-electrode height characteristics are, using
the theoretical developments outlined, interpreted so as to
yield positive ion density values. The analysis is so different
from other previous attempts to interpret these characteristics
as to warrant its description as a new measurement technique,

complementary to those already extant.

The range of the saturation current measurement technique
is extended to yield quantitative measurements of alkali ionization

above the reaction zone.

Combination of the two techniques gives both the ionization
cross-sections for sodium and potassium and the three-body
recombination coefficient for each of the ions with electrons

over a range of temperatures.

In the fuel-lean flames burned, alkali hydroxides are
observed to be formed by three-body reactions, rather than the
conventional two-body ones encountered in fuel-rich hydrogen -
flames., This is shown to be feasible on the basis of kinetic
theory and the concentrations of the various species involved.
Contrary to the hypothesis of other research workers, alkali

oxides are not found to be formed in any significant quantities,

Results are discussed critically in the light of other
theoretical or experimental investigations, and, wherever
relevant, the implications of the present findings for other

work are drawn out.

Suggestions are made as to the course of future work

carried out along lines similar to those here.
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CHAPTER 1 INTRODUCT ION

1.1 The study of flames

Flémes, broadly speaking, may be studiéd for two reasons.
One is in order-to control them better so that, for example,
furnaces of a.more efficient design may be constructed. Such an
advance is depéndent on a détailéd knowledge of the kinetics and
fluid dynamics of combustion systems, how to control and alter
them, and how to predict these parameters and the pfoPerties
dependent on them in any given system; Although this side of the
research seems at a sbmewhat primitive level, nevertheless it is
developing and potential dividends should not be disregarded.

The second reason concerns flames as high temperature.baths
for the study both of radicals and ions, the mechanisms by Wﬁich
they are produced, often in super-equilibrium concentrations, and,
when so produced, their decay, sometimes catalysed, V(Bulewicz

1’2, Bulewicz, Cotton, Jenkins and Padley 3) to equi-

and Padley
librium.
a ‘Information about these processéé may then be used for other
.systems of interest not.necessarily having any connexion with
flames; in a recent paper (Boksenberg et al 4), knowledge of the
recombination coefficient for electron-ion collisions is used in
conjunction with other paraméters to deduce a value of electron
density in interstellar space. |

Reviews of the mechanism of hatural ion formation in hydro-
carbon flames are by now almost.commonplace, and the feader is
referred to Green and Sﬁgden 5, Calcote 6, Peéters, Vinckier and

van Tiggelen 7, Peeters and van Tiggelen 8 and, most recently,

Miller o for information on this. Research into flame radicals

-
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may prove’ ito have received a boost récently with the current int-

erest in atmospheric pollution, and the necessity to try to elime

e

inate noxious flame products such as oxides of nitrogen or carbon

monoxide. A review of this may be found in Starkman 10.

1.2 Nature of the present work

The present work is biassed towards the electrical properties
- of flames, especially those seeded with materiél readily ionizable
both within and downstream of the reaction zone which, in practice,
means alkali metal salts. This bias is appropriate for both prac-

tical and theoretical reasons.

1.2.1 Practical applications of the results

Practicaily, this ﬁype of work is of importance for some

of the problems associated with magneto-hydrodynamic (MHD) power
generation. Although direct interest in this has flagged in
Britain, a pilot MHD plant was opened in 1965 in Moscow, the
research worﬁ for it baving been done by the U.S.S.R. Academy of
Scien9e§ Institute of High Temperature Studies. This low powér
plant, known as the "U-02ﬁ plant, was successful enough to warrant
further deveiopment, so in 1971'the ﬁigger, 25 MW "U-25" open
cycle MHD plant was opened as the first semi-commercial MHD power
station. The 270 tons hr'"1 of‘bigh p}essure steam created from
this generator is ;sed for a conventional power station, thereby
ﬁaking the total capacity of the sfation 80 MW. In theory, a

2000 MW size station would have an efficiency of some 50-60%,
compared with a figure of ca. 40% for a purely conventional system.
"Soviet research workers seem,'at present, to be hoping for an

overall efficiency of some 35% for the "U-25" plant, though the
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use of a pre-ionizer may improve the generator's performance sub-

stantially.

Y

In the "U-25" plant, oxygen enriched air is preheated to

ca. 1200°C before‘being fed into a combustion chamber with natural

- gas; the resultant combustion products are seeded with potassium

carbonate. These gases are then accelerated through a nozzle to

the MHD generator proper where the plasma has a velocity of some

850 m'sec-i and an operating temperature of ca. 2000°C.*

A different, and less well advanced, application of charged
gases 1is oﬁtlined'by P.J. Musgrove 11. This is a plan for electro-
gasdynamic (EGD) refrigeration at cryogenic temperatures. Here,
however, instead of'haviﬁg atomic ions, fine particles (0.1 - 1
diameter) are uséd, being charged up by a corona discharge and
then being moved by the gas stream against the pfevailing electric
field, finally being discharged by meéns of a self induced corona
discharge. The gas, in doing work by moving charges against the
field, suffers a drop in pressure and temperature. The reverse
process of converting heat into electrical energy is also feasible,
ét the comparatively high temperature range of 300-900 K (Musgrove 12,
Gourdine 13).

Thus,/the behaviour of charged gases merits further research.
We are here concerned hainiy with the creation and recombination

of charge.

1.2.2 JIonization in flames

13

; . ps o : . -3
Observed ion densities, reaching as much as 10 ions cm

* 'This information is collated from separate accounts: an un-
signed article in the "New Scientist" of 4/%/%0, and an interview
with A. Sheindin, Director of the U.S.S.R. Academy of Sciences

‘High Temprature Institute, appearing in the "Morning Star" of

14/12/71. -
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at atmospheric pressure, in and_just downstream of the reaction
zones of hydrocarbon flames are far too high to be explained on
the basis of equilib;ium thermal ionization of the species present,
An explanation is found in the super-equilibrium production
of radicals in the reaction zone. Reviews bf this "natural" flame
ionizétion, as nbted above, may be found in references 5-9.
Although the excited CH radical is now known (Bulewicz,
Padle& aﬂq Smith 14) to be formed by th; long suspected reaction
Czﬂgﬂn)+OH@?n) +0Mxlzﬂ'+CHu2A)
12

whose rate constant is, according to the same authors, (8 £ 4)10™%°,

*
CH +takes no part in the jionization process. It is believed,
though not fully established, that this process takes place via

ca(x® 1) + o(®p) > cHO' + e

16)'

(Fontijn, Miller and Hogan 15, Bulewicz and Padley The

mechanism for the production of this ground state CH radical is,

as yet, still somewhat obscure. Browne, Porter, Verlin and Clark 17
suggest -
o CH + 0 300+ CH

11

with a rate constant of 8.3 . 10—, and

CH3 + 0 5 H20 + CH

has also been suggested by Jones, Becker and Heinsohn 18 in théir
computer studies, but with a rate constant of only 4.6 . 10715,
At one time it was thought that this ionization reaction
quoted involved quite a high activation energy. In fact, recent
‘'work by Matthews and Warneck ;g has shown it to be nearly thermo-
neutral (2 5 keal moléui). The reaction proceeds at a rate in

the range 10~13 to 10”1, Green and Sugden 5 suggest 8 . 10-13,
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Calcote, Kurzius and Miller 3 . 107 while for their compuler

model Jones, Becker and Heinsohn 18 use a value of 9.5 . 10“14
exp(—ﬁ/hT) and Miiié; 9 sugge;ts from_theoretical studies (Kurzius
and Boudart 21) and the iso_electronic process

N+0 5 NO¥ + e
that the rate is probably towards the upper end of the range.

The most common reaction of the Eharged»formyl radical, CHO™,
is thﬁt with water vapour, viz.

cHot + H.0 » H.0" + co

2 3

This proceeds at a rate given by Miller 9 as (1.5 z 1)10-8,
this figure being an average taken from Green and Sugden 5, Miller 22
and Calcote and Jensen 23.

The grouﬁd state CH radical also reacts rapidly with 0,.
The inference to be drawn from this is that an oxygen rich flame
would probably not produce as much ionization as a fuel rich flame
because of the competition for CH. In fact work published at the
Twelfth Symposium (Mel inek and Lawton's work in Boofhman, Melinek,
Lawton and Weinberg 24’and Peeters and van Tiggelen 8) confirms
this prediction,

Anothér ionization mechanism, involving hot elegtrons, via

X + e* - x* + 2e

has been suggested by Cozens and von Engel 25 but since the maximum

électron temperatu;e fourid in hydrocarbon flames has now been
-established as being at most only gbout twice the gas temperature
(Bradley and Sheppard 26) this can prbbably be ignored. In fact
if shifts in plasma potential, due to excessive current drainagg‘

caused by large probes, are taken into consideration, then it seems

likely that the electron temperature is the same as the gas
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temperature except in the reaction zone where there may be a
difference of a few hundred degrees (Bradley and Ibrahim 27).
In a hydrocarbon flame not seeded with metal salts, the

positive hydronium ion decays by recombination with an electron:

+
H30 + e o H20 + H

Green and Sugden 5 measured the.rate of this reacfion as 2.3 . 10_7-
measurements by other authors confirm this. Reported values range
from 1. 1077 to 4 . 10~° with 2 . 10~° being the most widely '
dccepted and guoted figure.

‘A mass spectrometer will sometimes produce peaks of mass
number some multiple of 18 above the hydronium jion, indicating

the ion's hydrates. These are, of course, due to subsequent

attachment reactions either genuinely downstream of the reaction

zone or, alternatively, in the cooler areas around the sampling

cone. The recombination coefficient for these hydrates is margin-

ally higher than for the simple hydronium ion.

1.2,3 Metal-seeded hydrocarbon flames

When hydrocarbon flames are seeded with metals there is
certainly no diminution of ion and eiectron densities in the
reaction zone. However, even when the ﬁetal introduced has too
high an ionization potential to produce measurable thermal ion-
ization itself (as, for example, with -lead) the ion and electron

densities downstream of the reaction zone are observed to be-highér

than in the corresponding non-seeded case.

- This may be expléined by a charge exchange process, e.g.
Pb + Hy0" & Pb” + Hy0 + H
followed by a slow three body recombination reaction (the third

body being written as 'M')
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Pb" + e + M > Pb + M,

the la tter having a rate constant ranging from 6.1 . 10-9 at 2265 K

to 2.1 . 1078

at 1886AK (Hayhurst gnd Sugden 28).

If a more. easily ionizable metalv(e.g. an alkali metal) is
used as seed, there is a slow rise to thermodynamic (Saha-Boltzmann)
equilibrium ionization in the absence of natural flame chemi-
.ionization as, for example, in hYdrogen-oxygen or hydrogen-air
flames. Eormerly, it was thought that ;he set of reactions res-
ponsible for this was

A+ OH » A%+ OH

Oﬁ-+ H, >~ e +H,0+ H

2 2
A +HO0 AOH+'H

2

where A represents an alkali metal atom (Page and Sugden 29).
However, as in the case of the Cozeng/von Engel mechanism, further
work established that the kinetics were first order (Padley and
Sugden 30) sﬂ tﬁe thermal ionization mechanism for an alkali may
be written

A+Mo AT e M

In the same paper, Padley and Sugden note that even only
‘ca. 1% by volume of an added hfdrocarbon produces an equilibrium
ion concentfﬁtién,Awith negligible further effect when, in their
case, all the hydrogen of the flaﬁe was substituted for by acetylene,.
the nitrogen proportion being adjusted to keep the flamé temperature
constant.

This effect may be explained on the basis of a charge ex-

change similar to that which happens in the case of lead. Rates

for this charge exchange reaction are given by van Tiggelen and

10

de Jaegere 31 for lithium, sodium and potassium: 7.5 . 10 ,
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8

1.6 . 10"~ and 4.6 . 10',-8 respectively; all are exothermic re-

actions, potassium'most of all. Miiler 9 quotes rates given in

~

Calcote and Jensen 23 for Pb, Mn, Cr and Zn as well as the three

alkalis; they vary from 1 . 10-10 for Zn, a reaction endothermic

9 for Pb, endothermic by 24 kcal

' by ca. 70 kcal mole™t to 1 . 10”
mole-i. As may be expected, thére is a correlation between the
rate of the reactioh and its exothermicity, albeit not one that
may be expressed in exact, simple terms.

The charge recombination rate coefficient for lead has

already been guoted. The equivalent coefficients for the two

metals studied in this work are shown, present results included

in figures 6.4 (potassium) and 6.5 (sodium). At flame temperatures

the coefficient is, like lead (Hayhurst and Sugden 28), of order
10f8, increasing as temperature decreases.,

While the initial impetus to metal ionization is given, as
already pointed out, by charge transfer from flame chemi-ions,
further ionization takes place by normal thermal ionization. As
might be expected from the Saha equilibrium constant and the cited
order of maggitude of the recombinétion coefficient, thermal
ionization cross sections are. orders of magnitude above the class—
ical kiﬂetié theory croés sections, Typically,.they are jn excess

12

of 10712 cp? (see Table 7.2).

‘1.2.4 The theoretical implications of the work

This brings us to the theorétically interesting side of
the work. There are a number of different mechanisms for recom- .
bination, which proceeds'at differént rates dependent on the
mechanism. It was expected that here the dominant mechanism

~would be a recombination of a,positive alkali metal ion with an
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electron (or possibly negative ion), a third body taking away the
excess energy in order to conserve both momentum and energy in the
collision, but otherwise (i.e. chemically) remaining unchanged.

A number of theories have been put forward to explain the

-magnitude of the recombination coefficient, ¢, observed. J.J.

Thomson 32 formglated.one theory that works quite well at pressures
up to about one or two atmospheres, although other me chanisms

take over at very low pressures. This involves defining a 'sphere
of attraction' of radius a, between a positive ion and either a
negative oﬁe or an electron, such that at its surface the potential

energy of electrical interaction is equal to the mean kinetic

energy:
2
e 3 .
a, ~ 2z
2 e2
°T 80 = 3g

In order for recombination to occur it is necessary for the electron
or negative ion to lose sufficient energy ( ~kT) by collision with

a third body while within a distance a, of the positive ion. The
possibility of such events are calculable from simple kinetic

theory. The magnitude of the measured ion-electron recombination
coefficient is so high that purely elastic collisions, involving

a fractional energy loss fbr the electron ofngﬁﬁ, are not sufficient.
Inelastic collisions in which the elec¢tron induces vibrational and

rotational transitions in a molecular third body must be included.

0f these collisions, the vibrational ones are the more important;

.

~in molecules with a large dipole moment rotational transitions may

also be important, but their effect is not egsily calculable.
- For higher pressures, Langevin 33 proposed another model

v



16

~in ﬁhich the ion-ion or ion—eleqtfon pair drift towards each other
under the influence of their mutual attraction, undergoing'many
collisions en rout;.“.This gave a qorrect order of magnitude at
atmospheric pressure, but, in actual fact, the model is valid only
for pressures of ca. one hundred atmospheres and above. Harper 34

carried out an analysis for pressures above ca. 1 atmosphere and

. came to the conclusion that

o — o
= %3 Ty

where the subscripts H and L refer fo'the theories of Harper aﬁd
Langevin respectively, and f1 is of order unity. A disqussion of
this may be found in Loeb 35&.

The intermediate regime between those of Thomson and Langevin
(or, more strictly speaking, Harper) was, until compara£ive1y
recently, described by a number of empirical bridging formulae.

In 1959, however, Natanson 36 provided a theory whiéh uni-
fied the Harper and Thomson approaches. He kept the hypothesis
of a 'sphere of attraction' but allowed for energy interchanges

between’ one of the ions and its neutral collision partners. This

led to a new value for ag, (ap)y, of .

) e2
(aQ)N = 13 T

More generaliy, if the two iqns are separated by a distance r
when one of them makes a collision then, whereas Thomson states
that the kinetic emergy of relative motion of the two ions must
be less thaﬁ that necessary to separate them by an infinite distance,
Natansoﬁ ihposes the stricter condition that it should be less than
that required to separate them by their original distance apart,

r; plus another distance of the order of a mean free path (implying

that if one of the ions does travel this further distance it can
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then pick up further énergy in anétﬁer collision to enable it to
overcome the energy of attraction between the two ions and thereby
escape from the 'éphere of atfrac%ion').

In the low pressure limit this criterion leads to a radius
a, equal to that already quoted for the Natanson theory. At

higher pressures it leads to

2 5 e
(ao)y = S5o%

where ) is the ionic mean free path.énd B a constant of order unity..
Taking into account ion concentration gradients and ion

path curvatﬁre, Natansoﬁ went on to derive a recombination co-

efficient, oy, which is related to the Thomson one by the

relationship .

| ' o2 o2

oy = o {1-+m } exp {——m }

In the hiéh p;essufe limit this redu;eérto.the Harper formula,

while at low pressures '

. _‘§§'
N T .84 %71

"and at intermediate pressures there is a s@ooth transition between
the twos . - 1 -

All these theories, hdwéver, are in'thé realm of classical
physibs.ahd suffer from the 1im§t$tibns con;equent on thaé.
Thomsén's.theory, fof example, assumes 5ha£.as long as aﬁ électron'
" loses a certain amount of ehergyiwhile.ﬁiﬁhin'the distance a " of
a positive ion,'fecdmbination will then be auwtomatic (i.e. the
probability of récombination will be'unity). ,Quéﬁﬁuﬁ mechanics
gives a rather more subtle analysis of this process, while, in
‘the limiting case, agreeing with classical arguments, which are

seen as a statistical—-average.

1
* Actually o = a +

i H T
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Pitaevskii 37 tried a'different.approach, albeit again one
based on’classical notions. The recombination process was viewed
as a diffusion of‘electrons in energy space described by the Foklter=
Planck equation. Pitaevskii's work for a monatomic gas was ex~
tended to the case where the third body is a molecule by Dalidchik
and Sayasov 38’39, and Sayasov 40 presented a theoretical ¢ -T
curve for the process

+

A +e +HO0O , A+ HO

2 2
This was in good' agreement with the results of Hayhurst and Sugden 28,
for the case where A% was the ionized lead atom, over a temperature |
;mange;1685 < T';'227OPK.;—These taeories, however, take no account
of the nature of the ion.

~£he ﬁest advanced thedries,up to'date.appear to be the
41

iseml—quantal theorles due to Bates and Khare , for the case of

a monatomlc gas, and Bates, Malav1ya and Young 42, for the case

,,'of a molecular gas.v The populatlon of . the ava11ab1e energy levels

within the recombining 19; are considered. Slnce these levels do
not-form a continuum, the use of the.Fokker—Planék equation is
stated to be 1nva11d ‘ altﬁodgh_agreement between'Pitaevskii 37
3; and Bates and Khare %} is iouad at lqﬁ,tempetatufes;,(i.e;~room T
 temperatureYand belowj,‘Pitaetskii's assumed continuum model |
. trobabiy gifes.talhes of .o that are too hlgh at high densities
~_._a.r_ld',te’.fnper.atil_‘r'e's. At sub—atmospherlc pressures Bates and Khare
_ggree'witﬁf?itaeVSK;t;evea.at the eomparatlvely high temperatures
. 3 . s va . -P;ris higher
than that predicted by Thomson 32 by‘a adnstaﬁt factor
gyt e
o 2\ :

Remarks of much the same tenor apply when Bates, Malaviya

encountered in flames. Pitaevskii's.value of a, o

bl
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and Young's value of o is comparéd with that of Dalidchik and
Sayasov. A drop in o of some 30-40% is to be expected as the
ionic mass rises f;o;‘2 a.m.u. to infinity, but the aﬁthofs cl#im
the theoretical results to be no more accurate than a factor of
two due to the pature of the approximations made in their treatment.
In consequehce, they pdint out that more experimentél work
-.must be done in order to help clear the way for further advances
in theory. A similar state of affairs ;xists with regard to other
ionization parameters,.notably the ionization cross-sections of
alkali metals measured in flame systems. Theoretical attempts to
explain their magnitude have only recently begun to appear. They

will be discussed in the context of the results found here (Chap-

ter 7).

1.3 Objects of the present work

The present work is an attempt to help in the clarification
of the state of affairs described, by a development of new experi-
mental techniques and the presentation of relevant results.

o The parameters measured were the ionization cross sections
of potassium and-sodium in the products.of a premixed hydrocarbon’
(ethylene)~air flame, and the recombination coefficient of the

alkali metal ions with electrons or a mixture of electrons and

negative ions in the same products.
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CHAPTER 2 AVATIABLE MEASUREMENT TECHNIQUES

2.1 Charge Deﬁsity Measurements

-

Up to the ti;e-of,writing, just.two methods have been widely
used for measuring charged species concentrations in flames;
these entail the use either qf microwa?es or of Langmuir probes
of planar, cylindrical or spherical geomet?ies.* Naturally, the
development of andfher, indepéndent, téchnique would be a useful
addition to this armoury in view of the often contradictory results
obtained and because of the uncertainties in interpretation. The

discussion below goes into some of these difficulties.

2.1.1 Microwave Techniques

Most microwave experiments make use of a chdnge in
the Q factor of a resonant cavity when radiation is adsorbed by
electrons (Sugden and Thrush 43, Sugden and Wheeler 44, Padley

45). An early attempt (Belcher

and Sugden 30, Jensen and Padley
and Sugden 46) made use of the direct attenuation of the waves,
but this led to values of the electron-neutral collision frequency
(8;8 .'1010 sec_i) whicﬁ, in the light of subsequent research,
must be adjudged on the low side. That this attempt was only
partially successful might b; but down to the relative insensit-

ivity of measuring attenuation as compared with measurement of

changes in the Q Tactort However, there is another factor,

- probably present in Belcher and Sugden's work, which precludes

the use of microwaves to measure fotal charge concentrations in
most flame plasmas of temperature less than ca.1800-2000 K.

This is the depletion of free electrons due to.their attachment

*Mass spectrometry has also been used with some success, especially
to identify the ions present, but its use cannot be called wide-
spread. ) ’ '



PR

[ ST PN GRS SP VIR AU U SN SOL SRS S VPSS S

21

to relatively massive species, and the consequent inability of
these heavy ions to respond to the AC field vectors of the micro-

waves. Thus both attenuation and resonant frequency measurements

Vlead to an underestimate of electron concentration and conductivity

in many, if not most, low temperature plasmas. Another source
of error, not allowed for in early work using this technique, is -
again the underestimation of electron concentration, this time

due to a finite value of the ratio electron~neutral collision

frequency to microwave frequency, which reduces the sensitivity

of the ca'vrity (Shohet and Moskowitz 47).
In contrastﬁto Belcher and Sugden, Bulewicz 48,
again using microﬁaves, found electron~neutral collision frequen-
cies and cross sections rather higher than those normally accepted;
these results are again dependent on attenuation measurements.
Certain papers (e.g. Keen and Fletcher 49) have shown
good agreement between probe work and microwave cavity techniques,

based on either cavity resonance or the upper hybrid frequency,

‘the scatter of the results being only X 25%. But the general

comment that may be made of most, if not all, of these correlations
is that they are 1imite& in their range of applicability

especially if they rely,»as is the case in Keen and Fletcher's
paper, on an empirical calibration. The statement in their paper
that disparities exist of a factor.of 2-3 between Langmuir probe
and other methods is rather more generally true than the good
correlation they obtaip in the ion density range 109—-1011 cm-3

at what is probably room temperature, an elevated electron tem-—

perature and what for flames must be a low .pressure.
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2.1.2 Probe Techniques

Turning to probes, much of the early work was based
on the original aﬁai&sis of Langmuir (Langmuir and Mott-Smith 50),
as later modified by Bohm, Burhop.and Massey 51. As Calcote 52
and_Porter, Clark, Kaskan and Browne 53 have pointed out, the
resulté are accurate to a faétor-of‘about two, with further
advances being dependent on deveiopments in probe theory and/or
a more exact knowledge of electronic ;nd ionic collision cross-
sections, Calcote 54'publ:lshed values of both positive ion and
electron densities for, inter alia, a low pressure propane-air
flame of temperature 2100 K, in which the ratio of the two varied
from 16 to 2, reaching’érmaximum just before the peak electron
témperature. Such a discrepancy is probably due to an insuffic-
igncy in theory as much as the presence of negative ions.

Great steps forward were taken with the publication
of the probe‘tﬁeories of Lam 55, and Su and Lam 55. Whereas
Bohm, Burhop and Massey's theory gave an easily calculated result
farriqn dengity_from the probe measurements, it did not provide
a description of the observed depéndence of the current drawn
upon the applied voltage. Laﬁ's theory rgctified this omission,
and Su and'Lam}s theory was applied to flame systems by Bradley

57, 58

and Matthews . For some time, theories based upon one or

other of these two basic theories have held sway.¥*
For example, Soundy and Williams 59 adapted Su and

Lam's theory for negative probes in a high pressure plasma, and

¥Bradley and Ibrahim 27, developing the Su and Lam approach, have
now been able to derive positive ion densities that are not
dependent on some assumed value -‘for the ionic diffusion or mebility
coefficients; -this may have gone a long way towards eliminating
the error of a factor of 2-3 in ion density measurements referred

—_
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their formulation was taken over by Kelly and Padley 60, who quote

the éxpression'fdr the positive ion density:
1 2 73

2 —

C e ?) /3 ¥
. Pu + ?

n - 1
+ = 47 kT

Heré rp is the radius of thg spherical probe, By the positife
ion mobility, and I the current flowing between the burner top
and probe at potential V;. Kelly and fadley Attémpted to fit
this to a situation involving equiiibrium ion density (calculated
from Saha's equatioh), and found a relation between ion density
and probe current as indicated by tbhe above equation. For full

agreement, however, values of , of ca. 350 em® V1 sec? for

the alkali metals are needed (Kelly and Padley . These are

2 V-1 s"1 at flame tem-

in disagreement with values of ca. 20 cm
peratures based on simple theoretical calculations (Appendix A

and reference 27), although values ranging from 1 to 350 have

been reported (Table 1, ref. 27) in flame measurements. At room

temperature, Mitchell and Ridler 62 easured " * 2.5 em> V171,

It will be noted that

(“ +)2000 8 {.2000}1
TuJse0 0 52 7300
'\ ¥ 47300 _ C
or : H, € T
. . —2.3 59 . .
This makes n, = T "7, whereas Kelly and Padley. ~, in stating
that '
2/3
nv _ ____;-___ ( 1 — __2_ )’ ; « T__i
+ 4 7 kT 4—rp u _

appear to be maintaining that 11+.is independent of temperature.

Experimentally, the dependence on temperature was observed to be

+ . .
o ¥ . : _
~pT=e® 0.5 which is in line with what might be expected on the



e T DU UP el et i i Ll ad i £

24

basis of the above arguments.

—

It should be noted that other probe work is being

-

carried out along slightly different lines by Clements and Smy 63,

who maintain, approximately, the dependence of n, on I and V_ as
given by Kelly and Padley but also take into account plasma flow

velocities. Their expressions are, for a thin sheath

- 8 32 -3 0.25
I = {72 T (nee u,) Vé M, E,T 8 }

and, for a thick sheath,

o 0.8 0.6 0.4
I = (Vb rp) (nee11m) T (6 Eolle)

Here u_ is the plaéma convection velocity, a the radius of an
annular insulator which surrounds their plane stagnation probe,
of radiug rp, and €, is the permittivity of free space. The
v fact that their probe is planar rather than spherical is not of
great consequence, especially if the sheath is thick (i.e. com~
parable in size with the probe radius), even though the latter
of their two expressions was derived for a spherical probe. In

(4

the limit of low probe voltages and high electron densities (ca.

10*2 cn™®), their theory tends to that of Maise and Sabadell °F,

which is based on that of Lam (op. cit.) in similar conditions
of probe voltage and ion density. However, Maise and Sabadell's
expression can fail by about two orders of magnitude if either

- of these restridtidns (1ow probe voltage and high electron density)
is violated, whereas Clements and Smy's expressions do seém to |
give fair agreement with a microwave-~calibrated ion density over

a wider range than that of Maise and Sabadell. Clements and Smy's

expressions may then be regarded, as they claim, as empirical

' expressions with a reasonably sound physical basis.

-
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It is noted that, in the case of a thin sheath, the
same currént—voltagg dependence appears as in the Soundy and
Williams/Kelly and Padley approach, but the rest of the expression
‘is markedly different. This may possibly explain Kelly and

Padley's inferred mobility coefficients.

2.,1.3 Other techniques

BesidesAmass spectrometry, already referred to, otherv
techniques of chargé concentration that merit discussion as being
of possible relevance at the upper and lower concentration limits
measured in this work are infra-red interferometry and RF measure-
ments respectively.

Incoherent‘300p fai IR radiation was used by Brown,
Bekefi and Whitney 65't0 measure, by means of the phase change
on passing through a plasma, electron densities in a discharge
down as far as'1012 cm—3. Recently, Hubnexr, Jones and Bose 66
and Hubner and Jones 67 have used an HCN 337y laser to measure

electron densities down to 3 . 10%% cn™®. Without any further

develgpment of fheir teﬁhnique,,dénsities of half this amount,
corresponding to one twentieth of a fringe shift can be measured.
- At the other end of the scale, Borgers 68 used
' alkali-secdéd flame gases as the dielectric medium in a parallel
plate condensexr and observeﬁ the behaviour of the resonant
. circuit which included this. Since a condenser Qas used, spétial
resoiutiqﬁ had.to be sacrificed and density values had to be
averaged over the 2 em height of the plates. Electron densities

measured were in the range 108—1010 o2,

Densities in the present work range from 1010 cm—3

to in excess of 1011. Neither of these techniques is therefore
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really-adequate for present purposes.

A conclusion to be drawn from this is then that other,
independent, methods of measuring ion densities would be useful.
Such a method is discessed below. It.is similar to the microwave
resonant caviey method in that it gives an average density over
a given cross—-sectional area, but is probably capable of better
resolution along an axis normal to that area. (Microwave measure-
ments are usually averaged over an axialvdistance of ca. 3 mm.)
Thus the axial resolution is somewhat similar to that of a fine

wire probe, and indeed, the method does use somewhat similar

- current-voltage characteristics.

2.1.4 .Ion Densities from Electrode Measurements

The method adopted in the present work for measuring

~the positive ion density (and hence conductivity) was based upon

the application of a émell voltage across the seeded hot flame
products, see.fig. 3.1 for the general errangement. The
current-=voltage charaeteristics were measured at various heights
efhthe electrode above the burner.

Before descrlblng the technlque used, a brlef summary

_i." .

of prev1ous work us1ng 51m11ar technlques w111 be glven.'

~ Like methods have been used in the past with only
quallfled success.. Wlthln thls earller corpus of work that of
H.A. Wilson, .carried out malnly in the first three decades of

this.century, merits special examination; for the purposes of

. 69 ,
‘the present investigation, Wilson's 1931 paper is the most

important, although, it ﬁay be noted, his earlier paper (Smithells,
Dawson and Wilson, 70) uses a similar technique.

Sheet platinum electrodes, 3 cm x 1 cm, were put at
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the end of a long, réctangular burner, having a slit 15 cm x 0.2
cm cut in it'fér a ¢oal gas- or natural gas-air flame seeded with
sodium. A voltage.was applied across these electrodes, and the
voléage at individual points along the axis of the electrodes
measured by a fine wire probe connected through a quadrant electro-
meter to one of the electrodes. Theée measurements revealed an
essentially u#iform field (except in the electrode sheath regions)

and an essentially undisturbed electron concentration of 2.5 .,109

.cmr ;3 this, combined with an ion production rate of ca. 5 . 101-2

cm~3.secf1, about which there is more than a little doubt, leads

to a recombination coefficient of 8.5 . 10™' cm® sec”l. If one
uses a more realistic value for electron mobility than those of
Kean and Wilson (Wilson; op. cit.), Wilson,71 and Bennett 72 which,
although probably depressed by the presence of negative ions, were
'still beiﬁg qﬁoted quite uncritically forty énd more years later
(King 73; Poncelet, Berendsen and van Tiggelen 74; Kydd 75;
Fristrom and Westénberg 76; Feugier 77) then the recombination
§6éfficient comes out eveﬁ'higher at ca. 5 . 10—6. A possible
cause of wilsop's error seems to lie in his conversion of the
observed "nearl& uniform potential gradient" into a "uniform" one
for the purboses of his analysis. Thié leads to the neglect of
field derivatives and hence electron diffusion velocities in a
direction opposed to the field-induced electron velocity in his
equation. As a.consequence, the electron density he derives is
probably an undereétimate of the real value.

Poncelet, Berendsen and van Tiégelen (op. cit.)

tried, some twenty-five years after Wilson's 69 paper, to measure

the ion density in the reaction zones of'acetylene-bxygen and
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.at much lower ﬁemﬁerethres than those .used here. (Wortberg H

"*Calcote
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. acetylene-nitrous oxide flames. At best; their work could, how-

ever, only give order of magnitude results, arising from their
model of the reaction zone: in effect, e zone of uniform ion
deneity haying a constaet 'average' temperature. Their reaction
zone thickness ds based on a global model of the reaction zone
and is related to a specially and sodewhat arbitrarily defined
"average" temﬁerature, and must be regarded as an arbitrary rather
than physically significant quantity.

| Their values of ion concentration (corrected downward
by a.factor of ca. 2.5 to allow foe the mistake over.mobility
referred to above).are still somewhat on the low side, being .
comparable with, or possibly an order of magnitude or so less

than, values obtained bj fine probes (corrected to one atmosphere)

78

3 .

ws

Calcote 52;' Porter 79; Porter, Clark, Kaskan and Browne 53
54 )

Finally, in this review of attempts to deduce ion

concentration from current-voltage characteristics, it is necess-

-ary to cons1der the work- emanatlng from the General Electrlc

Research Laboratorles in the early 1960's (Kydd 75;:'Lapp and
Rich 80; Harrls 81, 82) . } S . -

In Kydd's paper, a 1 cm2 molybdenum dlsc anode .is:
placed parallel to a heated grapblte cathode, the axes of both
being horizontal. Seeded hot'gae'fromwa.burner ﬁelow the pair
of electrodes passes up through' the inter—elec?rode sﬁace, and
a graph is plotted of resistance of the plasma versus ihter-

electrode distance. Kydd was aware of the difficulty of deter-~

mining the resistivity of the plasma within the test region and

—
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relating it to the change in overall resistance which results in
part from plasma outside this-region. He obtained a correction
factor by immersing the electrode pair‘in Na2003 solutions of
standard strengths and conductivities, then comparing the
resistance-distance graphs ohtained in this way with those obtained
when‘the intervening fluid is a gas plasma. Equivalent graphs
are indications of equivalent volume resistivities, according to
Kydd's arguments.

| ‘However,'for a temperature of 2513 K, Kydd's plasma
resistivity is 1,25 . 103 ohm cm, which corresponds to a number
density of ca. 8 . 102 fons en~2, if a value of 6 . 10° cm> V1

s is adopted for electron mobility in this Csz/air/K plasma,

rather than his assumed value of 2,500. This ion density compares
13 -

w1th the 4 o 10 cm.-3 predicted from Saha S. equatlon, or a

factor of 50 greater than the one cbserved by Kydd, who attempts.
to explain the discrepancy.by assuming ‘an’ ‘error ‘in temperature
measurement, or, perhaps, a non-uniform temperature profile; the

temperature.required for the observed ionization level is stated

" to be 1950 K.

It would seem that there are more fundamental reasons.

fcr the discrepancy than just this temperature error, which Kydd

admits would have to be ca. 550 K. Empiricai.calibration methods’

are aiways,Open to question unless further justification for them

is published It is also not certain whether Kydd's analysis has

‘allowed sufficlently for the relatively cold regions next to his

electrodes.
Passing on to the work of Harris, we note a difference
in the experimental set-up. A caesium- or potassium~seeded inert

gas is passed through an axially located hole into a cylindrical
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" test section heated to the same temperature as the gases. A

voltage is aﬁplied across the cylinder ends and the resultant
linear part (from 30 mV to 10 V) of the current voltage
characteristic is used for substitution in the equation

I 1
9 = v-1

where 1 and A are the length and cross sectional area of the
test section.  Beyond the linear regioh alﬁ)V may either increase,

due to secondary ionization, or decrease, due to saturation

"effects; in fact, the current used was much lower: than the

saturation current. Nevertheless, the method is open to objectdon
since implicit ih the method is the assumption that the /v
characteristic actually describes conditions prevailing in the
plasma. The fundamental obJectlon to “this 1nterpretatlon is

-

that the electrode sheath reglons are 1gnored 1n-sp1te qf their

posslbly domlnant contrlbutlons.

These crltlclsms may cast rather more doubt on
Harris's conclusions than is warrasnted, since the values'he
obtains for electron—neutral collision cross;seotlons compare
favourably with those obtalned by more satlsfactory methods and o
rlgorous analysds.. Harr1s needed to‘1ntroduce an emp1r1ca1
correctlon factor by normallzatlon of his results at that seed1ng
pressure correspondlng to'max1mum conduct1v1ty (1;e..when.the
electron—lon collision frequenc? is the same- as that for electron-
neutral oolllslons) Thls-factor“brlngs.hls_conductlvxty up to
that predicted by Saha. Thds still leaves unexplained disorepancies:
between theory and corrected experimental values at.other seeding
pressures, as Harris points out.

This method, based, as it is, on an empirical
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correction factor, wﬁich‘was appiiéd to situations other than that
for which it had. been qbtained, is clearly unsatisfactory. In
the case of a reactive flame.gas‘sy§tem, where non-equilibrium
species concehtrations are likely to occur, it is certainly not
‘applicable. |
Perhaps the most interesting of these conductivity

experiments of the early 60's is that-perfﬁrmed éy Lapp and Rich.
.Two tungsten rods are used as electrodes, one above the other,
such that their axes are normal to the gas flow from a potassium
seeded 02H2/air flaﬁe. Fine wire pfbbes, connected through a high
resistance Voltme£er, measure the field at points between the
electrodes. A large anode voltage drop is hoted, especially if
the burner, rather than one of the tqngstep rods, is nsed as the
apodé,'tqgether with a.sﬁaller-céthode one, and a relqtively'_
small field iﬁ between. )

" With a temperatiure of 2470°'K and temperature gradient

1, the "conductivity" appears to be constant

of only ca. 15 K cm
until secondary ionization sets in. Again, as in Harris's work,
. this’ conductivity is given by ..

o _-.

el

ar |d
=g

since the current &ensiiy—field grdph“ié 1in;ar until the‘onset
of seconday ionizgtiﬁn.” J

.However, this apprbach-éives'ioﬂ‘;nd electron den-
sities in excess of the maximum predicted‘b&.Saha's équ%tion, it
being assumed that hydroxide formation and electron attachment
"are negligible. Measurements of electron density using the Hall

effect in crossed electric and magnetic fields give good agreement



with Saha, to within'a factor of two, which represents thé limit
of accuracy éf that experiment anyway. The apparent excess
density of charged species is difficult +to explain since, by
dra*ing a gurrent, there 1is a depletion of the ions, and were the
method tofally éound, reéults would tend to be on the low side of
the theoretically expected values. |

Déspite these failures, it was thbught, at the start‘

of this work, that, properly treated, a current-voltage character-

~istic would yiéld correct values of the undisturbed ion density.

The system chosen, described in ch;pter 3, is somewhat akin to
Lapp and Rich's, rather than Kydd's or Wilson's, in that the elec—.
trodéé are normal to the direction of flow of the plasma, ;nd, as
will be shown in_chaptef 5,.this flow figures prominently in the
analysis .of the,regding;. .Thé.electrﬁdeg'chOSen-were somewhat
akin to.ﬁarris's,;being’flanar, alfhopgh.perﬁeablé 6ver.their
whole supface,‘in-effect, ;ather;than hav;ng axial holes as in

Harris's case.

Similarities in the‘current;voltage characteristic

. ..between this preseﬂt work and that of the users of. Langmuir probes,

will be hoted; and, from these character{stics;-the ion density . -.

will be caiculated.‘

The shortcomings of the previgué studies using a . -
conductiop based technique may be oﬁeré;me, as will be deﬁonstrate&
shortly. bHowévér, a ﬁo&érful Addi%iﬁnél:r;aéon;fqr thé'agoptibh
of a~ﬁethod using én electrode systeﬁ:£o méééuﬁe ion dénsity
(and hence conductivity) is the ;;se.&&fh ﬁhich it can easily be
extended to the measurement of absolute rates of ion production,
as is discussed below after a brief review-of past attempts to

measure ien production rates.
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2.2 Jon Production Rates

2.2.1 "Rate of growth" of ion density methods

Thermal equilibrium jonization may be approached from
either side. We have, above, already noted the mass spectrometriec
work of Hayhurst and Sugden 28, who observed the decay towards

equilibrium of lead ions produced in super-equilibrium concentra-

tions by charge transfer with hydronium {ons, thermal ionization

being negligible at flame temperatures for lead (ionization

potential 7.4 eV).

Equally.well, one can observe the growth towards
equilibrium of metal ious. Such measurements are made in flames
that produce negligible natural ionization, viz. carbon monoxide—
or hydrogen-burning in oxygen-nitrogen mixtures, so there can be
uc possibility of charge.transfer”reactions‘or interference from
natural cﬁemi;ions; | |

Even for the low ionization potentiai alkali metals,
the ionization rate is slow enough to restrict these "rate of
growth" techuiques to temperatures in excess.of 2000 K. Hydroxide
formation may also cause’ problemS' partly because hydrox1de

concentratlons, whlch come 1nto the relevant ‘equations for ion

' growth, have often had to be calculated on the basis of thermo-

dynamic data that are now outdated, and partly because the
hydroxide concentratlon itself may alter due to the decay of
radlcals towards equ111br1um 1n hydrogen flaues burning at less
than ca. 2300 K, thereby p0331b1y 1ntr0duc1ng spurious cradlents'
into the graphs of ion growth.

For low ionization levels charge concentrations are

usually measured by either probes or microwaves, as discussed



.above, though in thezwork of Hayhurst"and_Sugden concehtrations
were measured in conjunction with a mass spectrometer, and in that
of Hayhurst and Teiford 83, solely with é mass spectrometer.

Thege measgrements, as has already been noted, are subject to
systematid errof.

For higher ionization lefels, photometric measurements
can be used. ‘Jensen and Padley 84, fq? potassium, were able to
work in tﬁe regime where both optical and microwaves could Be used

~and ;btained good agreement between the two; Kelly and Padley 85
compared-optical and probe measurehents with less success for the
same metal. At these higher ioniiati;n levels, however, there is
the possibility of inteérference from the back (recombination) re-

action, which-is not alﬁays aliowed for. .Instead, it is assumed

" that a straight line graéh-ié an in@icatibﬁ'that the back reaction .
is negiigibie; Whiiq'liﬁearity'is cértainly:a';ecéssdfy coﬁditioﬁ,-

'it.may not always be sufficient, and, indeed, one sbﬁetimes in
review papers comes across experiments that have had to be rejected
béCause of neglect of the.effects of the back reaction and the

:consequeni sysﬁematic error ;ntrqqﬁgeQP_.

"ﬁoliénder,sp; in Qérk pﬁblishgd ﬁubliély'in,”ambng':
other phper;,‘Hollandef,'Kaff and Alkeﬁade{87, used a ph&tomeffic
_fechnique for measuring the variation of atomic alkali.concenf?ation,
with height in cafbon-mqnoxide/oxygen/hitrogen flames.' By édding_'
an electroanonor'eiéﬁent'(caes%um) in fﬁe Eaébjdf:pd%aé§iu@ an&
sodium seeded flémés, he was able to'suppreés }heir ionization .
and compare alkali atom concentrations with and without,suppressidn{
This gave the ion concentration, from which a comparison was madé

with the levels expected theoretically from the Saha-Boltzmann

—-
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equation. From the lag in the establishment of equilibrium,
Hollander calculated the finife ionization and recombination rate
constants for caesium, potassium and sodium.

The presence of natural flame electrons irom hydro-
carbon flames gives rise to very similar curves to the ones
ﬁollander observed, created by the relaxation towards equilibrium.
Hollander himself seems of the epinion that this similarity pre-
cludes the use of his technique for measuring ionization rates in
hydrocarbon flames aud indeed quotes no values except those found
in carbon monoxide flames.

All the difficulties discussed in this section may
be avoided by using the technique described below, which is

'geﬁerally applicable et temperatures below ca. 2600 K in hydro-
carbon flames, and thus extends rhe range over which ionizapion

“and recombination parameters may be measured.

2.2.2 The saturation current density method

-The only way to determine the point b&'point_ion
production rates directly, i.e. without inferences based upon ion
pemcentration meesurements corrected f01 diifu51on and recombination,
:15 by use of the saturation current measurement technique. U51ng '
the elecurodes employed for the ion density determinatiou, one
simuly reversee and increases the voltege applied aerpsé the llame
' reaction -zone and its ettendantiﬁurnt gases (see Fig. 3.1) until '
the current drawn ceases to increaeé{ -all ihe ions produced are,
in this case; withdrawn from the system before they'have»a~chance
to recombine (see Fig. 5 :4). Thus the current obtained, referred'
to as the saturation current, measures directly the rate of charge

generation in the space between the electrodes. If the voltage
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is further increased; the current egain begins to rise with the
onset of secondary ionization, resulting from electrons acceler-
ated in the field to energies above the ionization threshold
.(close to the ionizatioﬁ potential) of the neutral gases present.
(See Fig. 3. 4again); Eventually, as the voltage and field are
increased even further, arc or spark breakdown ensues. The focus
of attention is, however, on the saturatien current plateaﬁ region,
where an increase of voltage has no measurable effect on the
-current. )
Most saturation current density measurements have
been carried out on a Botha-Spalding porous disc burner 88.
This allows the stabilisation of‘a flat flame in a plane normal
to the directiqn of the' gas flbﬁ over a wide range of volumetric
_flow conditions even at-etmospheriC'pressuTei' The sintered disc
itself acts as e‘geat sink. A'.slight deerease in flow velbcity '
of the reactaets causes the flame front to éome closer to the -
burner, more heat is lost to the burner, the final flame temper-
ature drops end, in consequence, so does the burning velocity.
. Hence & ﬁew equilibrium position is set ﬁp.' The reverse arguments
'{ apply in the case of" a small 1ncrease in reactant flow ve10c1ty,
"until a new equ111br1um p051t10n is again set up, this time further
away from the burner. Saturation.current densities can therefore
be measured as a function of-fiame teméerature for the same.re—
actants, and glebal actlvatlon energles measured elther in terms
of the charge produced cm -2 s~ or, in hydrocarbon flames, charge
produced per carbon atom consumed per second, plotted against.the

reciprocal of temperature.

Where metallic seed material is to. be introduced into

ey .
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./
a flame, normally ‘some other type of burner is used since it is

difficult to get the seea matérial through the pores of the dise
without blbcking them.. In the present work, a Meker burner is
used. Instead_of a flat flame, é series of small interconnected
cones is produced, but similér stability criteria exist to those
in fhe Botha-Spalding disc case, thereby allowing a sufficiently
wide range of flame temperatﬁreé to be produced from the same gas
mixture. Local mixing ensures uniformity across a cross section
parallei to the burnér top a short distance above the apices.
Since it is this region downstream of the reaction zone that is
of primary interest in this work, non uniformities in the reaction
zone are not of any importanceltheré.

If we limit ourselves to an essentially unidimensional
region of length 1 downstréam of the reaction zone, in‘which
charééd.sﬁecies of both sigﬁs aré pr;duéed.atia rate.q ions cmf3
srl, the geﬁeral charge cbnéervation equation for the positive

species may be written:

- n n - 4 8Jd+
4-oenn, = 3¢ 9x
.o R oh
3 ey 00y .
="5;{n-'|-'3"fE'".-D-1-‘ S T un+},

Here j+ is thé positivé ion curfent,.E the gpplied fiéld, u the

gas convecfiop velocity (more.or less constant), and x the,aistancé»
co—ordinate. The equation is simplified by {he agéumption,. .
implidit in it, that all the negative bﬁafge consists of.eieéfroné;'
the arguménts are not affécted-ﬁaterially if fuller equations
ineluding negative ions are used. The above leads to

1 : 1 1
1 9d + .
" J % dx = J q dx = K qn+nedx

0 0 0

——
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Two limiting cases may be distinguished. First, for

a large field, n ='n = 0 so

(i), - G Jg = e| adx,

0
0

i.e. there is no charge recombination, and a saturation current
of current density js is produced, equal to the rate of generation
of charge, multiplied by the electronic charge.

The other is the case of a current tending to zero’

_ (which means in effect a small field), and a high ion concentration.’

Recombination involves the square of the ion density, electron and
posifive ion densities here being essen?ially the same, whereas
convection, diffusion énd electrically induced moti;n all involve
n+.to the power unity. The regombination process.thggefore pre-.
dominétes over these latter, léévihglf - . ‘
R 'q = an+? '
Untii now;.this techniqﬁe hés.mainiy Seeﬁ ﬁéed.to
measure the activation energy for ion production in hydrocarbon—
0¥&gen and -air flame reactlon zones (lawton 89, Lawton and
Weinbe;g 90)6*;; | -
o P“,éiﬁce ;h;'pﬁSiicatiAn‘of ﬁav%gn'and Wéiﬁberéis papér,

the value of the technique has become more appreciated. Much of

* Saturation currents were also obtained by .Payne and Weinberg g; .
in their work on increasing heat transfer rates by using the ionic .
wind effect but were not interpreted in’ terms of ‘ionization rates.’
Saturation. current measurement. is employed in. the flame ionization
detectors used in gas chromatography; ‘their current—vg tage
characteristics are described by Bolton and McWilliam . The
values of ionic mobility chosen by these latter authors are by no
means convincing, and seem to have been adopted without any attempt
at a critical evaluation of the differing values cited in the
literature. This may account, at least in part, for the only fair
agreement between theory and experiment for one of their mobility-
dependent constants of integration.
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Melinek's 93 thesis dependS'on this technique for the measurement
of ionization energies of various systems, and the method has been
used in conjunction with mass spéctrometry,»which identifies the
various positive ions pfoduced (Arrington, Brennan, Glass,.Michael
and Niki 94).
Nesterko and Rossikhin 95 used the technique, again

to measure activation energies, but did nof appreciate the‘necessity
for changing the temperature by varying the flow rate. Instead

they changed the fueL/oxygen ratio, and since the saturation current
drawn-is in fact deﬁendent on this ratio, the magnitude of their
results for the ionization activation energy must be treated with
caution. In common with the present work, soﬁe of their flames

were séeded with ionizable matéfial (sodium and potassium). They
found the appa;ent gctivétionignérgy in the bﬁrnt.gas region for .
fhése metals to Bejonlf ca. 50 kecal mole-i, whidh'is only about

" half the ioniZation_poténtialt: Glushko, Tverdokhlebov and -

Chirkin 96, working with a low p;essure CéH2-air flame, obtain

ci: 20 keal mole™ T for lean and slightly rich flames, but some-
thing like twice that .value for a smoking flame. .No detailé,.
“-hﬁﬁeﬁef, are giveglaboﬁt”thg ﬁéiume~of;burht_édséé ébﬂ?é'the'f
'reacfioh'zoge, éorit ié notAp;ssible'to:gauge the contributions
made within énd above the reaction ;oﬂe, énd'thi; 1a%tér'fesult
should bé trea%éd with pautioﬁ. ’Mucﬁ the same ygsﬁlts are pub-

97. A very controversial °

" lished in Tverdthlebov and Chirkin
aspect of this w0rk‘is_the'dédﬁction of ion prodﬁction.rafes by
dividing the saturation current density by a value for the flame

reaction zone thickness, arrived at either by some rather crude

"model {e.g. van Tiggelen and Vaerman 98), or by observation of a



half—widfh from.thebéteady state ion‘density profile in the absence
of a field (faran and Tverdokhlebov 99).
Despite the introduction of an arbitrary or dubious
reaction zone thickness, the quotient (see above) of the maximum
ion production’rate and the square of the maximum ion density
(observed by small probes) does give in Taran and Tverdokhlebov's

. . - s . . -7
work a recombination coefficient very similar in size (2 x 10

em™> s_i) to that observed downstream of the reaction zone in .
~ other work. Lead and bismuth salts were also added to the flame
and the recombination coefficient downstream of the reaction zone,

assuming no- further ionization, was derived from the standard

equation (see, e.g., Calcote 52)

.whereiqa is the_ambipelar diffusion coefficient, ofner terns having
been.defined nrevidusiy.- |
Tne last point to be noted in this brie% review of

previous work with saturation.eurrent is that virtually nothing

has been done 1n,the nay of meaeurlng an 1ncrease of saturatlon-'
cunrent downstream of the react10n zonz with the exceptlon of
eertaln parts of Mellnek's thesls (Mellnek 93 (a)). For a hydro-.
 carb0n-aif fiane; Meiinek‘cle%mé tofhavefppserned ioni;ation
downetream of the. reaction zoné in the anéence-bﬁ‘metaiiie seed, .
the ionization rate felling off inverselyzee.nhe square of'ﬁeighf.'
There 1is some.deubt, however, because close proximity of the top'
electrode to the reaction zone may have caused some quenching and

lowering of the final flame temperature; thus, as the electrode

was moved away, the small increase in saturation current might
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have arisen from a slight inerease in temperaturé of the reaction
zone.

- Melinek gt.al 24 are on much firmer ground in dealing
ﬁith ionization from a sooting flamé, ﬁhen they obtain in the
burnt gas zone, an ionization activation energy (or, more correctly,
work function) of 4.62 eV for soot particles, which compares par—
ticularly favourably with that for graphite (4.4 eV). In this
experiment, the saturation current density is very low up to about .
half a centimetre above the reaction zone. From there onwards
the burnt gases have the yellow luminosity characteristic of soof{
and the saturation current increases linearly with distance by an
order of magnitude over a distance of ca. 2 cm at 1784 K.

A Similar to the above, but only semi-quantitative in

nature, is Melinek's 93(b)

statement that the ionization, due to
sodlum 1ntroduced into one of hlS flames, approx1mate1& doubles
as the distance of the upper electrode from the reaction zone is
doubled.

The use of the saturation current technique for
measurlng activation energles in the reactlon zone, u51ng an
Arrhenius express;on is, by this time, flrmly establlshed as

- long as the elementary precaut1on is taken to alter flame temper-
‘ature by altering the flow r;té rather than the equivalence ratio.
Nothing more need be_said on this score at present.

The intention of the present work is to develop the
technique one étage further so that.it is capable of determining,
quite unambiguously and without the‘need fAr any dubious assumptlions
about recaction zone thickness, whatever that may be, an ion

“ production rate. This is done.-by measuring quantitatively what

S e et vy o e g
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Melinek et al (24) measured qualitatively, i.e. the increase in
ionization current above the reaction zone for a flame seeded

with an alkali metal.
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CHAPTER 3 THE EXPERIMENTAL APPARATUS

3.1 The flow system

While-the apparatus constructed and used was of Quite a
simple design, it nevertheless c&nformed to a number of quite
strict conditions. These are that the part of the flame being
studied must be sensibly one diménsional in flow and uniform in
temperature and ion density, especially if seeded, across any
?ross section, as well as both being stable over long enough
periods.of time to ailow measurements to be made with ease, and
being reproducible from day to day. In addition, faults which
develop should become.apparent as soon.as possible, so that
corrections may be made before too much time is wasted, and the
_whole apparatus must be capable pf being cleaned and reassembled
without'great'difficulfy. A ‘diagram- of thb'qpéaratus‘de%éloped.'
.is-éﬁown in Fig. 3.1; certain minop modifica£ions:t0.tﬁis cifcuit
' were sometimes necessary (e.é. thé.substitﬁtibn'of,hydrogen for
ethylene as a fuel in the annular flame which shielded the seeded
central coré upon which measurements were made); * and, given this
flow network, were easily intpo@uced, This shjel@ing‘technique,
uéiné'aﬁ ahnularlfléﬁé Af tﬁé saﬁe éoﬂpdéifion and flow fété as
the main centfal‘flaﬁé,“ta“énéufe.uﬁiformiﬁ&'of tempéféture and
températuré—dependgnf paramefér§’acr0§Syalefoss—Sgétion is’ quite
standard (Sugden.and.Whéelér'44é. Kh;wstubb aﬁd Sugdén }00).

Flame inst;bility caused.by gas ' flow fiﬁcéuatipns was rare;'
Air was taken frﬁm ; cdmpieéspr ﬁanﬁfactur;d by Whiitaker Hall
& Co., capable of delivering 900 litres per minute at pressures
of up to 150 p.s.i. (1.07 . 10? N mfz). The air passed through

an oil filter, pressure reducing valve and large ballast volume
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(to even out possible fluetuatioﬁs) before being dried and meiered.
Commercial-grade-ethylene (99.85%‘purity) had to pass through a
similar circuit (except thaf the'oi} filter was ebsent) before
being metered} because of its large Joule~Thomson effect, it was
also necessary to heet the ethylene cylinder head to ensure a
steady flow. No such difficulties were found with nitrogen (used
in small quantities as an additive), so if was passed direetly
from the cylinder through a valve to a capillary flow meter
(marked C.F.M. on Fig. 3.1). This and the .other capillary flow
meters were calibraéed using a bubble meter (Exner 101) under the
pressure conditions encoﬁntered in practice. Where the flow con-
ditioqs were not quite as critical, vii.‘in the annular sheathing
flame, or whefe the volumetric throughput did not need fo be known
‘with such aecugacy,'rotemetef$:were used; iﬁese'were calibrated
- in the same way es the eapillery flow tubee,:apd are ﬁarked "ROT .
in the figureiu

Manometers 1 and 2 read the same to witbin one torr while
manometer S'fead within one torr of atmospheric pressure. Any
blockage in‘the'flow.system was shown up'immediately-by the ..
’&épaftﬁre ef'dneto?;more‘ef_fhe manometer% from ite'sef value.

Moet of the flamee studied had the.séﬁe unburnt composition,
0, in order -to burn the gas'at different'temperafures, it was
necessary to hleed off -a certaln fraction.of the unburnt. mlxture,
thereby reduc1ng the voluﬁetrlc th¥oughpet to the burner (see
chapter 2). Thls was done before some of the mlxture passed
through an atomiser of standard de51gn, whose reservoir contained
sodium or potassium carbonate solution, or a mixture of the two
in sufficient strength to cause measurable ionization in the hot

gases produced By the flame. A fine mist of this solution was



carried along by the atomiser gas flow before being united with
the main bod& of the gas (which had not been bled off) in a
mixing chamber. This chamber was found necessary since a T-
junction qnickly blocked up from salt depositionmns.

The combustible mixture then went into the central cylinder
of a brass Meker burner, cooled by a.continually circulating
current of water driven at constant speed by a small pump.

Rather than have a burner constructed from a bundle of hypodermic
.needles, as was the case in the two papers quoted above in which
shielded-llames were used, here the top of the burner consisted

" of a disc and annulus, each drilled with regnlarly spaced 3/64"~
diameter holes. -This avoided any problem there might otherwise
have been due to the block1ng up by salt depos1ts of small bore’
tubes.

Both independently fed sectiens.cf the bnrner contalned a
sufficient'nnmber°bf small'glass:balls‘to provide-a unifcrm'éas-
flow. In the'central cylinder was a metal gauze to prevent any
Of'the balls falling down.and blocking the entrance to the burner. .
If the helght of any of the flame cones on the burner became more
than about 3. mm, the glass beads were rearranged to ‘even out the
flow and ensure a uniform cone helght. What might be called the
ﬁcharacteristic" temperature of each;flame-was measured by-a '
.sodlum D-11ne reversal technique (see below) with the beam 1n01dent
on the centre of the. seeded part of the gases at a helght of 6 mm,
above the burner. Immedlately th1s changed by more than - 7 K, |
the minimum observable change using the eye, rather than, say,
more quantitative photoelectric means, the flow system was checked
and corrected to bring the temperature bach to normal.

The seeded part-of the post-reaction zone burnt gas region
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had to be maintained as a right circular cylinder. In the absence
of any flow constraint above the burner, air entrainment would
cause, instead, this region to be onion-shaped. A combination of
a horizontal stainless-steecl gauie of the same diameter as the
burner, and an electrically—insulating chimney of slightly larger
dianeter, leading to an air exhaust system, brought the seeded
burnt gas region back to the required shape. The gauze was sus-
pended from a clamped metal rod which could be moved vertically
against.a Vernier scale, as could the chimney. The rod was
electrically insulated by the clamp from earth so that a (flexible)
high tension lead couid be attached to it, thereby making an

electrode of it; +the other electrode was the metal burner itself.

3.2 The Electrical Circuit

de‘major sets of measurements were made. In one a high

13

potential ( <10 kV) from a Brandenburg DC unit was. applied across

the flame in order to draw a saturation current. The other type

of measurement goes to the other extreme and draws, by comparison,

a very small current from the flame- This means that the charged

. -speciés, 1nstead ‘of being collected at the e1ectrodes, recombine

within the flame, so measurements are'made under_conditions
approaching as ciosely as possible the .ideal of no electrical
disturhance of the flame gases., These current—vodtage measure—
ments yield the posltive ion dens1ty “1th1n the hot gas region.
Stable characteristics were best obtalned by applying the H.T.
output from the Brandenburg across a high resistance (5 . 108 or

1. 109 ohms) in series with the-flame and increasing or decreasing

the applied voltage slowly. Previous measurements of the current-

voltage characteristics of flames (Lawton 89; Lawton and Weinberg 90

3



Peeters, Vinckier aﬁd van Tiggelen 7§ Melinek 93) have relied on
a point~by-p6int plot of current against voltage. This technique
was abandoned in this work partly because it is too time-consuming,
but.more sgriously because it was not sensitive enough to show the
relationsﬁip bétween satﬁration current and inter-electrode spacing
at some of {the lower temperatures uséd. L much better method is
to use an X-Y‘plotter whose scale may be varied to give a maximum
separatioﬁ,between adjacent readings while still keeping tﬁe
‘wholé of one set of readings on a plot of size 15 x 10 inches.

.Besides rapid random fluctuations in the amount of seed
material entering the flame, there are also longer-term instabili-
tfes, due to changes in volumetric throﬁghput‘(if the compressor
becomes overheated), chénges infthe atomiser,. the build up of
seed deposits,in'thq flow systgm or burner system etc. -The X-Y
xplofter'allowed'a full set ﬁfzflame'cﬁa£éct;ristiés to-bé obﬁéinéd
in about one minute, thereby eénabling us to measure the variation
with height of parameters which, on é point—by—poin£ measuring
basis, ﬁould appear eithef to remain constant or would be within
-”the'range'of error involved on one-individpal.satpyafipn curreptl'
Ireadinggi Thgs‘ﬁhahgés'o§ér'd distgncérpf iicénfimetré of ca. . |
1;2% in thersgturatioﬁ‘cufréhf 6bﬁid 6é oﬂéerﬁed{;ﬁﬂich meant an
ektensionvof around 30% in the temﬁeratuge-rénge §tudiédz

' .T}:.l.e. X-Y plotber used was ._an FAI 1130 Variplotter which had _'
gcaiés ranging from i QV.ﬁéf-iﬁch'at an ﬁﬂpuﬁ imﬂeﬁggce~of'25
kilohm to 400 mV péf'inéh at 1 megﬂhm éﬂ boéﬁ abscissa and ordinate.
The abscissa also had another scale of 500 mV per inch at 25
kilohm up to 20 V per inch at 1 megohm, and a {time base scale of
from 0.5 to 20 sec per inch. A zero-bias ﬁas also used whenever

any specific part of-the current-voltage characteristic had to
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be studied in more detail. The Variplotter was, in effect, used
to measure the voltage across a small resistor in series with the
flame and hence the current through the flame gases, and, when

in series with a resistor much larger than its own maximum input
impedance, to measure the voltage applied across the flame gases.
‘The resistors used were calibrated, using resistors guaranteed

to 1.1% with a standard cell, to antoverall accuracy of I 2%.

A diagram of the circuit is also to be found in Fig. 3.1..

~;3,3' Temperature measurement.apparatus,

<S%nee-in any. case “the flames were beiné seeded with alkali
metal salts to provide'a.source of ionization.in the hot gases,
the method that lent itself most readily.to the measurement of
temperature was the spectrum line reversal technlque, uslng the.
sod1um resonance doublet llnes'at 589. 0 and 589.6 nm._ Th1s method_.z
by now standard, was f1rst used practlcally at the, turn of the,
century (Kurlbaum 102; Fery ) although, in the former of
those papers, it was the carbon particles in a fuel-rich flamev
which were matched to a varlable background source, an optical
,:.; yrometer belng used alone w1thout need for a speCtroscope. _.-'
The experlmental procedure'of the‘present work followed the

.course out11ned by Gaydon and Wolfhard 194(a)‘ A d1sappear1ng

-fllament—type opt1ca1 pyrometer, prev1ous1y ca11brated agalnst

a black body in the red part of the spectrum, 1s_used, w;th a

. red fllter, transmlttrng llght_of‘mean wayelength 655'nm,‘to:
.measure the brightness temperature of the centre of the strip of
a tungsten strip lamp. This is then related by the standard

calibration to the true temperature of the lamp, which is the

temperature a black body would have were it emitting the same



- was placed in the image plane of I. ,as formed by L
; 1 .
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amount of light at that uavelength. An ammeter was put in series
with the tungsten strip lamp eo that the temperature of the strip
could be determined uniquely by reference to the current through
it. (This method is preferable to measuring the voltage across
the lamp, which could be liahle to change were contact resistances
to anpear in the circuit.)

Light from the tungsten strip was focussed on to the axis
of the hot gases by means of a lens, Ia (see Fig. 3.1). This
image, together with.the light from the hot gases-(largely sodium
resonance light), formed the object for a second lens, L2, which
gave an image on the elit of a spectroscope S. An aperture, A,
o1 SO that the
solid anglés subtendeo at L by the flame gases and the image of.

the background strip are equal.  If 1ight emanating from the flame

_gases were to subtend a greater solld angle at L (and hence the )

spectroscope s1lit) than light- from-the‘background-source, then
the measured flame temperature would have been too high. The

positioning-of the aperture outlined avoids this error. At all

. times, care had to be taken to keep the lenses dust -free - other-
"Wlse the - apparent temperature of the hot gases would be hlgher.

'than the actual.

. The- sodlum resonance doublet 11nes could usually be seen,

by looklng through the eyeplece of the spectroscope, agalnst the

background contlnuum prov1ded by the str1p lamp,:elther yellow

in emission (1nd1cat1ng the background was cooler than the flame)
or black in absorption (indicating the opposite). When the lines
merged indistinguishably with the background then the two were

at the same temperature,_which could be ascertained by reference

to the current-temperature calibration graph for the lamp.
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Maximum- contrast betueen the lines ‘and continuum, and hence
maximum accuracy, was achieved by adjusting the slit width of
the spectroscope;

Certain errors creep into the method, however.: First} al-
though the lamp was ealibrated for the red (655 nm) it was actually
used in the yellow (589.0 and 589.6 nm). At the temperatures
involved this means overestimating the flame temperature by about
15 to 20 K. However, this error is cancelled out to within a
degree or two by the fact that there is a loss of light from the
background lamp at two lenses, whereas l1ght from the flame is
-~ lost at only one (Gaydon and Wolfhard 104(b))

Another error is due to the fact that the hot gas region is
not opt1cally thick, and so there .is some em1ss1on of rad1at1on .
from the flame which 1eads to-a depopulat1on of- the excited states
“of the sod1um atoms as’ compared with full thermodynamlc equ1l1br1um.
Gaydon and Wolfhard rely1ng on a quench1ng'cross section for |

sodium resonance radiation by nitrogen of 14.5 ., 10—16 cm2

measured by‘Norrish and Smith 10?, found the effect of this to
be equlvalent to a, lower1ng of temperature, assumlng Maxwell-.
Boltzmann stat1st1cs, of 3 3 K. - They po1nted.out however, that
Boers,~Alkemade and Sm1t's 106 lower value for the cross—sect1on
for this quenching'reaction led to an-error offaround 8K at

—I 2

atmospheric pressure. -This later value (7 10 at 2200 K)

was confirmed by Jenk1ns 107; A table of quench1ng eross—sectlons
from his paper for the gases-whlch concern_the present work is
shown below (Table 3.1). Both Jenkins and Boers, Alkemade and -

Smit derived their results by observing the fluorescence of

sodium in a flame.
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TABLE 3.1

Gas Temperature' Quenching cross-section
(en? . 1016)

Né ' 1400 - 1800 6.95 % 0.15

Ar 1400 - 1800 0.1

0, _ 1800 - 12.3 £ 0.5

co, 1400 - 1830  17.0 ¥ 0.4

Cco . 1400 - 1830 11.9 £ 0.4

H,0 1600 - 1800 . : 0.5 £ 0.3

An average value, weighted according to the partial pressures

of the gases present, of the quenching cross—section for this
=16 '

‘work is 7.5 . 10 cmz, and therefore the likely error is that

a

the temperature has been underestimated by about 8 K.

In the present work ‘the burner could be moved both vertic— .
ally'and at right angles to the optical-bench on which a11 the
optical equipment was clamped. Temperature profiles were there-
iore obtained as.functions oi distance from the centre (uniform
temperature) and height above the burner. -A?typical~profi1e--i"'"
across a diameter is shown in Pig..3 2.. Slight irregularitles
of -about + 10 K'(- 2%) were unav01dable and the.8 K error, referreu
to prev1ous1y, “as taken into account “hen measuring the average .‘“'

temperature at'a given height. Temperature fell off w1th height

'qulte rapidly due to the cooling effect of the gauze electrode,

but at a given height it was found that the temperature was con-
stant whatever the height of the electrode above it, with-the
sole constriction that the interelectrode separation did not
exceed approximately 3 cm, this being the separation at which

aerodynamic instabilities set in.



3.4 Measurement of-the alkali concentration in the flame

With a couple of modifications, the method adopted to measure

the sodium and potassium concentrations in the flame gases was

108, Godard and Seyer 109, and, more recently,

Knewstubb and Sugden 100. The technique must measure the total

that used by Gautier

amount of alkali passing through the burner in a given time;
this cannot be equated to the amount being sprayed by the atomiser,

since the mist settles out in non-negligible quantities at all.

~points downstream of the spray.

.For this calibration, only ‘the .central part of the Meker

burner was used, the entrance to and exit from the surrounding

outer annulus burner being sealed off. Dried air from the

laboratory bench supply was passed through “the atomlser, and along

-the same, flow system as was used when flames were. belng burnt

* into the’ burner at rates equal to the .total throughput of all

three-gases (a1r, fuel and additional nmtrogen) for,each of'the
various flames studied. Usually the pressure head across the

atomiser was kept, for a given throughput; egual to that used for

the corresponding~f1ame.. To satlsfy these condltlons, the caplll- L

._ary flow tube normally used for measur*ng the a1r throughput was'

reca11brated so that for each of the four dlfferent throughputs

. at one atmosphere and room temperature, wé knew the dlfferentlal

height of the manometer for any . glven absolute pressure up to

340 torr above‘atmospherlc, there belng a constant pressure "head-

‘of 260 torr across the'eapillarf'flow meter.

All this was necessary, since the air, having gone through
the spray or its by-pass, was then sent through a half metre
long column containing glass or quartz wool saturated with dis-

tilled water and placed on top of the burner, with a leak-free
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joint between them. ‘This, of coﬁfﬁe, introduced another pfessure
drop of up to 50 torr into the system. The glass wool filter

was there to trab the,sodiuﬁ ani/or_potassium salts introduced
by the atomiger; it was saturated since boiling distilled water
had first been used £o wash the wool, in order to get rid of a
fine dust from the wool, together with other impurities. The
alkali carbonate laden air passed throughlthe filter for périods
of up to ninety minutes. At an appropriate time, the air supply
was turned off, the joint broken quickly and the seed material
washed down into a,s-litre beaker with a further four litres of

" boiling distiiled water, before samples were -stored tempbrarily
.in pquthene bottles prior to being analysed. _An-attempf was
made o dispeﬁse wifh.the filférs, and just pass the gasés thfough _ ‘
- wateri ';t was. found that water alone is ingﬁfficiept to trap
@ofe than a few per'céﬁt of'fﬁe élkalis; Recéptly,.thgs'efféct
‘has also been noted by other authors (Joknson and Smith 110).

Thg authors of the three papers referred to at the beginning
of this éubééection (3.4), all, after having proceeded in prin-
ciple as in the present work, then titrated.fq? a halogen
'(chlorige,.br bromine in.%he case of~Kneﬁétubﬁ'ahd:éugdén).

He¥e a carboﬁéte was used, so coﬁsequgntly a differentlmethod

-had to be used, and inétgad'bf,measﬁrihg'the;haiide concentration,
we measured the alkal;:;oncéﬁtréti;h. :Tﬁis.explains the use of .
'Quértz wool in the measufgmeﬁﬁs;fb?.sgdiﬁm:coqégh%ré@ion, sipce
boiling water leeches out sodium from ordinary glasé wool.

The solutions prepared were analysed in a flame photometer
for atomic alkali concentration. The instrument used was an

" EEL (Evans Electroselenium Ltd.) Flame Photometer Mark II, having
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maximum linear full scale deflectioﬁs corresponding to.5 pe.p.m,
of sodium ana 10 p.p.m. petassium when the relevant filters were.
useq with the inbeilt photocell. When necesshry, solutions were
diluted to bring them into the relevant linear regime of the
flame phofometer. |

Certain checks were made in these measurements. As noted
above, when giass wool is used, the observed sodium concentration
is teo high due to its being leeched out from the wool. So.the
_amount of salts trapped in the tubing downstrea@ from the atomiser,
in the burner and in the rotameter were also measured.  These
4,gave the real propertion of sodium to potassium enfering the
flame (the same as in the seeding solutiens), and -also when the
potassium concentrations-in the glass wool, burner, tubing and )

. rotameter were added'to_thhtfwhich‘had.cellecﬁed in the smbothing
I‘volume of the atomlser, downstream from the spray itself, a
figure was obtained consistent with the 1oss 1n.a1ka11 from the
atomiser reservoir due to the action of spraYing.,

The main sources of error here appear to be in erratic
functlonlng of the atomlser (whlch 1s Just as llkely of .course .
“;when the seed is belng fed 1nto the flame), and in 1oss of seed
through 1ts dropplng down into the burner or belng blown by the
'alr stream out of “the top of the tube. To obv1ate these last - two
sources of error,'spaces were 1eft of appeox1ma£e1y 10 cm at thel
top and 5 cm at the bottom of the half metre 1ength tube* the._
mlddle 35 cm or so were packed w1th enough quartz or glass “001
to trap a11 but at most 1% of the alkali seed. There was, due
to the air stream, a layer of distilled water up to 5 cm thick
on top of the wool, but only negligible aﬁounts of this were

blown, as spray, out of the column and lost. Nothing was usually
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lost at-the bottom of the column; since even if a considerable
time elapsed between tgrning off the air supply and beginning
the washing of the wool, thé water just saturated the lowest
part of the wﬁbl, which had over the course of this experiment
been dried ouf by thé air stream, instead of running down into
the burner.
Results consistent to & 8% (standard-deviation quoted) were

obtained from the flame photometric analysis of the solutions

from the glass and quartz wool, and are tabulated below.

TABLE 3.2
Flame ) { Final flame Atomic alkali
corresponding temperature concentrations, p.p.m.
to volumetric : (OK) -
-throughput used .| _ iNa : ... . K
. 2025 31,6 0
B o 11957 - T Q9.8% 33.6
c 1890 5.6% 169
D . 1818 12.5% 375

e

*Inferred from the potassium concentration =

The finai_flame~températures are cqlchlated from extra-
pdlations back to the reactidn zone of the.measurgmenfs of

temperature'fersué héight in the dowﬂstream~region; '
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CHAPTER 4 THE CHEMI-IONIZAT ION ACTIVATION ENERGY

It was found in practice that there was a more or less
continuous range.of temperafure; extending over somewhat more
than 300 K, in the hot gases produced by the four flames studied
in detail. This affgrded the opportunity of observing the
magnitude of parameters of interest.at any given température
within this range, rather than just at thé final flame temperature
of each of the reaction zones. If plotted solely against these
latter temperatures, the recombination coefficient for charged
species and the ionization rate coefficient, at leastl would
yield totaily false temperature dependencies; in addition to
which.ehormous difficulties would arise iﬂ the interpretation of
these restricted data. This comes about due to the production
in .the rggction zones, ;t-least'fqr.the lovef temperature flames,
:of cértain.slqﬁ-decaying ré@icalétin q&anﬁitieg in excess of
" their thermodynamic ;quilibrium values, a phenomenon.which wiil
be discussed more fully later.

First,‘ﬁéwever, wé shall‘deal with those reaﬁinés and dafﬁ
directly.ngcessary to the calculation of the activation energy
.for'the br;duétion of'charged speciés,vbefAré'going on to ion -
density méasurement, reé;ﬁbination coéfficienté and ionization

cross—sections.

4.1 Coumposition of f].a-mé§ studied

In all, eighf flames wéré‘stuaiea'at htﬁosﬁﬁeric-pressuré,l
their temperature range being determined by the necéésity-of
ﬁéving a saturation current‘platéau rather:than<a continuous
increase of current with increasing voltage until secondary

ionization sets in, and alse of having medsurably different
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saturation current piateaux at different heights of measurement
within the hot gases. _If the temperature is too high the former
condition is violated, and, if too low, the latter.

By trial and error, a fuel-lean flame composition was found
which could provide flames burning at three different temperatures
within this quite narrowly defined range. These differences
were achieved by varying the volumetric thfoughput and henée the
heat transfer rate to the burner, as explained previously. For
each flame a sheath of similar composition shielded the inner
core, on which measﬁrements were made, from the atmosphere; its
temperatﬁre was altered in the same way as the core's temperature.
A hydrpgen—air or carbon monoxide-oxygen sheath, both of which
produced no measurable ionization compared with a hydrocarbon-air
’ fiame? was burnga when ﬁeasuremehts_wefﬁ being made ‘on the un-
seeded £6fe. . ” i

‘For these constant compo;ition flames, the efhyléne and air
throughputs were fixed at a giveﬂ value, so that when a lower
'fémperature'flame waé needed, all that had to be done was to
bleed off a given fractiqn_of_these‘gases. The'volumetric
thf;ﬁgﬁpﬁf.through_the'afomﬁsér?waé keﬁf co#stanf at_dbout twg
" litres per hinute.(cérfected-té roon temﬁerétufe ;nd.pféssure).

‘A little extra nitrogen was'édded'ﬁo somé_of'the flames to
provide a.more.unifbrm;tempefafﬁrq»ﬁ;ofile.in the.cére.

Table 4.1'giﬁes'the rQECtaﬁt éoﬁfoéitionéqf;r'fhe.alkalf
‘metal-sceded flames studied (fia.me's'A-D), and” an additional h.ighe11
temperature unseeded CO-sheathed_fléme (E), and the voiumetric'
throughput for these flames reduced to atmospheric pressure and

" room temperature (295 K). The equivalence ratio is defined as



the fuel}oxygen ratio present divided by that at stoichiometry.

TABIE 4.1

Flame- Equivalence| , N Volumetric | Final flame
designation | ratio, 7 Ng throughput, | temperature

‘ml 5-1 (OK)

A . 0.97 79.1 145 2025

B 0.73 78.1 | 128 1957

C 0.73 78.3 87 1890

D 0.73 77.3 66 1818

E 0.90 76.3 145 | 2082

4,2 The saturation current,Jion yield and activation energy

Tﬂe three seeded flamegﬂétudied gt atﬁospheric pressure'
having the ;ame equivalence ratio afforded us the oppoftunify bf
measurlng the global activation energy for the production of
natural flame ions by burnlng the same flames without seed.. in
torder to study a reaction zone of apparently uniform temperature,-
however,.lt was-necessary to dlspense w1th the 1on-p10du01ng
ethylene air Shleldlng flame and.lnstead burn a hydrogen—alr
'~;f1ame whose ionization wés‘cpmpletely.néglig;ble. -The'reactgpnj
zone {empefatur;s of the ethylene-aif inﬁer disc fi;ﬁe were
'measured'(by an extrapolatlon back from ;odlum D 11ne reversals'.'
at dlfferent helghts above the reaction zone) as 1957 K (flame
B), 1890-K (flame C) and 1818 K (flame D), all to about & 10 K
or half a per cent. These three flames minus their alkali seed
are flames F, G and H corresponding to B, b and D respectively,

thus making up the éight atmospheric.pressure flames referred to
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at the start of section 4;1.

Total saturation currenté were measured, in flames F, G and
H, and, kﬂowing the composition and volumetric throughput of the
reactants, the.ratio of ion pairé produced to carbon atoms
introduced was calculated. ihe logarithm of this ion-production
ratio was then plotted against the reciprocal of final flame
temperature to give an activation energy, since we may write

. -(E;)q8
g = ATb exp [ L—Qll-J

kT
c

wvhere N is the number of ion pairs produced per second, n, the
number of carbon atoms fed in per second, A and b constants, the
latter of order unity, e the eléctronic charge and k Boltzmann's

constant. A graph of-1ln g. vs 1/T is a good straight line (Fig.
. - Cc .

4.i) whose gradient, as may readilf-be appreciated, gives the

> .

activation-energf.for the procéss of'iénization;

In measuring saturatioﬂ currents, ‘it was noticeﬁ that,. for
the-hotﬁe§t two flames, the saturation current inereased with
débreaéing électrpde heigh% when the gauze anode was within about
1.5 cm of the‘¥eaction zone. Also_thg.saturation current plateau
bécame‘léss‘well'défiﬁed;\developing‘a*mapked.slobe. These

readings were-ighored for this part of the yofk, an interelectrode

geparation of greater -than 1.5 cm.being used. . For measurements
with seed material, the current correspoﬁdihé:tﬁ'a given electrode

“height for the uhseeded:flame‘was~suhﬁracteq,ifgm'fhefﬁotal

saturation current, thereby eﬂsuring that bnly the contribution
of the seed material was: considered.
Order of magnitude calculations on this saturation current-

electrode separation dependence were carried out, using data
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given by von Engel 111 on positiﬁedion emission from hot bodies.
The results were consietent with von Engel's suggestion. .it
should be noted that positiée ion emission is made easier by
the deposition of alkalis from the seeded flames on the anode,
perhaps forming there some amalgam of lower work function than
the electrode material itself.

A few words should perhaps be said oﬁ the use of the final
flame temperature (or, rather, its reciprocal) as the abscissa
for Fig. 4.1. Van Tiggelen has maintained (e.g. Peeters, Vinckier
and van Tiggelen 7).that it is possible to define a mean temper-
ature, Tm’ of the reaction zo@e

Tﬁ = Td + 0‘74_(Tf - TO) (van Tiggelen 112)

wherevT0 and ff are the,initiad and final ﬁemperatures, and Fha% '
ell'natd;alf(?.e;:chemi—)_dohiza£ien‘activation energiesfshould

be related to this mean.teﬁperature.‘ HoweVer, as- Welnberg p01nted
out (d1scuss1on appended to reference 8, q.v. ), the experlmental
work of.Melipek (Boothman, Lawton, Melinek and Weinberg‘24)
-eﬁews that fhis mean temperatufe, at least for many hydrocarbonf
air. flames, corresPonds numerdcally w1th that temperature, TCO’
at whlch co and H20 are produced .Further,.ld the same papef,
Mellnek, by us1ng various add1t1ves, eeen.such powerful inhibitors
" of flame propagatlon steps ae bromlne, to alter TCO by up te
150-K while - keeping Tf ‘constant, showed that'this.led to peglig;

: ibie;eﬁehges'in the'éatﬁfetioﬁfdﬁrfeﬁ%:denéit&f iTﬁie'ihsehSif;
ivity rules out TCO as a useful tem%erature for the measurement

of ionization activation energies, and because of the numerical

coincidence, appears to rule out van Tiggelen's Tm also.

In contrast, however, there is certain evidence to link the

—-



63

ionization step with the final flame temperature. Calcote's 52,

analysis of a low pressure flame shows that the ion concentration
peaks near'the downstream edge of the reaction zone, in the
position where Fristrom, Avery aﬂd Grunfelder 113 found that the
most important flame species had levelled off to their final
values, and the final flame temperature had been reached.
Wortherg 8 found a similar resﬁlt, as did Calcote, Kurzius and
Miller 20. Porter et al 53 found the maximum ion densit& reached
a peak éfter the att;inment of the final flame temperature, and
at the same time shed some doubt on the most widely held mechanism
for chemi-ion production. |

T;ran and Tverdokhlebov 99, using double probes in a 14-torr
écetylene-air flame, found a coincidence of peak heights of both
ion dengity and electron tehﬁeraih;e, the Iﬁttér being only a,;‘j
. very:;iight peak.: If Bell, Bradley and"Je'sch':;,'11'4 findingst
that the peak.eiectroﬁ fempeéatufe occurs before the'peak_gaé
temperature is equaliy applicable to acetylene-air flames the
bi;ture becémes confused once again.

Since ﬂf‘is tpe mgs? easily’measufable tempgrqture,.and in -
"~ " the abéénce.bf-any>ofhef wéll-ésﬁéﬁlisﬁed température, it seems
safest tq useva'in dealing'with measured aétivation energiesv
for ianization. This statement, perhaps mqfeithan mést, may-
have tobe modified in the ‘lizgl;t of iv;‘u"ij,u.ré.reséa..r{ch.

'ﬂSincéjprévious éuthq£sf(La€£é£‘Sqﬁ;Meiinék:gag'Glﬁshko;and,.

115) have used satufation current densities rather

Tverdokhlebov
than ion yields per fuel molecule or carbon atom consumed, com-

parisons are somewhat'difficult‘between their and the present

results., (The flames here, being composed of many small cones,
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do not lend themselves at all easily to a direct measurement of
flame area.) To attempt to obviate this difficulty, use may be
made of results published by Kaskan 116, coupled with the argument
below. |

The ion production ratiﬁ, N/nc, may be written, for flames

of constant composition, as

N _ (“Fa)y
n,6 = A1 exp T
' - Ig . . .
However, N/nc o iS5 where Su'ls the burning velocity and
A the flame area, or, writing this in another way %F o %ﬁ

[ u

js may be written as

. ' -(E;) 2

Js F Az.exp kT -
- L . ..'.(Ea)3 -
and Su as Su- = A5 exp T

where in each case we bave ignorﬁd:the passible weak température
dependence of the pre-exponential factor. From these equations
.Wé'may write

-(Ea)i - Ao ;{(Eé)2.- (Ea)B}
iy o Ag %P T

Co oAy exp
Sincéthis holds at all values. of T,

z‘Ea)i = ‘Ea)2 - (Ea)3ir
(Ea)i has been measured and, from Kﬁskaﬁ{éigréppé.we find %hgt
for an:pthyiene;éir flame of $ = 0;78;.qgifp;§1bééitp'qur fhlue -
Of.O.%3, ) h )

_ - 1.04e)
S, = Ay exy (Lg%

(This actually involves an extrapolation since the high temperature

end of Kaskan'é data overlaps only slightly with the low temperature,
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1818 K, .end of the present readiﬁgﬁ.) That is to say that the
"activation energy" measured for'the variation of burning velocity
with temperature‘is 1.04 eV'or 100 K joules per mole. This
corresponds tb Melinek's statement (Melinek 93(0)) that the
activation energy for the production of N/nc is about half that
for js, since a graphical interpolation of his results leads to
(Ea)2 = 222 k joules per mole at $ = 0.76 for the varlatlon of
logjS with /T. In the present case, it appears, by adding the
measured (Ea)1 to Ka.,skan's value of (B, );, that (Ea)2 = 330 k
joules mole_1 (see Table 4.2). An interpolation of Lawton's.gg’go
results, however,: leads to'(Ea)2 ; 163 k joules ﬁer mole, in
closer agréement with Melinek. |
The explénation for this may lie in the fact that while

Lawton and Mellnek both used a Botha—Spaldlng porous dlsc burner
ostens1b1y g1v1ng a flat flame, the present work was on a Meker
burner -with a corrugated flame front. In.all the 1rvest1gat10ns
the temperature a few millimetres downstream gf-fhe reaction zone
&éé unif&rm'fo il %%. This, however, may hide more than it reveals
especially in the present work dueito guenching‘effects at the
béséé’bf tﬁe smali'flaméicgpes. If tﬁié ﬁére.tﬁe’éasevtheﬁ due'
" to the exponential variation noted, the number of ions created

per carbon atom conspmed-would be m;ch less near the-ﬁasé of thé"
cones thén at the top. - Thls effect is correspondlnwly greater

as the temperature decreases, leadlng to.a hlgher apparent
activation energy than would be the case for_a completely homo-
geneous flame front. | ‘ |

It has been suggested that measurement of the saturation

current density could, when more empirical data have been amassed,



lead to a method of measuring final fiame_temperatures. Lawton 117

has in fact done this'using the same system as for his activation
energy measurements. The above, however, introduces a note of
caution into the matter by pointing out that, for the moment at
least, this method is oniy valid for a completely uniform reaction
zone. Any irregularities, present in nearly all flames of prac~
tical interest, will necessarily introduce errors in temperature -
measurement. It is suggested, therefore, that although Lawton's
_temperature meesurement is probably valid, one cannot use his
arguments to deduce the temperature of a flame.on another burner,’
although the flames burnt in the two cases may appear to be the
same;

As a further note uf caution} one may, note the work qf Fox
and Kilara 118, who found thqt-even'porous discs do not give
énywhere neer such a homogeneous'reection zpne‘ds had formerly
.been assumed._ Temperature gradients are.present along a burner
dtameter, and, on the assumption thdt gases emerge at the local
temperature of the disc surface, it is readily seen that, owing_
to the dependence of gas vlscoslty on temperature, the volumetrlc
*throughput per unit area of the dlsc is’ also dependent on the
local d1sc temperature. This destroys the assumed un1d1mens10n—
aiity bf:theireaction zone, even though it still appears'plenar
to the eye. | _ | - o

It 1s,.therefore, dlfflcult to compare results obtalned by }
different people, even if they use nomlnally the same burner
system. Quite apart trom minor inhomogeneities in the dise
burners, as are always present, the results obtained are now

seen as quite heavily dependent upon disc diameter, the volumetric

e



67

flow and the temperature and flow of the cooling water to the
disc, and possibly other parameters.
A summary of the measurements on the flames with $ = 0.73

is given below, in table 4.2, upon which Fig. 4.1 is based.

TABLE 4.2
Flame Final I Jon yield
flame o S 7
temp._( K) (UA) (N/nc) x 10
+

F 1957 - 50 - 5 : 10.14

G : 1890 30 a4 6.14

H 1818 9.5 X 0.5 3.49

The log of this ion yiel&,.plotted in Fig. 4.1 against the
reciprocal Af the final flame temperature; yieids a good'straight.
line, with qofrelation coeffidient of (-)‘. 99997, although such
a good fit is somewhaf.fortuiious in view of the errors involved
iﬁ~reproducing.the flame from daf to day. . -

The gradient corresponds to an ionization activation energy
'.of 54.kééi'ﬁolé-1 (i.e. 227 &”joﬁlé ﬁoieii); .

The unseéded flame, E, for which it was'ju;t possible to
' 6

measure a‘saturation current, hgd.ag.ipn-yie}d of 1.50.f.10_
per carbon atom at ¢= 0.90 at 2082 K. Because of the different
'véluQ ofj@;'this.andnfhe unseedéd equivélgﬁf_df flame A are-not -
included in Fig. 4.1; ﬁerhaps rather sﬁrprisingly, however,
they do not lie very far from the extrapolated straight line
plot of the results from flames ¥, G and H., Boothman and Lawton

in Boothman et al 24, using a Botha-Spalding burner, showed that
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ion yields are indepéndent of préséhre (results iﬁ Fig. 4 of that
paper are presented in terms of saturation current density vs.
pressure), S0 thét work.may fe e&tfapolated‘to atmospheric pressure.
Including results not published in that paper, the ion yield was
2.24 , 10‘-6 ions per carbon atom consumed (: 6.6% standard devie
ation) over a pressuré range 47-103 torr at ¢ = 0.87; below 47
torr quenching becomes important so that tﬁe yield decreasés to

1.72 . 10—6 at 30 torr. The fiames.at each pressure were on the
point of lift-off, i.e. free-burning, so the temperature of all
these reduced pressure unseeded flames was the same.

It is seen, then, thét ion yields inAvarioué flémes having
the same sort of final flame femperature, but burning on two
different types of burner, do have similér ion yields. The
similarity:shohld not, however, &eludg one infofacéépting exact
cﬁmbarability ﬂétween twa or more systems, hbwéver aiike.the§Améy .

superficially appear to be.
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CHAPTER .5 DERIVATION OF EXPRESSIONS FOR VARIOUS

PARAMETERS AND INTERPRETAT ION OF THE DATA

5.1 The current;voltage and volfage-distance graphs

In measuring the steady state ion density and hence the con-
ductivity of flame piasmas, it is essential that the flame be as
little disturbed as possible by drawing a current from it. Any
current drawn must therefore be much less fhan the saturation
current.

Families of curves of current versus voltage applied across
the flame gases were traced out on the X-Y plotter, each curve
being taken at one partiquiar height of the gauze cathode above
the burher anode. A typical such specimen is shown in Fig. 6.1.
Bach family may then be made the subject of a cross plot of
applied voltege.vereus-distence at a given cohstant chfpent:(Fig;
6:2). From hhese'hew.faﬁilies ofﬁvolteéeadistenee curves, it
shoulh' in prineiple, be phssihie io'derive'the'cbnducti#ity, U}
of the flame gases since j =¢E, where j is the current denslty

and B the field (B = ).
3 x

Although the voltage readlngs from these graphs 1ndlsputab1y>"
represent the voltage across the system necessary to draw a
glven eurrent~at a glven helght one must ask whether the voltage
gradlents 1mp11ed by these readlngs are the same'as those in the -
bull of the undlsturbed plasma. (By 'undlsturbed' is here under- ”;
.stood those parts of the plasma not 1nf1uenced by any electrode :
sheath, such as is described by Langmuir and post-Langmuir probe
theories.) \

If indeed this is the case, and the effect of the electrode

sheaths may either be ignored or subtracted out as remaining



constant for a constant current density, js the volume conductivity,

o of the plasma may be written as

o= =eruyny
where e is the electronic charge, y the mobility, 'n the charge
density, and the subscript 'i' refers to the type of charged
species. When used in this context, the subscript 'e! will'refer
to electrons, '-' to negative ions and '+4' to positive ions. The
.above equation reduces to

g = E_Y_
09X .

J
since:pe >> u .= w and, even after allowing for electron attach-
ment n, is.still-cqmparable in si?e‘mlth n, and probably greater
than n;.L. e
This ruterpretation leaQs to _values of q,‘the_reeqmtlnation

coefficient for positive and.negative species; of from 7 . 10"6

to 4 .'ld-s em3 s""1 within the temperature‘range‘1700 to 2000 K,
Such values would lead to insuperable Qiffieulties.of interpret-
.’ation atithe;tueqretiealilevel;-as uell.as'giving‘rise to .. |
iuconslstenCies both wlthin.the eorpusjoi this present'work and
alse, external to it, since measurements of ¢« by other methods
‘at temperatures only a few hundred degrees hlgher have ylelded
. for the electron—posltlve atomlc 1on recomblnatlon in the presence' -
ef K:) th1rd body; results that are thrée or four orders“of magnl-
tude lower. Internally, “to explain the apparent low ion density,
one would be forced to assume that free alkali metal atoms, A,
were being mopped up by OH radicals, formed in quantities up to

a few per cent of the total number of molecules present, by the
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line of approach similar to that developed (Thomson and Thomson
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reaction A + OH . AOQH. .Fﬁrther, there seems to be no explanations
of sudden'jumps‘of about a faétof of two in the graph of dagainst
temperaturé, or in the shape and interqepts on the axes of the
curreht—voltagg graphs. Last of'the major objections is that if
the apparent ion density or éonductivity is plotted against the
current at which'it was measured, there is a rise to a maximum
value, followed by a slow decline. In terms of a simple theory
of an inter-electrode space dominated by electron conduction,
there ié again no saéisfactory explanation for this, since as
increases, the apparent value of dshoyld decline monotonically.
There is then a'aecisive ﬁody of evidence.pointing to the
rejection of this view of a plasma completely undisturbed by the
presence of electrodéé and having a uniform field in the hot gas
régiqn directiy related to the observed voltage-distance. curves.

Wg shall now'conéiﬁer in detail the motion of charged

"spécies in the flame plasma using'fOr'part of the analysis a

-and later, Loeb 35(b)) for the case of a body of gas at uniform

ﬁempeiqture,'between electrodes at the same temperature as the
gaé,'Where'iQns.aré created; recombine and move undef the in- .-
fluence .of a small épplied'electric field. The approximation,

used to achieve a solution in3the two works cited; that positive .

and negative species mobilities are equal, cannot of ‘course be

-used here since one species .is electrons.

5.2 The Jon Density

5.2.1 Conditions for measuring the ion density

Before any voltage 'is applied across the plasma,

positive and negative species both move together with velocity

119(a)
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equal to the sum of convective aﬁd.diffusional velocities. An
electrode placed in the path of the gas will collect electrons
and ions of elther sign. Reference_may be made here to Figure 5.1.

At first, the current at the cathode is negative
(region A of Fig. 5.1) since, due to the higher mobility and,
therefore, higher velocity of the electrons, they arrive at the
electrode first, thereby creating an e1ect¥ostatic charge énd
consequent field which retards further electrons and accelerates
positive species so that the two subsequently arrive in equal
numbe¥s. On further increasing the negative voltage to the elec~
- trode, the currenf measured by an ammeter in series passes through
'~ the ze?o point (a), after which an excess positive charge is
colledted'(region B). An equai negative charge is coileéted at
#the upstream burner-anode, thus malntalnlng overall charge,
neutrallty. On'1n;réa51ng the ﬁagnltude of the negative applied
~voltage even further, the hegativé'ibn andieiectron contribution
to the curxeht is cut down to zero at the cathode (pointiﬁ);

It is appareh£ that the two processes are at work
‘when -the cprrenf'increases from zero;.'theée are illustrated by '
5the'curfén£~yoltage g;aphs (F;gé.;SLiAénd 6.1). At first,. as
' the current increases from zero, the p;edominént process isnthe
.one described above - the'reiatively ;apid elimination from the -
cathode of negatlve SpéCles.. To a. fifstjappr6¥imati6n, this .
sectlon of the currentnvoltage gﬁaracterlstlc is a stralght 11ne;'”
Closer observation reveals a slight curye, cogve% to the voltage
. axis, due probably to a spread of veiocities in the sheath region.
It may be noted here that a point-by-point plot of the charédter—
istic would conceal this curvature.

As the Qaltage is further increased, there is a
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recognisable "elbow" (b in Fig. 5.1).in.the current-voltage
characteristic at the'point where negative species concentration
in the cathode sheath drops to zero. After this, further
increases in the voltage lead {0 slower increases in the current
than is the case before the elbow is»reached (region C). The
process at work in the current increase is now solely that of
withdrawal of positive ions from the plasma at the cathode before
they have had chance to recombine to reform neutral species.

.The value of ¢ given by

s = _V:lf_“
| | o

is seen.from the above'arguments to be related toua net positive
charge collected. In the first part.of the characteristic the
net is not the same as the absolute denslty because of the
collectlon of negatlve spec1es also. After the "elbow" the ion
dens1ty aga1n beglns to drop due to the removal'of ions from the
‘plasma. Herein lies the similarity bo the Langmuir probe, where
fﬁéré is also an "elbow'" that defines the voltage ab which a’
-"pseudo—saﬁuration” sets in. It ddes.not, ofﬂcodrse, 1n elther
-case represent a.true saturatlon effect; whlch only happens when
a11 ions are w1thdrawn before they have a chance to recomblne.

. Our task is to f1nd the ion den51ty in the plasma
: lbefore it drops due to the removal of 1ons after ”pseudo-satur-
ation", ‘It w111 be demonstrated here that the apparent 1on '
density increases from zero with increasing current'up to.at
maximum, coinciding with the "elbow", approximating at this point
to the 'undisturbed' ion density value, and then declines slowly.
However, a correction for the finite current value at fhe "elbow"

must be used. At a”éiven electrode height, x, since in the
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steady state set up, the rates of production and disappearance
(by recombination and withdrawal) of charge must be equal,the

equation of charge conservation for positive species is

'eq(k) - eani = ed [?+(p+E + u - Didn+)]

dx n_dx (5.19a)

This may be integrated from the reaction zone to the electrode:

X X -
eg q(x)dx = eg an% + en+(u+E + u - D+dn|)
o o n,dx

The term on the left hand side 1s equivalent to the saturation
current density drawn at a height x, i.e. jS.'The production rate,
q(x), comes from measurement of the gradient of the saturation
current density vs. electrode height graphs (figs. 5.2 and 5.3), the
value of jS at a given height being the average of many plateau
values of the current-voltage characteristic, as is seen for some
settings of the electrode for flame B in fig. 5.4. The first term
on the right hand side refers to that part of the charge which
recombines within the plasma, the remaining one being the current
withdrawn under the conditions prevailing at the elbow of the
current-voltage characteristic. The main part of this is the
convective term in 'u', which remains constant, while the left
_ﬁaﬁd term increases with height; thus the correction factor to be
applied to account for a withdrawal of current is greatest at the
lowest electrode heights, being of the order of 10% there and falling
to 1 of 2% at the highest electrode settings.

Symbolically, the above equation may be writtemn

. = 3 + 3
JS Jrec Jn

where jn << j

i jn being the current at the elbow and j a

rec
notional current accounting for the charge which recombines in the
plasma. The maximum apparent ion density measured would correspond
to a current of js - jn’ so this density must be multiplied by a

correction factor js/(jS - jn),‘seen in Table 6.3, page 112.

5.2.2 The cathode as a plane probe

Unsuffability of existing theories

Were absolute rigour to be observed, it would be
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steady state set up, the.rates of production and disappearance
(by recombination and withdrawal) of charge must be equal,

diffusion being negligible, we have
. d.n+
i = (dt )
dn +

where (E;—) is the rate of disappearance of charge by
rec,Xx

(&
dt /.

rec,x Jex

dn

recombination and.(a%i) is the rate of withdrawal of ions due
. ] Jix :

to the current, both at a height x. The production rate, qx,

comes, of course,‘from a measurement of the gradient of +the

‘saturation current vs. height graphs (Figs. 5.1 and 5. 2), the

value of J at a glVen height being the average of many "plateau"

values of the current-voltage characteristic, as is seen for some

" electrode settings of flame B in Fig.-5.3. -

V)
=

S
X

.-q =

. - =3
ions cm . s
X .

(s3]

t

c ol
Q
[}

Tar

0,rec 0,rec

- the subscripts meaning zero charge recombination. -

We have, then,

” = .. -'_‘ . ._
Js Jrec . Jﬂ
where j << j_. ‘The maximum apparent ion density would give rise

to a current of (j ) - .x rather than (j )- so to obtain the

" .true steady’ state ion density in. the undlsturbed plasma region,

Js

s -

',the measured ion den51ty by up to ca. 20%, though usually much

less.

5.2.2 The cathode as a plane probe

Unsuitability of existing theories

Were absolute rigour to be observed, it would be

j’ “hlch may increase
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necessary to consider thé gauze‘cathode as, from a disténce, a
plane probe and, close up, a fhree dimensional grid, immersed in
a plasma, ﬁhose steady, state ion density could be derived from
the current-voltage characteristics of the probe. Although probe
theory is relatively well developed for spherical and cylindrical
probes, with the reservations expressed in Chapter 2, the same
cannot be said for their planar-equivalents. The case of grids
is not dealt with. Indeed, the only theory which attempts to
come to‘terms with a.situation somewhat like the present one is
that due to Toba and Sayano 120,‘wh0 use the method of matched
asymptotié expansiong. |

| However, as.they themselves admit, the theory is

Basicélly only semi-quantitative and its main function is to

" elucidate thé'mechanisms at work in the sheath rggiong;_ any

predicted ion density is not neceséarily correct to better than

a factor of two. The main differences between -the situation

studied by Toba and Sayano and the present work are tha£~here'the

convective flow of the gases is important;'there.is the possi-

'.bility of negative charge existing. in two forms (ionic and elec-

tronic) of widely different mass and ﬁobiiity and diffusion
characteristiés,'and there is the existénce.of temperature
gradients.in-‘the 'electrical sheath, %utting'the'pharge generation -

rate down effectively to0 zero near the electrode. A1l of these

points would.have to be taken-into consideration in.mbﬁifying

Toba and Sayano's approach to describe. the present voltage, field .
and ion density profiles, but such a task is outside the scope
of this thesis. We sﬁall, therefore, sacrifice much of the

mathematical rigour in order to have a probably more accurate

- measurement of the ion density.
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5.2.3 Calculation of ion density in the present work

Consider what happens at that current defined by the
"elbow" of the cﬁrrent-volt;ge characteristics. Only positive
ions are collected at the cathode, and, similarly, only negative
species at the anode.

The general expression for current density, j; is

given by
Dy dn D, dn,
4 = o+ - e _e
- n+(u+E +u = ) +n (HE-u+ — I
D_ dn_ ' N
+ n_(u_E - u +n—-ax—' . . (5.1)

-

. At the "elbow!'", since the current at the cathode due
to negative species is zero, the "elbow" current, denoted by jn,

may be written as

Jn . 'D+ dn,
- = n+(u+ES f u - ;: ax (5.2)

where Es is the field at the edge of the cathode sheath.

This, of course, leads on subtraction of (5.2) from (5.1)

.. Dgidng - o D
0. = ne.(_ueES - u-+.-£$:a;9) + n-_(lu_'ES -u 'F_F_) (5 3a)

Equatlon (5 3a) may be rearranged to yield

: 1 ) :ij, o neDe dne n_D_ dn -
s~ (n ¥+ n_Ll'__)[P.(_n +n) (.1_18 ax T n_ ax (5.8p) .

e}
I

B &his may nﬁw‘be:;im;iifiéd'b&'findiﬁé expréssi;ns for
the deriva£ives with respéct to disfance of the ion densities.
From the graphs of saturation current versus height
. (Figures 5.2 and 5.3) it can be shown that a good approximation

to the ion production rate term is

*These represent averaged values of saturation current plateaux from all

traces sucﬁ as those shown in Fig. 5.4,
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1 =q=0q exp(—2 x) ion pairs cmm3 s-'1
e dx - o Y

(5.4)

with, in three cases, a correlation coefficient of better than
0.996, and, in the other, one only slightly worse.
For the potassium carbonate-seeded flames
y = 0.46 I .01
and, for the sodium carbonate~seeded one,
y = 0.23
Naturally,& is dependent on the temperature-distance relationéhip,

"and will be different from these values for flames with other
elec£rode char;cteristics. |

The sﬁandard way of writing an expression for q-is
in the Arrhenius form, %iz.

9 = q, exp(-E/RT)

‘Témpefatur;'dowﬂétream of'the'réactioh zone; how;ver, fgllé.qff
in such'a way as to make equaﬁiqﬂ (5.4) correct enough within
tﬁe limits of correlation coefficient quoted.

Over the range of temperature (50-100 K)‘presentlin
the gases- from each of the flames studied,'the recombination co-
éfficient,q‘x doés‘not Yary.greatly; and, to g:first approkimation}
maf be cohsidergd'coﬁst;nt. The simplifieavpicture of'ioniéatién
and recombination processes dealt with in-Chapter 2 gives the
epressi;n ‘ |

a - <ip+2_ ) ) f,'t:- R (5.5) -
For presenétﬁurboses, this is adeqﬁate: buﬁ céftain cbrfection"'
factors to this, the most important of which is due to the con-

vection velocity of the gases, will be dealt with later. However,

using (5.5) and combining it with (5.4) yields

e o L
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1

ny = (9.2)2 exp(~ vx)

a

(n,), exp(- vx) (5.6)

On differentiation with respect to x, equation (5.6)

becomes
™ = -Ynm, V ) (5.7)
Equations (5.1) to (5.3) deal with both negative ions
and electrons as well as positive ions. It is, therefore, necess-
ary to find an equivalent to (5.7) fot the negative species.
Again assuming négligible electrical disturbance of

the flame gases, charge neutrality is maintained:

n, = n +n . . - (5.8)

We shall further assume that the proportions of

electrons and negative ions to positive ions remains constant for

each flame, i.e.,-.

o . e . .
B = ;E = constant T (5.9a)
. + '

dnd, therefore
1_._‘ B = —I-l—- = constant X S (5‘91)) .
et s My . B . T e ey

In actual fact; B might tend to rise with increasing
b (1 e. decreas1ng temperature), but to be offset agalnst this

is the fact that the maln spe01es to whlch electrons attach, viz.

- “the hydroxyl radlcal, ;tself deCays with ;qcrga51ng x towards"

its equlllbrlum value. Added to.this béncélliﬁg out is the other

much lesser effect that eleétrons attach at a finite rate, so it

may be assumed that the assumption of constant B8 is not at all

a bad one. In this case,

dn_ o '
d—x' = - ¥Yn . A - ’ » (5.108,)
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and = = - Yn _ (5.101)

This pair of equations, together with (5.8), may now
be substituted back into equation (5.3b) to yield

un, + y(nD +nD)
s neue + n u .

For small fields, Einstein's relation is true:

D = “—? (5.12)
so, on substitution of (5.12) into (5.11), and using (5.9a) and
(5.9b) to write the resultant in terms of ,

E = - 4 YT
s Bue+(1—B)J_ e

However, the denominator of the first term on the right hand side
herg is just realiy an -average valﬁe:of 31 for the negdtiﬁe.
species, so writing this as ﬁ:, we obtain

Y kT :
e

B =
s

+

I =l

(5.13)

‘As 8 ~>1 (i.e. in the limit of no electron attach-

' ment),

B Lo ey
s B,ooooe . T

~Subsf‘itution of (5.7) and'(5.13) into (5.2) yields,
on reafrangement; ,'_ . .
n, . = “'Jq/e

ub_+i-)f Y(D++ -

Einstein's relation may be used again, and, on remem-

(),

bering that 4 > LA at least in flames of the temperature

and composition used here, (5.15&) becomes
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Jn/e
= ————— -
n, = T3 YD+ N | (5.15b)
'Striétly speaking, sincg a current jn has been drawn
from the plasma, the above should be corrected accordingly to
allow for this, the corrected value beéeing (see section 5.2.1)

Jn is

= . - - 5.
n, e(u + 2y D_:) i‘ls - ']ns ( 16)

Expression (5.16) will be used to calculate the ion

density from the curves obtained. In all cases, u is at least

an order of magnitude greater than 2Y’D+’ usihg the values of D+
calculated in Appendix A, so the effects of mobility and diffusion
on the calculation of ion density come in, as does the finite

current effect, only as first order correction factors.

5.2.4 The ficld in the plasma and the ionic velocities

Although (5.13) gives the field at the plasma/cathode
sheath, this'expreséibn ié valid only there and only fbr conditions
at the "elbow". The more general expression for the field in
the plasma itself, Ep’ is derived from (5.1).. Using (5.6), (5.9)

and (5;10),‘(5g1).becomes.
j/e = (n+)0 exp(-Y x) [Ku + 1; EP +'YD+)

. B .
. U E . -Y .
T I7P (.er u“  De) '
¢y (B - w YD) ]
1+ ’ -.p:' L. T
Rearranging, using Einsteih's'felation, and, rewriting

in terms of ¥, we obtain

E J exp( Yx)

' kT ‘
P E(n+)o(ﬁ- + u+) + ' xe— _E_%—_ﬁty (5.176.)
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or E_ =" _1+ T @4+ +,}YkT(i§ - u+ﬂ - (5.17D)
" By imposing the condition (5.2), i.e. conditions at
the "elbow", and makiné the appropriate substitutions, it is
easily shown tﬁat-(5.17) reduces to (5.13) at the plasma/cathode
sheath boundary. Equations (5.17) show the plasma field may be
thought of as comprising two terms, one approximately constant,
and the other rising exponentially with distance, the field
becoming strong enough at the plasm@/cathode sheath boundary to
turn back the negative species. Upstream from this plane, where
the field is weaker, negative charge drifts along in the same
direction as the convection velbcity, u, thereby reducing the

current from the positive ion current value to its resultant

(measured) value. The positive ion current .decays in an approx-

- iﬁately éxpdnenfiél fashion since that is. the médé of decay of

fhe positive ion density, whereas the positive ion velocity
remains fairly constant.
‘Equation (5.17a) may be used to calculate, from (5.1),

the ion and electron velocities in the plasma. If N+ is

‘neglected -cf. ¥ (see Appendices A and'B), the three resultant

- velocities are seen to be (igﬁoring smaller tefms):

oo g Med T (sh1sa)

-(5.18b)_

= —_—— Y ' .
and v, u f en o * 2 D+ (5.18¢c)

The predominant term is u in the expressions for v,

and v .
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This analysié leaves out the question, irrelevant to
" our purposes, of what happensvnear the reaction zone and between
there and fhe burne:/anode. The ion current distributions there
must be quite complicated begaus; of the non-planar nature of
the reaction zone, and the important role played by electron
attachment upstream of the reaction zone (i.e. in the unburnt
reactants). If we leave aside fhese complicating factors, we
can sketch out schematically the current distribution, which
turns out to exhibit-quite a high degree of symmetry. This is

shown in Figure (5.5).

5.2.5 The determination of jn

From all the figurés obtained of the type of which
Fig. 6.1 is an examplé,.one obtgins values of jn qt the electrodg
héighﬁs ﬁqfked simply by drawing téﬁgénts-to tﬂg'curfenf-vdltage
curves on either 'side of the "elbow"'of_eachhéharacteris£ic;
'jn is the curreht density correspohding to.the current defined
by the intersection of the pair of tangenfs f0r each character-
istic.

_,.As ig the case.of.Lgngmﬁir probeicﬁgragteristics;
the tw; sections of the charqcteristic are ﬁot.perfectly linear.
However, the error‘introduced.by treating fﬁem as such is only
a few per cent at tﬁé ion:denéiéiéé encouﬁte;ed he?e.

. ..A lower_limit qn.the'iop dﬁnsity iéi ﬁowever, intro;
duced Sy'éubh consideréfions; éincé';s ién'denéity &ec}easés the
corresponding "elbow" becomgs'more and more rounded; and, there-
fore, difficult to define.

This lower limit was not However reached in this work,

being defined instead, as previously stated, by a difference in
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saturation current densit& of ca. 1.2% between in%er—electrode
distances ‘differing by 1 cm. ﬁeyond this point saturation current
differenceé were obscured by random errors due to fluctuations

of seed material. It should be p;inted out that even here,
adjaqent low-current current-voltage characteristics at different
electrode settings, such as Fig. 6.1, were still quite separate
from each other. ‘

Historically, it has been judged safer to use graphs
of voltage against eléctrode spacing to try to measure conduct-
ivity. Such an attempt here, however, fails because of the
increase of cathode féll voltage with increasing height (i.e.
decreasing ion density). One can instead make a cross plot of
the current-voltage characteristics to give equivalent famiiies
of voltage-heigﬁt chvqs at cqnstant'ﬁurrehﬁ, then wri?e some.
expressi;n for. the ion.density such as | '

| ile
n =

- Vi
+ u u+_§_23_7+YD_h
} %

where Vp is the total v&ltage across the electrodes and, of course, -
3V is some kind of artificial field. h
i “As increaséé £ﬁis.;xpre€§ion passes fhrough'a
maximum ﬁefore decyining slowly. However, there seems no sound
physiéai baéis for felyiﬁg on'the chaﬂge with‘héigﬂtipfithe

voltagé acroés the electr?déé;té pr§vide any'éopyincihg despf}ption
of the undisturbed ion density at the edge of the cathode sheath.”
This expression gives answers %hat are quite Qonsisfently lower
than those obtainéd from(the intersections on the current-voltage

families of graphs and unless or until a full description can

be given of the cathode fall, there seems no way of rigorously
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tying this egpressioﬁ up with equatioﬁ (5.16).

It is,‘thérefore, maintained that the best way of
measuring ion density in the present case is as outlined at the
start of this sub-section, and substituting jn into equation
(5.16), which is corrected for the withdrawal from the plasma of

a finite non~zero current.

5.3 The recombination coefficient

It has already been stated earlier that; in the absence of
lossgs due to convection, electric fields and diffusion, the rate
of production of charge is balanced by its recombination in one
or more three body processes. This may be written, if we ignore

charge transfer reactions, as

q = ang
+
if electrons and positi%e i;ns are the dnly species preseﬂt, or
q.= a4 0, N, +oay N, n;‘
ifhthere are electrons and negative as well as positfve ions;
di and ag-are the recombination coefficients for positive igns
- . with electrqns:aﬁg‘negatiyg ions respectively.’

We shail ﬂow demon;£rate £hat this is'a féiriy good désc?ip-
.tion of the pre§ent situgtion and extend the equation.to incluﬂe
corréction.terms. - . | .I | |

- Assuming, as above, that the rafi;'éflelectrons ﬁd;négétjje_ 
ioﬁ; rémainé c;n;tant, the equa%iohé of charge ébnsefvéti;n

become (again taking no account of charge transfer reactions):

D dn
* * ] (5.19a)

d
9= oqnn, = ain = Ex‘:n+( vy E+u -<n+ dx



86

4 ~-d De dn,
ant 4 = onme = G = x| ® (11E - vt a n, dx =)
D_ dn
+n_(uB-u+ = ——-)] (5.191b)

By ignoring the very small dependencies of u and the various
Ds and H's on x, we obtain, on dividing through (5.19a) by Hoy

and (5.19b) by Ue and carrying out the differentiation,

. 2
1 N dn, dE u dny Dy aeng
= (q - a1n+ne - (12n+n_) = B — dX + g+ ax -l-~,]J = Tl— X2 (5.20&)
B +
2
1 ' dne dE  u 9dme De d°ng
and §f (@ -%ynn, -Gnmn ) =-Bgmn gy g - 0
e _ e e 4x
(g dn_ aE) , u ‘dn.  D_ d2n
Tou = T & Wodx T W g2
e e X
. (5.20D)
. Adding. (5.20a) and (5.20b), we obtain
: (Tl * H")(q - PR T 0t2n'+n_) T odx [E(n+ PR n) + uoodx
+ e e +
+ 2 d—(n +n) - D 2o,
H o odx‘e U+ dx2
D, d2n, D_ d2n
-2t .= = | (5.21)
H ldx2 Fe gx2 §

If we now return to equation (5.1), divide it Bylle and
differentiate with respect to-x, it becomes: on rearrangement (3 - -

ﬁeiﬂg constant of course):

U dx = ) - -E Je = = —"E:
e L ax?2 Ho dx
- 2
d U+ e . u dn+ D+ d-n+
Ex[E(_u_; n, +1-1—_-; n_ + ne] + T - T (5.22)

On substitution for the L.H.S. of (5.22) in (5.21) we obtain
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1,1 _ P 1 ,1-
(u+ + ue)(q -~ NN ~qon.n = dx‘%n+(1 + " + (u+ + ue)

dn deng

W +E§2—ﬂ (5.23)

u+ may be neglected in comparison with ue’ and if we define

2
= a
¢n+ = din+ne + 2n+n_
then, ' .
2
u+ d 1 dn, d®ny
n+2 n+2 dx ( + ) n+2‘( dx + dxz )

Using (5.7), (5.17b) and Einstein's relation, this reduces

to

2y i 2vy2D
e = 4 9 +-12 + 13Y + T
n

. - (5.24)
ng. N4 Dgel +

~This may be compared with the expression of Thomson and
Thomson 119(b) for gas flowing at ‘90m3 s—? into a vessel of
_volume V and‘pfoducing a steady state ion density n (the temper-

ature throughout being unifofm): )

...n2_

¢ = 4, _ 2
n
From tﬁe observed values of'the measured pagameters, and
the calculated values of .M and D gsee_Appen&ices A and B), fhe
only térms éfv(5.24>-fﬁat need be considéréd are the first two
on fhé right hand sidé. The convectjve term,”%%, varies from ca.
10%‘0f | q/n+.2 at the ﬁigbér femperaéur;s,lion’prbduction'fateg
and ion ﬂénSities, to é; much as 60%'at thg lowesﬁ températuxeS{
The othé£ two terﬁs,frelating to.m;bilify“ahd diffusion,'are'af
least an order of magnitude less %h;n the convective term and

may therefore be neglected. So, we have

a = -9—2 + 11 (5.25&)
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Returning to the case of both electrons and negative ions,

it is easily seen that (5.25) is equivaient to

: - RV W &
o +(1-8)q, - = n+2+n+ (5.25b)

This pair.of equations, (5.25), will be used te calculate
the recombination coefficient.

Thus, in this section, we have shown what might have been
supposed intuitively, viz., that the application of a small
voltage across the system does not disturb it unduly. The con-
vective velocity term, however, must be taken into consideration
as a corrective factor in the calculation of the recombination
coefficient, but, for this calculation, axial diffusion is

negligible,

5.4 Irrors arising from radial diffusion:. -

For the sake of complefeness,“some consideratien should be "
éiven to tﬁe 1ess of ions by outward radieivdiffueion from the
cylindrical_column of.seeded hot gases. With the given con-
figuration, the calculation of this is, to say the least, complex
and, in analytlcal terms, probably 1mp0551b1e. The problem of
dlffu51on outwards from an unbounded cyllnder, iﬁside whiehvis
5 uniform 1on'denslty and a constant ion productlon rate (equal
to zero outside the cyllnder) has been con51dered by Jaffe ;21-"
(see Loeb 35( )) * Here, however, there are ax1a1 gradlents of
temperature and various spe01es.concentrqt10ns:upOﬂ whlch'the-;oei
density depends. Even were these capable of expression analytic-
ally, it seems likely that the ion and electron loss terms would

still only be calculable by numerical integration.

A calculation, assuming no axial gradients, may be made in



89

order to give an order of magnitude estimate of the diffusion
effects, " At time t = 0, we aésume a Gaussian density distribution,
with densify n at the axis and n at a distance, r, from the

axis: '

_ exp(-r /bz)

) 1rb

a
n

where b is a constant related to the average displacement, T

from the origin at time t by

A\E
4
b = ro(—.,-r)

If recombination does not alter the form of the curve from
Gaussian, the solution of the differential equation for n is
(where D is the amblpolar dlffu51on coefflclent, equal here to

ca. tw1ce the positive. ion diffusion coefflclent see Loeb 35d)

2
-
b __ng © L SXPiYDat -bz)
B 0% ) p(2Dat + BZY " g (4Dt + b2
1+ 8'" D ln( b2 ) ( a ' _ )

Taking n as ca. 1011 cmf3, typical lengths for the system

and a time of 10 msec durlng whlch the ion den51ty, in the absence-
of other effects,'would be ‘reduced to 20% of its 1n1t1a1 value,.
then at a d;stance of 1.9 cm from ﬁhe centre of ﬁpe seeded column,
i.e, ca. 4.ﬁﬁ‘from its édgé,

n $.0.05 n.,
0

it being remembered that recombination still'takés place whiig
the species diffuse outward.

Similar conclusions result from a similar model starting
ia22

again from a Gaussian distribution, and using Einstein's

analysis of Brownian motion, which gives for the ion density, n,
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at time‘t and at a distance r from the centre of a volume in which

the ion density is initially no,"

o 1' ~I‘2)
TF (4np t)? exP(4Dat

The density at the edge of the "guard.ring" flame is, from this
expression, again the same order of magnitude as that from Jaffe's
expression. |

It is certain that very little is lost out of the systemn,
since the above estimates are upper iimits, the bulk of the ions
being in the seeded column, with the axial density gradient having
-the effect of reducing even further radial diffusion outwards.
As experimental confirmation of the negligibility of this effect,
we note that éhe currenﬁ;voltége characteristics at small applied
Vo;tages.are not measurably éltq;éd if the'sfstem is enclosed by
an ih%ulating quartz c&linder of‘diameter ohly slightlyllafger
thah that of the bﬁfner itsélfm In thé césé.of outwérd &iffﬁéion,
this concent;ic cylin&er would act as an elééfrostétic lens
(Wéinberg 123) constraining the charged specieé to move more or
less parallel to the axig{ .The_laék of any_éuch‘change in the
Aéhé£écteriéticé-iﬁblig§ thaflfﬁis ﬁés esséﬁfiéliy the case anywa&,v

and that radial diffuéion, as assuméd, is negligible.

5.5 Departures from equilibrium concentrations

. 5.5.1 Alkali hydroxide formation

The results of equation‘(5.16)‘for ion deﬁsity lead
to the cqnclusioﬁ‘(seeAch. 6) that, ;xcept in flame A, the ion
density present is somewhat less‘than the value expected from
- full thermodynamic equilibrium, unless one allows for alkali

hydroxide formation..  This departure from the theoretically
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expected value is more marked far each successively lower temper-—
ature flame, although within the hot gases produced by one flame

the ion deasity tends towards the equilibrium value as temperature
decreases (i.e. as distance or tire from the reaction zone increases).

A clue to this behaviour may be found in, for example,
the work of Kaskan 124,125 on premixed hydrogen-air flames, both
lean and rich, burning on a poraus disc burner. The ratio of the
OH concentration actually present to the equilibrium value will
be called the overpraduction ratio. It was found by Kasltan to
be less in lean flames than in rich ones and to increase as the
reaction zone temperature decreased; -at'one.atmosphere, it varied
from 2.6-3.0 at 1750-1840 K to 19.at 1370 K for an equivalence
rat10 of only just over un1ty (1.20). A rough extrapolation of
'LKaskan s data for the 1ean and s11ght1y rlch flames (Kaskan 125)
plotted against e1ther T or T~ -1 1qdlcates that we mlght expect
r~fu11 thermodynamic equilibrium .in the production of OH at. ca.

2050 K. (The mechanlsm for the productlon of OH is more complex
tﬁan the above 1ndlcates, so not too much welght should be
attached to the temperature quoted.) -

Even after a110w1n0 for the: dlrferent set of reactloas-‘
in a hydroearbon;air flame, it should not be surprising that, for
the flames studied, there may be an overproduction-of'the hydrexyl'_
_radical- in tﬁe reaction zone. In faet, suph a phenoﬁenon is_ |
obserred in the ﬁaig of-Baxendale;'iivesey,.Raberts;'Smith aadf
Williams126 for oxy-propane flames of equivalence ratio ca. 2
when the reaction zone temperature is below 2800 X. This over-
production leads, in aur case, to a depletion of frce alkali atoms,

and thus to a diminution of the ion density to values below those

predicted by full thermodynamic equilibriunm.



There are two reactions by which alkali hydroxide may

be formed. Sugden 127 and later investigators, e.g. Padley, Page

128 45,84

and Sugden and Jensen and Padley all postulate, with

undeniable justification, the reaction

A +H,0 T ACH +H (5.26a)

leading to an equilibrium constant, K26’ given by

o [ bl
26 " From ]

~Here A represehts either of the two alkali metals used - K or Na.

(5;26b)'

In all these papers, the flames used were premixed
H2/02/N2 ones with (taking Sugdén's paber as an example) a hydrogen
atom concentration of ﬁp to 1%, therebf facilitating the back

reaction of (5.26a). In most of the flames studied in this work,

: the concentration, -even afteér allowing for an overproduction of.

up to an Qraér of magﬁitude, is only ca. 10"p.p;ﬁ.3 so oﬁe migth

'sqspect'that_reactién.(5.26a) is not necessarily Balénced. |
Iﬁe altgrnati;e reaction for AGH pro&uption is .
A+ OH + M 'zA ACH + M ' (5J27a)

whefe M ié any third body. This has an equilibrium constant

" defined by E

Koy - ALJEH] | . .. (5.27b)

The equilibrium hydroxyl radical partial pressure

varies from about 8 . 10-4

'ai fhe:highésf'teépéréfuré; ﬁb ab@ut.
2 : i0-4 a£ thé'lowest ones...Allowingrfér,a'sube;-eéuilibfium ]
concentration, ﬁhich will be demonstrated late;, bringiﬁg the
actual partial pressure up to 10"3 or more, ‘there seems a reason-

able chance that (5.27a) may predominate over (5.26a) as the

alkali hydroxide producing mechanism.
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In support of this, certain arguments of a qualitative

104(c) state that

nature may be advanced. Gaydon and Wolfhard
.if gas kinetic cross sectioﬁs are an adequate description of ile
reactions, thén, at flame temperatures, three-body reactions are
about one thousandth.as frequent as tWO-bédy ones. They further
state that effective cross-sections for three-body reactions are
likely to be greater than gas kinetic-ones} and would be ihcreased
yet further by the formation of collision complexes. Since the

complex KOH.H20 is known to be quite stable (Hayhurst and Sugden 28),
(5.27a) might indeed have a high eross section if, as is likely
from the composition of the burnt géses, the third'bod& is H2O.i

In addition, because of the nature ofvthe électronic

structure of their éutermost shells, a reaction betweep A and OH
" might be,expecfed to havé a high’cross section. ' On the othé?
hand, fﬁe Eross-sectioﬁ for thé'Ae;ékcitation-of Na (3p 2P) atomé

" by H20 molecules (Jenkins 107)'is very low (0.5 x'10f16 cm2 as

compared with, e.g. 7 . 10—16 for N, and 17 . 1072 for co,

2

instead of HéO). Were the same order of magnitude correct for
ground state alkali atoms reacﬁiqg with Watér vapour, ﬁﬁen again
réacfion (5:27a) wouild be kingfiﬁa}lg'favoﬁréd.wifh'reépedt.to
(5.26a). | | .
ia.‘Qualitafively,.tHen, it-is-éeen tbat réacfiqn (5;27).f;
is.poésibly more.important than-(5.26).in tﬁe‘pxesént éituationt'
ﬂather more qﬁantitafiVely we'mafwréf;rfib the réaéoh-
ing pﬁt.forward byiSugdén (op:‘cit.). ]

27
E%E%E would tend were equation (5.27) dominant and 026 the same

is the ratio to which

ratio if (5.26) dominated; the forward rate constants will be

written k27 and k26 respectively.

For ternary recombination to dominate; Sugden derived,
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by considering the growth of KOH from zero to its steady state

value,
O 5, Xog K_og [1,0]
%7 Ky7 K_g7 [ON]

which, on substitution, becomes
[H] < Tliﬁ ' (5.28)
. -26 ;
Strictly speaking, if the same arguments exactly are
-to apply here, the growth of AOH must not change to a great extent
the hydrogen atom concentration. This is usually true only if
ﬁﬂ >> [&] and Dﬂ >>.[AOH] which is not the case here. However,
.the work of Bulewicz; Jemes and Sugden 129 shows that if there
‘is a super;equilibrium production of H, 0 and OH radicals, then
" Lod [u],
ful,
(const) EOH:I

where “the subscrlpt e refers here. to condltlons at full thermo—-

iid

dynamlc_equlllbrlum. [A] and [AOH] are both very much smaller
than [oH] , _s0 @H] may be regarded as constant for the purposes
fof the 1ntegrat10n whlch Sugden carrled out, and equatlon (5 28)
is found to be appllcable here despite the relatlvely ‘low
hydrogen atom concentratlon. Putting thls another way, the H
atom concentration is determined by fhe'reaohione_relevant;tolﬁ
the forﬁéhion.of oater'vapour rether thﬁh'hhose ferfaining to
AOH formation. .

k 6 is the velocity constant of a bimolecular re-

~26

action and may be written as A exp(-Ezs/kT) where the fre-~

=10 -1

~26
quency factor may be taken as ca. 10

(Sugden, op. cit.). Eyq for the reaction involving potassium is

cm3 molecule"1 sec
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(Kelly and Padley 60) 142-kjou1es mole—i, using their recommended
value for the dissociation energy of KOH, viz. 352 kJ mole—1 and
494 kJ mole—1 for the dissociation energy of H20. Taking a
temperature of .1850 K (i.e. in the middle of our range) k_o6
107 on® molecule™? sec-i, even before allowing for a steric
factor which would lower the value even more.

k_27 T4, 108'nexp(;E2T/kT) where n is a factor of
order 102-103 which allows for the fact that the third body in
reaction 5.27 may be triatomic (H 0 or 002, both of which form
about 10% of the burnt gases), thereby enhancing the efflclency

of the reaction. Taking an average temperature for our range

.and Kelly and Padley's value for E27 (the dissociation energy of

KOH),
k_27 T_20' to a factor-of.aboqt 3.
" The condifion for termolecular reactions. to dominate
" is then -
kK
[® 1 «« =21 - 20 -
-26 107
or .[H] «w g 1015'- (5.29)

>where, because of the sterlc factor‘referred to, this-flgure is
probably a lo“er llmlt.

Even if we allow that at the lower temperafuresia.
1nvest1gated H atoms. are preseni at an order of magnltude greater,
than thelr equlllbrlum concentIatlon, they are stlll there only
at the level of ca. 3 . 1014 at-most, and probably the true
figure is somewhat lesei ’

It is seen therefore that condition (5.29) holds quite

comfortably, so in the present case the dominant mechanism for
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the production of AOH.should be

A+ OH+M T AOH +M,
Freck 130 noted tﬁat for fuei-leén hydrocarbon-air flames at the
lower temperatures he studied (1800 K upwards) there was a pre-—
dicted drop in electron density, due partly to the depletion of
alkali atoms by OH radicals and partly due to attachment of the
electrons produced, again probably due to OH radicals. Hls
predictions are in agreement with the findings of Brogan 131,
although perhaps somewhat fortuitously so, because of the outdated
thermodynamic data on alkali hydroxides and the high value used
for the electron affinity.of bH (seé below for a discuésion,of

this).

5.5.2 Chemical species concentrations and ion densitieg

" In the'analysié pfgsenfeé'ig ﬁhis ;ub-séction, we .
shall qéspme that a steadj sﬁgtg exists in the hoﬂ gases abové‘
the reaction zoné, the deparfure fgoﬁ equilibrium being determinéd
by the excess OH productidn in the reaction.zone. _Resﬁlts derived
later are based on measurements taken at further than ca. 1 cm
: from:the'burner'(i.e: abput.G'ms9é_dawnétréém;of-thé reaction zone
“for the hgtiest.flame and to about 20 msec for-the coolest one);
Even this was .not always sufiicienﬁ fqr the creation of the ;teédy'
state postulafedtés'evidenceﬁ by %ﬁ% dépé?fure from liﬁéarity in
;’Eié. 7;1;.iIonization proceséés shouiﬁ, long béfbgé tﬁig, ha%e-.
.reachéd equilibrium levelg,.;incé i£ the admitte&l& somewh;f
different situation of a shock-initiated C,H,-0, combustion syétéms,

272 "2
132

(Hand and Kistiakowsky , Matsuda and Gutman 133 ) it was found
.that a time of only ca. 50-500y sec was needed for the ion and

electron production rates to reach their cquilibrium levels, with



‘a probable dependence of log (reaction time) on the reciprocal

of temperature.

Five eduations are written for five unknown parameters
in terms'of another five parameters which either have been
measured of are'calculablé from statistical mechanics and the
published data in the literature. Aikali metals are assumed to
be present as;three species: as free atoms, as the hydroxide and:
as atomic-ions. Other species, including the monohydrate of the
_hydroﬁde (see above) may be neglected. So, if [Aj] is the total

atomic alkali concentration fed into the system,

[AT] = [a] +[aom] + [a*

~ Although [A{] is necessary for the solution of this set of simul-
taneous equations, in the above equation it ié dwarfed by all the

other species present ‘(seeGaydon and Wol‘fha'rd'lf')-él(d.)

s.for:the
. fractional ionization at selected temperatures).‘.iﬁe above 3
.equatibn.then reduces to - ' : -
[All = [a +laodl - ] 7 (5.30)
Alkali atoms ionize on c;ilision with a sufficiently
energetic_neutrai body, the reaction being wfitfgn o '
| AXM 2 AT R eaM o B '_ CT L (s.sta)
This‘mai bé %reaééd'simply as a cheﬁiégl chaﬁge (Saha.134) :
. with eQﬁilibfiuﬁ'Heiﬁg.détermined in" terms of thé'55£a-ﬁ61t2méhn-,:
ngiiibriu@p?onstant,'Kél.. L. .
. Co : o -3 o -
I.‘A..-l-] [e] - gA-{:ge (2 TTmekT) /2 eJ.(P( -Eie)

© Ky = Al ey 2 kT

($.$1b)

where Ei is the ionization potential of A, m, the electronic mass,
g the ground state statistical weight of the species indicated

by the relevant subscript and h Planck's constant.:
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Some electrons attach to neutral species. It may be
shown that the only species tﬁat need trouble us is OH, (see
section G.i.2 where the statistical mechanics expression in
5.3.2 will also be dealt with), sﬁ we may write

M+ OH I OH + e + M (5.32a)
1eading to

le] [o 2 ﬂme‘kT)3/2 exp (-M) (5.32b)

Ko = i =8( 5 T

h

There is,” of course, an alternative neutralisation
. + .
reaction for A, viz.

A+

+O0H +M > A+ O0H + M
but the equilibrium constant for this is contained by a combination
of 5.31 and 5.32. |
‘The fiéld.grad%ent in the plasma is small 9nouéh to

_allow ué to.aséume, for the pﬁrfdses.bf %hig aﬁaiysis;'chargq

‘ neutréli%y at all points in the piasma.' Do . -

Bl + lord = [af _ _ (5.33)
The fifth equation is (5.27b)

(o) lon] |
e

iEanfibns.(5.27b)'and:(5;30)—(5;33) inclusive are the

Ky, = - (5..,2713) o .

necessary five referred to. The solution of the simultanecus

equéfions is straightforward and yiexas .-

.E[A] - K?.7' 31 l[ATl' . Kﬁz la®

Ko7 = Ko) o e
‘ £ 2
(- Ko7 K31_ EA‘T]" K32. (a2 (5.35)
Wy - x55)
' +12 _ }
lon~] = K27([A] K31[AT ) (5.36)

[SHTCO )
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Tonl - D32 Kr (472 - KBl[AT']) (5.37)
Ko7 'K31[AT-] - ng[““f]z
[aH2 _
[aon] = K32 KBi[ATl) (5.38)

K31(Ké7 - Kéz) » _
It is, then, apparent that, in the steady state, the
absolute concentrations of the various species of interest can
be calculated from the oPserved parame£ers,[A£|and[Aﬂ, and the

equilibrium constants of the relevdht reactions.



CURRENT-VOLTAGE CHARACTERISTIC, DEMONSTRATING THE PRESENCE OF AN ELBOW

The sign of the voltage is that applied , -
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SATURATION CURRENT VS. ELECTRODE SEPARATION .
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SATURATION CURRENT VS. ELECTRODE SEPARATION
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SATURATION CURRENT PLATEAU REGIONS FOR THE SEEDED ATMOSPHERIC PRESSURE
FLAME B. . ‘
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SCHEMATIC REPRESENTATION OF CURRENT DISTRIBUTION AT THE CURRENT AT WHICH ION |

DENSITY MEASUREMENTS ARE TAKEN
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CHAPTER -6 EXPERIMENTAL RESULTS - RECOMBINATION COEFFICIENTS

AND IONIZATION CROSS-SECTIONS

6.1 The ion denéity _

On the basis of the theory.developed in the preceding
chapter, we are now in a position to use the graphs obtained to
calculata positive ion densities. The current-voltage curves
(Fig. 6.1) are used in preference to the less easily quantifiable

voltage-distance curves (Fig. 6.2) in thé manner described.

6.1.1 Equilibrium product species concentrations
| Table 4.1 llsts the reactant comp051t10ns and volu-
metric throughputs of the various flames studled From these
data,_lt is p0551b1e to calculate the equilibrium conaentratioﬁs.
‘of ‘the more 1mportant flame product spe01es. Théée are'shown'.
) in, Table 6.1 for flames A to D for- the temperatures at which the

ion densities were measured.



Equilibrium species}_,' concentration (atmospheres)

Flame Temp.
(K) | 402 . 102 . co, | 10% .m0l 120% . 0, | 20% . co 10% . no | 10% . om | 10 . m | 10° .0 | 0% .®
A 2025 78.9 9.93 10.1 0.51 2,2 1.35 9.4 4.8 5.7 42
. 2021 78.9 9.93 10.1 0.51 8.2 1.3 9.3 4.8 5.6 41
2012 78.9 9.95 10.1 0.51 2.0. 1.3 8.9 4.5 5.2 37
1994 78.9 9.98 10.1 0.50 1.8" 1.2 8.1 4.0 4.5 31
1977 78.9 10.0 10.1 0.49 1.5 1.2 7.4 3.5 3.9 26
B 1047 77.9 8.50 8.54 4.56 0.33 3.3. 10.2 0.76 9.4 9.8
1938 77.9 8.50 8.54 4.56 0.30 3.2 9.8 0.71 8.7 8.9
1927 77.9 8.51 8.55 |  4.57 0.27 3.1 9.2 0.65 7.9 7.8
1909 77.9 8.51 8.55 4.58 0.23 2.9 8.4 0.56 6.8 6.4
1883 78.0 8.52 8.56 4.59 0.18 2.7 7.3 0.45 5.5 4.7
1863 78.0 8.52 8.56 4.60 0.15 2.5 6.5 0.38 4.6 3.7
1848 78.0 8.52 8.57 4.60 0.13 2.4 6.0 0.33 4.0 3.1
TABLE 6.1 =
—_———— o

THEORET ICAL BQUILIBRIUM COMPOSITIONS

Cont'd..'.



Flame Temp. : Egquilibrium spe'bies" boncentrations (atmospheres)
() | 102 . N, | 102 co, | 120% .m0 10% . o, 102 2 co | 10% . wo | 10 . om | 20* . 10° . T
c 1855 78.2 8.44 8.49 4.56 0.14 2.5 6.2 0.35 4.3 3.3
: 1836 78.2 8.45 8.49 4.57 0.12 2.3 5.55 0.30 3.6 2.6 !
1808 78.2 8.45 8.50 . 4.58 009 2.1 4.7 0.23 2.8 1.8
1785 78.2 8.45 8.50. 4.59 0.07 2.0 4.1 0.18 2.2 1.4
1765 78.2 8.45 8.50 4.59 0.06 1.8 3.6 0.15 1.9 1.0
D 1793 77.2 8.84 8.89 4.80 0.08 2.1 4.45 0.20 2.5 . 1.5 :
1778 77.2 8.84 8.89 4.80 006 1,95 4.1 0.18 2.1 1.25 |
1758 77.2 8.84 8.90 - | 4.81 10.05 1.8 3.5 0.14 1.7 0.9 :
1734 77.2 8.84 8.90 4.82 0.04 1.7 3.1 0.12 1.4 0.7
1707 77.2 8.85 8.90 - 4.83 0.03 1.5 2.6 0.09 1.1 0.5
1686 77.2 §.85 8.90 - 4.83. .| 0,02 1.4 2.2 0.07 0.8 0.3

TABLE 6.1 (Cont'd)

LOT

[ T
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A1l data used in the compilation of Table 6.1 are
taken from Roesini ef'a1-135. Later editions of the JANAF Thermo-
chemécal Tables dolchange some values, but not sufficiently to
alter any of the arguments advanced here.

| The OH : H rafio, as pointed out in the previous
chapter, is high, thus lending qualitative support to the argu-
ments prodpceé there in favour of the reaction for hydroxide |
formaﬁion: |

A+OH +M ~ ACH +M
AAnother feature to be noted is that; because the flames were
oxygen—rich and not hot enough for any substantial decomposition
of the products, the CO2 concentratien is éreater than the CO by
‘a factor that ranges from ca. 300 to ca. 2000 in the three flames
with the'same.equivalence reﬁlo.:

In contrast to the:orher radical speeres (see relow);
the NO COncentratlon may be an overestlmate, since NO is probably .

136). As against that, a super-

formed rather slowly (Marteney
eqﬁilibrium production oflo of possibly N atoms may still lead
- to near eéulllbrlum NO den51t1es, and there is the’ p0551b111ty
_.7) o% the ploductlon of N leadlng to NO through the:
action of hydrocarbon fragments on the nltrogen molecule. Thus
N may be produced in super—equlllbrlum, eqU111br1um or sub—
. equ111br1um (rlslng relatlvely slowly tb equ111br1um) concentre-._
f:&ﬁs}‘ Whatever;the cdase on these p01nts anﬁ the.Nq concentratlon:
figures in Table 6;1} the existeece of NO.does_n6£ acteally-have
any bearing on the following argumente.

It should be stressed that all the‘data tabulated in

Table 6.1 are only equilibrium concentrations, rather than

experimentally determined ones. They may be_used to calculate
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equilibrium atomic alkali.concehtrations, which, were they then
to be used in conjunction with-the ion production rate term
tabulated iater (Table_6.5) would then result in those curves in
Figure 6.3, shown as (ki)e =.q/Ld.e

In this figure, the log of the ion yield divided by
the équilibrium number of alkali atoms (under saturation current
conditions) is plbtted as a funcfion of x/T. It might be expected
that there would be one straight line plot for sodium and one for
potassiuﬁ, but} as is-seen, there are'sepérate curves for each
of the flames considered. The departure from equilibrium is more
marked at the lower témperatureé, &ué to'the_increase& over;
production of flame radicals, but the curves are .comsistent ﬁith
a tendency to collapse towards one common (equilibrium) line.
Thus figﬁfe 6.3 amply bears out the argumeﬁts'cpntained in'seﬁtion
- '5...5..1-.‘ o |

. L

6.1.2 The theoretical equilibrium and the measured ion

density

Hav1ng seen the effect of an, overproductlon of radicals
,.on the ﬁax1mum 1on y1eld (1.e. ugder condltlons ‘of no recomblnétlon
" of 1ons) we. now turn to the steady state 1on dens1ty; Table 6.2

glves the thermodynamlc data used for the alkall hydrox1des.

Kelly and Padley 9 have recently published data on them which
.challenge those used by, €ege, Jensen and Padley 45','and ‘more
.recently, Cotton and Jenklns 138. ‘Results’ presentéd 1ater.ére

based on the new data of Kelly.and Padley (op. cit.), who accept

a linear structure for alkali hydroxideé as found by Acquista,

139, Acquista and Abramovitz 140, Kuezkowski

Lide and Krisher 141, and Lide and Kuczkowski 142. (The first

Abramovitz and Lide
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two of tﬁese papers uée infra-red speétra and the last two micro-
waves.) These findihgs aré confirmation of the early, perhaps
somewhat fortuitous, assumption of a linear structure by Smith
in some of the first 'modern', i.e. post-Wilson,

and Sugden ;43

experiments on alkali-seeded flames.

TABLE 6.2

' MOLECULAR PARAMETERS

Na O0H KOH )3
' )3 1.93" 18
.I‘A_O ._ . 2. hand
[0}
rg_g A 0.96 0.96 0.96
.10381 gm cm2 0.66 1.0 0.01463
-1 :
w .
Cacog e 4.3‘1 408.. . -
. :—-i .' -
w .
4m0if © 1337, 325 -
-1 : :
W . -
Ao-E OB _ ;900’ 3600 ‘
. . -1 . - . . . t.
w - - : K
0-H cm . . . ) 3738
D_°(a-0H) kI mole™1| 330 352 -

The main,-ahd,basidally*the;only“imbortaﬁt_difference“

between fhese values.énd those>psed By;-for examplé, Cotton and

138 lies in the value taken for

1

and Jensen and Padley 45
the A-0-H béﬂding}freqﬁénéy. 'Thése iatﬁef.éufhors use 1300 cm -,

Jenkins
"whibhzdecfea$§s,the equilibriﬁm-éonsfanﬁ fon,'i
: UAOCH +M 2 A + OH'+ ﬁ_‘, o
thereby also decreasing the predicted free atomic and ionic 'alkali
concentrations. The revised data predict 2.2 . 1011 ions cm._3
‘at the highest temperature at which concen%ration measurements

were made in flame B, compared with ca. 1 . 1011 ions e for
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the o0ld, and a measured csncentfation of ca. 3 . 101.1 ions cm_3.
Kelly and Padley's comment on this bending frequency appears to
contain a ﬁisprint, the (%FOH stretching frequency being quoted
instead of the .correct (%FO-H frequency in one ﬁlace.

In this table, values for the OH radical are taken
from Chamberlain and Roesler 144; and the © . oo numbers are,
following Jensen and Padley, esﬁimates using Gordy's 145 rule.

Table 6.3 lists, for each flame, values of jn, the
value of j at the "elbow'" of the curfent—voltage curves, as deter-
mined by the intersecting tangent method described earlier, and
the values used (see Appendix A) for fhe mobiliﬁy and diffusion
coefficients, related by the expression

'IJ+1_£T
D =

+ e

The values of Y, found expefimeﬁtaliy'frbm the saturation current
density'véfsus'electrode height, are, as already obsérved;'o.?3 -~
for the high temperature sodium-seeded flame, and.0.46(i 0.01)

for the other three, potassium-seeded flames.
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TABLE 6.3 TEPMS USED IN CALCULATION OF ION DENSITY.

Flame|Electrode Temp. u u D 10™3 3 j
height (K) oo, * R S
(cm) (cm s—l) (cm2 v-1 s—i) (cm2 s—l) (e.s.u. cm_a Js=In
A 1.12 | 2023 | 141 19.80 3.45 5.70 1.11
1.42 | 2021 | 141 19.80 3.45 4.95 1.10
1.82 |[2012 | 140 19.70 3.41 4.11 1.09
2.32  |1994 | 139 119.50 3.35 3.24 1,08
2.82 | 1977 | 138 19.37 3.30 2.56 107
B 0.96 | 1947 99 16.75 2.81 12.45 1.20
1.25 | 1938 99 16.65 " 2.78 10.02 1.13
1.53 ] 1927 98 16.50 2.74 7.50 1.09
1.91 | 1909 | 97 16.35 2.69 5.37. 1.06.
Co.09 . | 1883 96 116,15 2,62 4.05 1.04
2,67 |1863 | 95 15.95 2.56 3.30. 1.03
'3.05 | 1848 94 15.82 2.52 2.95 1.2
c 1.50. 1855 77 15.92 2,54 2.64 1.02
1.90 | 1836 76 15,74 2.49 2.34 1.02
2.30 ':18§8f 75 | 15{53: 5lan 2.10 1. 1.02
2.70 1785 | ‘74 15.98 2:35 1,77 1.01
3.10 |1765. .73 .| = 15.12 . 2.30 - 1.32 “1.01
D | .1.08 |[1793" 50.5 | ‘15.40 | . 2.38 2.31 1.03°
.46 | 11187 000 5.27. | 2.4 2.13 1.08
1.84. | 1758 | 49.5 15.05 2.28. 1.86 1.02
2.22 |[173¢ | 48.8 14.86 2.22 1.53 1.02
2.60 |1707 | 48.0 14.62 2.15 1.26 1.02
2.98 |1686 | 47.4 14.45 2,10 1.02 1.01
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The data of Table 6.2 iéad to the following expressions
for the equilibrium constant for reaction (5.27) (viz: AOH + M
A+ OH + M):

for sodium,

Na 0H
2 Tm T 2 I I NaOH{;- x (-Eifi————)}
K -8 Na" OH 0H i L8P AT | . [-39663
27 = 12 La 0H " hey OB exp T
"'Na OH -1—exp(- ¢
KT
(6.1a)
and for potassium,
: i KOH ,
2 Tm kT 3/2 I n KOH l-ex {%Eiji———)}
i g K01 0H . i L-®XP{ b ) -42307)
21 - n? Txon ) he gy M :
‘ gon - . . 1—exp( ”
' ‘ KT
(6.1b)

The fa@%af 8 at the ﬁeginning of éach'expression is a
.simply the fatio of gréuﬂd'state stat%stical weighﬁs, vii.'

£y - Eop

€a0H

It is fhése expressions, together with the equilibrium
. OH concentration from Table 6 1, whlch lead to the equlllbrlum
atomlc alkall concentratlon l%sted in Tablé 6.4 column 4 Column
5 of the same.table is derived from column 4, by.allowing for
electron attachment to thefeduilibriﬁm OH'radidal-densities, a -
value of 1.78 eV (Smlth and Branscomb %46, Branscomb 147 ) belng
used for the electron afflnlty.. Earller values - (Paée % ) are’
much higher, but these, coming,from'quite early microwave
experiments, must be disregarded. They would, con%rary to
observation, predict near-total attachment of electrons to form
negative ions even at the highest temperatures encountered here.

A later value, due to Feugier and Querayd 149, of 2.13 eV is
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open to ‘the same type of objectién;‘ These latter authors use
direct attenuation of microwaves, ‘a method that has been gener—
ally discarded iﬂ favour of ﬁeasﬁrement of the Q-factor, to
measure electron density, and compare this with the ionization
level to be expected from compleﬁe thérmodynamic equilibrium,
using Saha's equation. The method is open to doubt and does not
lead to any convincing reason for igndring-Branscomb's work.
Equilibrium concentrations for free atomic and ionic
alkalis are derived from equations (5.27) and (5.30) to (5.33)
inclusive. Using the éubscript e to denote equilibrium values,
we have, again utilizing the approximation [Aﬂ o <5 Dﬂ o'
I ORGP |
. Ik+je[élé - :... o B . . | _
' Kﬁ1~ = _—TZT;___ S .. . | (6.32
Rl fod) | S |
K32 = —Eﬂ:— : . . (6.4)
[Afle &]e + bﬁ‘]e S | (é.s).
. and ‘[A]

i1, = bleDod, e (e

(6.2)

It

-The solution ofrthesé for [A]e and [A+]e is

bl
[AJe' E,{Z:]‘*'.[OH']E .. o (6.7)

|

K,k (] K32+ [orﬂe
TR Y I Y

The latter reduces to the simple Saha equation if Bﬂﬂe, and

"(6.8)

mm[Aﬂi =

therefore electron attachment, and hydroxide formation, is ignored

(i.e. in mathematical terms assumed equal to Zero). Bé]e would
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then be the same as [AT-’]" since [:A+:]e << [4] o

- [;A+J, in column (6) of Table 6.4, is, of course, the
same as n_l;.of equation. (5.16) and is calculated from that equation
using the data already tabulated mainly in Table 6.3. Values of
js for the small correction factor are taken from Figs. 5.1 and

5.2. Equation (5.16) is

‘ 'jn.' is
A" ]=n, = (3, = 3,) <(a 7 27D, (5.16)



TABLE 6.4

11

MEASURED AND EQUILIBRIUM ION DENSIT IES

Flame | Temp. | Time after 10_13[}\] 10_10[A+] 10-10[A+] rAﬂ o
(K) reaction zone -3 € -3 © -3 _[ﬁ
. (msec) (cm (cm (cm - e
A | 2023 7 9.46 5.9 9.2 156
2021 9 9.45 5.8 8.0 138
2012 12 9.41 5.4 6.6 122
1994 15 9.34 4.7 5.2 111
1977 20 9.25 4.1 4.1 100
B | 1047 8 3.71 22.2 '30.8 139
1938 11 '3.56 20.4 23.3 114
1927 - 14 . 3.40 18.5 16.9 91

1909 18 “3.15, . 15.6.° 11.9 76
1883 25 .’ 2.78 12,1 8.9 73
1863 "25 2.53 . 10.0" 7.3 13
. 1848 29 2.33 8.5 6.5 77
¢ | 1855 17 12.2 20.6 7.1 34
isss -'E. 23 - .i1;1 ) 1629 6.4 38

1808 o8 ".9.46 12,6 5.8 46
1785 33 - ,.8.23 9.7 4.9 50
1765 39 7.30 7T 3.7 | 48

p | 1793 18 C18l8 15.6 - 9.4 - .'Bé.i
1778 25 16.8 13.1 8.7 66
1758 33 15.3 10.6 7.7 73
1734 41 12.6 7.8 6.4 82
1707 49 10.4 5.6 5.3 95
1686 57 9.17 4.3 4.4 102
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The effect of-electron attachment in the calculation
of the equilibrium state ion density is not very great, being of
the order of 10% at both ends of the temperature range.

An immediate point to.note is that [A+] appears to
vary from about 30% to about 150% of the equilibrium value. The
cause of the observed sub-equilibrium concentration is the
depletion of free alkali atoms By the hydroxyl radical through
reaction (5.27):

| A + OO + M T AOH + M - (5.27a)
The other line of argument is that, if-(5.26) is balanced and

predominates, then

[al [ | (5.26)

Laon] ~ [H,0lK

_.Sub;equilibrium valﬁes of &f], and hence sub—equlllbrlum values"
of [h], would then requlre &ﬂ < [d ! whereas d1rect measure-

ments (Bulew1cz, James and Sugden 129, Kiskan 124 125" and

Baxendale et al 126)

all lead to the concluslon, whether the
flames by hydrogen or hydrocarbon, that Dﬂ > [H]
The above, almost a reductlo ad absurdum, is strong

ev1dence that reactlon (5 27) is the dominant - one for hydloxlde.

produétion under the conditions prevalllng here. Thls should

not be taken to nean that‘(5.27)'ie‘necessarily fully equiliﬁrated;”.

indeedz if measured values of'[A£] and ]}ﬁ] and calculated values
of K27, Kﬁl and Kﬁz-are substltuoed into equations (5.34) to
(5.88) inclusive, it may be seen that, although there is numerical
self-consistency, either WbH], [OH—] and [NaOH] in flame A or

E], [Oﬁl and ﬁﬂ at fhe highest temperature in flame C come out

negative.
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6.1.3 The apparent Jnegative concentrations"

" The reason for this "negative density" result in
flame A is frobably that the charge transfer reaction from the
natural flame chemi-ions leads to'alkali ion densities.in excess
of equilibrium. This is not in fact allowed for in the set of
five simultaneous equations (5.34)-(5.38), so that the apparent
atomic alkali concentrations from these equations turns out to
be, not iny in excess of equilibrium like the ion, but also,
since there is little sodium hydroxide formation at these tem-
peratures, in excess of the total alkali concentration fed in.
To maintain consistency in the equations, the apparent alkali
hydroxide concentration must then be.negative since

(agd = [al+ [aod (5.30)
Thtsv"negativemhydmoxide eoucentrationd in its turn'implies '
negatlve answers for bH] and [OH ] to keep K27 and Kﬁ2 constant
and p0s1t1ve._ '

As the temperature of measurement in flame A decreases,v
[A+] i.e. n 4 approaches from above its fu11 thermodynamic
equilibrium value, - and at the lowest temperature there (1977 K)
:all concentlatlons deduced from the set of flve s1mu1taneous
.equatlons a1e compatlble wdth fu11 thermodynamlc equ111br1um;'
and not Just a steady state.

In flame C, where a d1fferent tr10 of spe01es gIve
negative'eoncentratlons; a posslble explanatlon'seems to be.a"
" lag in the setting up of equilibrium in the reaction

K+ OH+M T KOH+M E (5.27)
so that, in actual faet, there are at fimst more free potassium’
atoms than are indicated by the simultaneous equations.

At the final flame temperature of flame C (i.e. close
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to the reaction zone) the hydroxyl radical concentratiou has
begun to rise above its equilibrium value, implying that the
apparent ratio [}]/ Pﬂfj.in the set of balanced equations must
fall, In fact, it falls so much thaf, at the highest temperature,
shortest time and highest hydroxyl concentration, it actually
passes through zero to become negative, so in order to give self-
consistent answers the balanced equations must give negative
answers for the hydfoxyl concentration.

In flame D, although the same thlng must happen, the. -
ion denslty produced 1n'the flame 1tse1f is, because of the 1ow
natural flame ionization actrvatlon energy (see Chapter 4), as

compared with the alkali metals, so much higher than the equilib-

" . rium alkali ion density (and,-by charge transfer, the alkali ion

dens1ty 1tse1f of- course becomes much than 1ts equlllbrlum
value) that thls effect again predomlnates over “the one due to
the over-productlon of hydroxyl radlcals. ‘

In general, one may say that the assumptlon of balanced
ﬁedctions does'come into conflict with the physical situatlon )
“when . only a ‘short tlme.has elapsed after the reactlon zone.-'Qneu-
aoproaches a balanced state only afteu 1onger tlmes,:and, 1n )

flame D, not at all.

-6.1.4 Alkali superox1des

‘One’ other maJor reactlon, nou 1nc1uded 1n the scheue
here;‘ﬁés'been‘postulated.= This’ is.the'three_body fofmatlon of
an alkali dioxide or superoxide; A0y, which miéht be assumed to:
be similar, broadly speaking, to the HO2 radical, which has in
recent years been shown to be of significance in the combustion

mechanism of hydrogen flames.
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This reaction has been suggested, independently, by

Haber and Sachsse 150, Bawn and Evans 151, and, more recently,

152 154

Kaskan » McEwan and .Phillips 153 and Carabetta and Kaskan .

A similar molecule, (Cs)x(02)yis suggested by Bernard, Labois
and Ricateau 155.

Kaskan, working with a fuel-lean hydrogen flame,
found reaction (5.26) incapable ﬁf explaining his results, and,
in a similar flame, McEwan and Phillips proposed the formation
of NaO2 to explainnéhe'd;cay.of'sogiu@ étoms.downstredm of their
reagtion zone. These 1a£ter authors give a diSséciation_enprgy
for the molecﬁlé of (65 z 3) kecal moledi, which is alséﬁthe
figure that would be needed on the basis of Bawn and Evans'
suggésted structure if NaO2 were to be formed in ouf flame A
-iin’cqncenﬁraﬁipps'Similar té'£hqse'6f'thétfree aikéli étom;' j:
'Tpié, héwever, woﬁld'imply a lowering ofithe ion denéity by a
" factor of.cé,lé in'all flames (if.é dissociation eneféy'of 70h&ca1
mole_1 is adopted for K02), confrary to observation. " Were this
fo“occur, the solution fo;-[A], (el and (oH] in equations.(5L34),
(5.35) én@ (5&37) would bg'negdtive'gf allj%emﬁeratufes @onsidered;j.'5

Fﬁfther;'£he ionization éfggé-Secﬁion;-&épendeﬁﬁ bn:d+'kseé:nexf .
section){ wqulﬁ then fe increased to a size;whiéh; éithough still
credible, would; in the case q: sbdi&m, ﬁ; qaiﬁgﬁéubé%ahf151ly
higher than that found by.ofhé; qéthodg.,,.‘;.

. The co.l"lél_ug,.i'onzmus{, tlléref'(.)_x'é“bexfi'ﬁ'a%; -'i_il:mi's.wo;%:k,
alkali dioxides or~sﬁferoxideé:aré nét formed in aﬁy'significént'
quantities, and it is suggested that other mechanisms (perhaps

reaction 5.27) might be operative in the fuel-lean flames where

authors have postulated the existence of these molecules.
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6.2 The  ionization cross-section

6.2.1 Experimental determination of the ionization cross—
sectien |
Figures 6.3 and 6.4 (sodium) and 6.5 (potassium) are
plots of the ionization constant; ki (en a log ecale) vs. the
reciprocal of temperature, the former being the results of the
present work and the latter pair including-the results of other
work. ki is simply the quotient of q, the ion production rate
term (see Table 6.5 below) and the atomic alkali concentration,
and is shown in that Table-togetﬁer with the associated ionization
cross—-section as a function of'T-l, the values of'T_% corresponding
to the values of T in Table 6.4. |
.Values of ki.shown‘in the graphs are, for flame A
(sodium—seede&); based'oa'eqﬁilibrium atoaic:alkali ebhcentratiohs-
(thCh 001n01de with the’ steady state value from equatlon (5 34)
at the lowest temperature of measurement - 1977 K), and for
flames B to D'(potasslumyseeded) on both the full thermodynamic
eﬁallibrium ﬁalues and the eteady state values from equation
(5.34),ladjusted as-explalned below'inftﬁe~caSe of flame D.
'iThe increasing lack of equlllbrlum may be seen from the slope'x'
of the ‘graphs “thh ranges from 5.59 eV fer sodlum in flame A
(within eXperimental ‘érror compatible wlth'the iqniiation potential‘
of 5.14 eV) through 3.82 eV (flame B cf. the potassiuﬁ ionizatien
. potentlal of 4.34 eV) to 1 88 eV (flame D - gompletely 1ncompat—~
ible with equlllbrlum). The four temperatures for whlch one
obtains more or less the same ionization cross-section for pot-‘
assiuom, on the hypothesis of a steady state, have a best straight

line fit gradient of 4.00 eV. That hypothesis is therefore
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consisteﬁt at thesebtemperatures (1883, 1863, 1848 and 1785)
with observation. 7. . -

If ﬁﬂ is used to denote the total species number
density at a temperature T, a gross ionization cross-section may
be defined (Hollander 0, Hollander, Kalff and Alkemade o,

Jensen and Padley 84) as

s () el 6:0)

-Here ¥ is the reduced mass of the alkali~atom-gas molecule pair.

m L] m
H = A =

m, +m
A

where we ha%e used an aeerage fof the maes of the gas.molecule,
mg, weighte@ according to the-partial pressure of each species..
. Ei ig of.eourse the ienizafipa pdteptiai qf'thé alka}i; and .
other teras'are séanda?d'ones. - .

Derived-falues of 7, for Na and K aeé sﬁowh_in Taﬁle
6.5. For potassium, it ie seen that flame B gives the same
feeults as flame'C provided enough tiﬁe'ie alidwed fo‘eiapse in'
' elther flame to allow the settlng up of the steady state descrlbedv~
by equatlons (5 27) and (5 30) to (5 33) “The temperatures at '
whlch thls is valld are, as prev1ous1y noted 1883, 1863 and 1848
'Z(flame B) and 1785 (flame C); at the next lower temperature.
. after 1785, there is some doubt:about the value of gq since_this
was derived by ext:apolation}'so-éhe,corfeSpbndiag:ereee—section
is best ignored. The.ceincideace of the Oi values measured in
the tao flames is sufficient to indicate that they are, possible
systematic errorrapart, genuine. Flame D apparently gives much
lower values for Oi’ It is the lowest temperature flame which has,

one may be confidenfzhthe highest ratio of hydroxyl radicals
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IABLE 6.5  IONIZATION CONSTANTS AND CROSS-SECTTONS
Flame| 10%1~1} 10712 |10~ 13 [a]® T§T=ki 10%% 110713 [a] T%+—(kl)e 10%2(e,)
(Kfi) cm.__as_1 cm_3 é_i cm” em™> - sfi cm>
4.943 | 3.14 | 28.7° - - 9.46 0.332 3.17
4.948 | 2.61 | 21.2° - - 9.45 0.276 2,71
4.970 | 2.37 | 15.8° - - 9.41 | 0.252 | 2.82
5.015 | 1.86 12.2° - - 9.34 0.199 3.08
|5.058 | 1.33 9.45 0.141 | 2.64 9.25 0.144 2.70
15.136 |10.33 7.60 - |1.36 | 0.40 3.71 2.79 0.81
5.160 | 7.26 4,78 |1.52° | 0.49 3.56 2.04 0.66
5.189 | 6.00 2.77 |2.07 |.0.78 3.40 1.76 0.67
5.238 | 3.04 |- .64+ |2:40 | 1.17 3.15 1.25 0.86
5.311 | 2.93 i.32  |e2.20 ij1:4? |- 2.18 1.05 0.71
5.368 2;0¢' 148 |1.73 | 1.58 2:53° | 0.81 0.74
5.411 | 1.79 1,23 |1.46 | 1.64 2.33 | 0.77 0.94
5.391 | 2.43 | -0.004 - - 12.2 0.199 0.20
|5.447 | 1.74 0.249 |6:98 ./|.-9.3 Ir";i:i, 0.157" [ - 0.21
: 5:531 141 | 0.953 |1.16 j2;562 9.46 q;ii?‘ 0.24
5.602 | 0.713 | .23 |o0.579"| 1.67 g.21 | . 0.087 0.25
5.666 | 0.64% "0;860f 0.744 2.96 7.32 0.087 0.35
5.577. 0.791 . 5.0 0&157‘ '0.%0_.‘.18.6 9'043.r- 0. 11
5.624 | 0.564 | 6.05 |0.693 | 0.36:]" 16.8 0.034 | 0.11
5.688 | 0.406 | 7.03- 10.058 | 0.25 | '45.3 0.027 0.12
5.767 | 0.364 | 7.77 |0.047 | 0.31 | 12.7 0.029° | 0.19
5.858 | 0.209 | 9.24 |0.023 | 0.24 | 10.4 0.020 0.21
5.951 | 0.163 | 9.25 0.018 | 0.26 9.17 0.018 0.26

o P

Doubtful extrapolation.
From the solution of the five simultaneous equations describing
the steady stagte. '

Greater than

A g

the total alkali concentration in all forms.
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present -to the equiliﬁrium conceﬂtfétion and probably, initially,
the highest ratio of ion density present to the steady state
value. It would,.therefore,-not'be surprising to find substantial
electron attaéhment, obscured in the.set of simultaneous equations
describing the balanced steady state by the abnormally high ion
density (see above). What the apparent Ui values can yield is,
however, a more accurate assessment of eleétron attachment.than
that given by the set of simultaneous equations in the case of
flame D.

In order‘to bring the appérent o5 valuesup to the one
measured at the four temperatureé specified above, the positive
ion:elggtron density ratio must be soméwhere in the range 6 to 8,
rather-thgn the 1.1 to 1.5 indicated By tﬁe solution of the set
of five.simultané;ﬁs'equaﬁiOns.j ThiS'ﬁiiI later be shown to have
its ;eperhusSion; on thé iecombihafiop'coefficientidata of‘Table[

6.7, explaining.cé£tain apparently anomalops features by relating
them to recombination reactioﬁs between'negative and positive
iQﬁs rather fhan electrons and positive ions.’

It is this.numerioal facﬁor,-ﬁeﬁtioneﬂ above, @hat
'is.use& to édjust tﬂe-values o?"i.in'fia;e D to thé.aver;ge
value foﬁnd at the fouf'temperatuféé iﬁ.flaﬁes B.and C for which
valid results were obtained}:t'v' g

Table 6.6 lists both thezlitgrature:values,'ah¢ those

. foﬁnd'in'the'presént'wofk; fq;'the.idnizaﬁioﬁ-qroés;sectiqn;'
Tﬁe values-listed from this work are), again, those fognd at tﬁé '
- temperatures for which there seems reasonable jus%ification for
the assumption of a steady state (and.hence the use of the set
of simultancous equations), or in the case of sodium (flame A)

a state near enoﬁgh to full thermodynamic equilibrium.



TABLE 6.6

cm2 X 1012

TONIZATION CROSS-SECTIONS

~ I?2./02/-1\12'~ ..

H2/02/Ar;
H2/02/CO

plus trace

C,JH2

Authors Kelly & Padleylsﬁ;.JenSen & Pzidley157 Hayhurst and Kelly & Padley 85 Hollander, Kalff &| Hayhurst and '
Jensen & Padley84. | Telford 83" Alkemade °° Sugden 28
e 2.7 3.14%" 2.5; 2.6" 1.8% (10 - 20?) 4.3 9.1 2.4%
CM 2.3 2.6%. 1.4; 2.1° 2.1° (10 - 209?) 1.8 2.6 1.5%
T 2440 2250 2025-2445 © 2080-2500 ca. 2200-2500 2005 2270
Method Single rotatihg\ jMiéroané : Mass spec. Single rotafing Photometry Microwaves
probe (both) ~ : . probe/optical '
Microwave (Na)
Microwave,
optical (K)
) . ) * .'. . '. : . . T .
Flame 112/02/1\12 . }12/02/1\12 . H2/02/1\2, 00/02/N2 H2/02/N2

Cont’d..:

sTT



TABLE 6.6 (Cont'd)

Aﬁthors Padley and Sugden 30 rKing 158 Knewstubb & Sugden100 Ashton & Hayhurst159 Presgpt work
(0.) 1.3 | 1.9 | 2.9.| 5.5 1.0-1.3 . 178 1.5% 2,59 2.9

i’ Na o - .
(s.) - - - - £ 0.1-0.25 - - 2,84 1.6

i’K ‘

T é460 2360 | 2260 2160 .1970 2400 2600 2000-2800 1980 1780-1880
Method Microwaves - Probe with extrapol- Microwave Photometry Average I-V characteristics

ation to (n) ' of many others from parallel '
+e
: . electrodes

Flame Hy/0,/N, plus trace GyH, Cqlg/0,/Ny Hy/0,/N, gall;;l?sls Hy/ 0,/ N, H,/0,/N,

If no footnote, then elther the result is quoted expllcltly, or the flame composition is published, a110w1ng us to

calculate

p for the result.

a Our calculation from published value .of - o , using values of p typical for a H2/02/N system.

b Our recalculation of Hayhurst and Telford's values, allowing for the fact that species other than H 0 are important - v

in the 1on1zat10n process,’

c Our calculation from the data publlshed for a flame 51m11ar to those studied in the present work.’
comments on figures in parentheses. :

o2}

See text for

d Calculated from Ashton and Hayhurst’s publlshed value of k. 5 the average of their own and all other valucs p]PVlOUQIy
published for hydrogen ilamcs.
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A number ﬁf explanato¥y‘comments are necessary on
Table 6.6. These are best dealt with in the sequence in which
the papers are liéted. .

Jensen apd Padley's 84 1966 paper lists the cross-
sections as 9 . 10”12 cm? aﬁd 8 . 10712 ¢n? for sodium and pot-
assium respectively. In the text they point out that they assumed,
at the time, that water vapour, constitutiﬁg about one thifd of
all the species present, was the only one which contributed
significantly as a third body in the ionization process. Padley
later corrected this view and, in Kelly and Padley 156, ga&e a
reviégd value for o4 (that shown in Table 6.6), bringing (Cfi)Na
and (Gi)K down by a factor of about three in each case, to allow
for ibnization'with other species as third bodies.. Hayhurst and
Telféf@ 8314uote the oldvvalué-iﬂ iﬁé.tablq in their:paﬁer,
"apparenfly héving &verléoked.Jeﬁsen and Padley's 84:te¥tua1
commeﬁts; fhevold:§alue in that table should therefore be ignored.

| The footnote Eomment.on Jensen aﬁd fadley's 157
siightly later (1967) paper is séif éxplanatory; it should how-—
'e§erﬂbe nbﬁgd_that such assumed values ‘of 1i may .not be'iully
accﬁr;te, Eﬁf-s&ﬁcé in anyéasé'thé'eiﬁfés;iﬁn.fofrfiféoﬁtains.
Jthe'sqﬁaré foot of yu ;'ény error involvé& is vefy.smali.

Hayhurst‘and.Telforﬂ Sa’do'pﬁbliéﬁ_explicit results
forcri, but based on the éssumpt&on that only %ater vapour is
.imﬁortant as ‘a tbird-bod& in_the'iopiz;tion procéss.. &he values
with footnotes under their name in ﬁhe table éfe corrected values
allowing for the other species present in. their flames, and
represent averaged quantitiés. Six separate measurements may be

taken for both K and Na corresponding to the points on their

graphs, and, naturafiy, there is a certain spread due to’
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experimeutal errors,

Kelly aud.Padley 85, by using flames varying widely
in composition, are able to measure the relatlve efficacy of
different third’bodies in the ionization process. The footuoted
value is what, according to their probe data, would be the cross-~
section for a_flame similar in composition to those used in this
work. However, in the same paper, Kelly and Padley publish‘
graphs of ki measured optically which yield results for ki and -

-y nearly an.order of magnitude greater than those quoted on the'
baSis 0f>probe work.. Values:of 0 based on: these optlcal studies
Tare suggested ln parentheses.after the1r own quoted values. .It
has already been pointed out that Kelly and Padley's probe theory
requires au alkali ion mobility more than an-order of magnitude
greater than that found by Bradley and Ibrahlm 27-or'that
calculated and used in the present work (see Appendix A) Never-
theless, their value is unlikely to be greatly in errpr, since it"'
is based on an empirical ealibration valid for their temperature
rauge; howeyer, an extrapolation of the theory outside this
"temuerature range wduld'almost certainly be'tnvalld;a The_?optlcal"'
value is probably 1nva11d.' - B i . | |

Padley and Sugden 30 p;eseﬂt,their}results'in-the:

 form of values at k at'the temperatures'indicated.; They p01nt
out at the end of their paper ‘that these 1mply more rap1d

. var1at10ns of @ with T (and o wlth T) than is at all. llkely,
so these results should be treated with caution.~

King's 158‘results.may be discounted. Although his

probe theory for the measurementrof positiye ion density, n_,
may be correct, his results depend on extrapolation of n, to the

thermal equilibrium»talue (n+)e the expression for ¢ being
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n .
arc coth T;ij— = (n+)ea t + const.
+e -

This exfrapolation is not aecurafe enough to gdve the order of
recombination, or, apparently, the correct order of magnitude
for ©, Parameters dependent on ¢, therefore, such as ki and
9 should not be taken from this paper.

Ashton and Hayhurst 159 show graphs of 10g(ki T-%)
Vs, T"'1 from all‘pﬁblished data for alkali ionization in hydrogen
flames. - They éive‘a[best atraight-line fit to the data, irrespect-
ive of flame c;mpaeition, of
+ 1

ko= (7.3 = 2)'1013 T2 exp(nEi/RT) g1

where Ei is the ionization potential of the alkali in questiona
Since the reduced mass of an alkali ion-gas molecule pair is
dependent on gompositidn;and.nature of the aIkadi,-this implies
different ioni;ation cross-sections for each alkali“(see?equation
(6.9)); The figures quoted ih the Table.under Ashton andA
Hayhurst's names are for reduced masses corresponding to fhe
present flaﬁes. It should be noted that Ashton and Hayhurst's

fit to the data, u31ng a pre-exponenﬁlal factor for the rate

5{ constant 1ndependent of the alkall, leads to the predlctlon that

‘potassium should always have a h1gher cross-sectlon “than sodium.

" In most of %he cases llsted_whe?e determlaatlons-have been made

of ﬁhe cross—sections of both'metals,.tde reverse’isffhe case.
Results derived here,'od;the_assamption.(see above)

of a steady etate, but nof full therﬁedynamic equilibrium, except

in the case of sodium in the hqttest flame (where the.two appear

to coincide, after making allowances for charge transfer effects

in the earlier parts of.{he flame) are compatible with those found

" by other workers by a variety of other methods. The temperature
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of measurement here is lewer nhan that of any previous determin-
ation, except in the case of sodium, where it coincides with the
lower end of Hayhurst and Telford's 83 range. Whatever the
method used, the possibility of systematic error cannot be ex-
cluded, but the near identity of values obtained serves to
‘reinforce the validity of all of them as long as they are used

in a regime to which they are appropriate.

6.2.2 Theoretlcal estimates of gs

As mlght be.expected from the four orders of magnl-v
tude discrepancy between the ionization.cross-sections ‘found
‘here and the corresponding gas kinetic cross—sections, the
process of ionization is far from simple. As further illustration.
of thls p01nt the work of Cuderman 1§0 may be citedu _A.beam of
mpnoenergetlc ground state potas51um atoms in the energy range
‘20-1000 eV was. passed 1nto a 00111s1on chamber having a target
gas pressure of 1 . 10 -5 torr; the measured.lonlnatlon cross-

-19 -2

section varied from about 10 cm at the lower end of the range

to about 10~ ~15- cm (1 e gas kinetic values) at the hlgher end.
The f1rst attempt to.come to terms Wlth.the anomal-;
ousl& hlgh cross-sectlon encountered in flames seems to “have been'.
that of lelander! Kalff'and Alkemade 87, wnq censldered excired
states of the alkali atom up to a 1eveI"“kT beien-the'ionization
potential, arguing %haﬁ the rurthérﬁ~;kT;neeessary'for:ienizetion;f
could then be reeeived in'collision-with anorner gas moiecule.:

At flame temperatures, the number of excited states involved in

this distance from ground up to within =~ kT of the limit is ca.

200, which, were all these levels to be weighied equallyv, would
. 0
bring the ionization _cross-section down to ca. 200 A2 on the basis

of their results.
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Direct evidence of at least a two-stage ionization
process is to be found in the shock tube experiments on noble

161 . hd Harwell and Jahn 182, The first

gases of A.J. Kelly
step involves excitation to one of the four closely spaced
energy levels, two of whlch are metastable, that consist the
first excited state of the atom. No hypothesis is however put
forwvard as to:the means by which the atom is ionized from its
excited state.

Thls problem has recently been approached by

163 ‘for the case of the rare gases,_and Fowler and

-Breist.164 and Preist 165 for the case of alkali metals in flame

" Matsuzawa

gases. Both the first'of these papers and the latter pair con-
sider the means whereby energy may be transferred to an electron
still” bound to the alkall, hut 1n a state w1th a hlgh value of
_the pr1nc1pal quantum number. Both energy and momentum must
of course, be conserved, and a condltlon for thls'ls derlved 15'
the latter pair of papers for molecular third bodies, viz.,
A<(4J+651§ < KT
-where; A:is. the d1stance of the energy level of the electron
’.below the 1onlzat10n level, - J the rotatlonal quantum number and.
'B the molecular parameter that descrlbes the spaclng of the |
rotatlonal energy levels of the molecule that transfers energy
to the electron, be1ng de-ezclted 1tse1f‘rn the process.' So,
.the distance below the 1on1zat10n limit of the electron energy‘
level from which lonlzatlon takes place is seen to be less than
.kT, a suggestion first put forward by Jensen and Padley 157.
Both rotational and vibrational de-excitations are

considered, as are the effect of both dipolar and quadrupolar

molecules, and in addition possible single rescatterings of the
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electron or gas molecule‘are taken into account using the method
of Chew and Low 166, first developed to analyse elementary
particle reactions.

As, the binding energy, A, approaches zero, the

number of available states goes to infinity for an isolated atom;
167)

however, in an ionized gas, it remains finite (Ecker and Weizel ,
so,_in principle, it is pdssible to estimate the number of states
from which ionization may take place. The mechanism, due to a
broadening of the lewels and consequent overlapping, is described
by Preist 168, who estimates the number‘of states.below this
continuum, as do Inglis and Teller'169?' The former estimate
yields 250,000 and the latter 20,000; these represent extremes,
with the true number probably lying somewhere between."It is
:of 1nterest that thls number should vary’as the electron den51ty:
raised to a small negatlve power (-0. 4 to -0.5); if this be the
case, thevionlzation coefficient. is, in the_case where a satur-.
ation current is drawn, different from that where'a negligible
onrrent is drawn, and a systematic error is thereby introduced
.into the method. In'addifion, different results. for k would’Be
'measured by different workers, dependent on thefelectron den51ty
present 1nve§ch case. '

| The cross—seoiion for ionization fromfé given level .~
may be derived using the Born appromimdtlon,‘whlch was shown to
be a good approx1mat10n for polar molécules (Takayanagi ) and

quadrupolar molecules (Gerjuoy and Stein 171)

The. former,
however, probably breaks down for water vapour since a condition
for it to hold is that

2D << 1

where Dea0 is the dipole moment (1.85 e.s.u. or 0.724 in these
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units for H20), a, being the Bohr radius.
On taking all these things into consideration, the

gross lonization cross sections are given by

1 2 9 1 .

lﬂ ©27Q 20 4 Bo : '
5 = @) w4 (@) oon (6.10)

for a quadrupolar molecule (Preist's 165 equation (17)) and

3 8 WD2a2 T, 3 | |

1 u.
o Ry (kT 2

i = (;‘1) —— F (&) (3) oy (6.11)

0
for a dipolar molecule (Preist's 165-equation (24)) where N is
the total number of bound states in the atom, Ry is one Rydberg,
and I(0) is the value of an integral I(4 ), defined elsewhere in
the paper, in the limit as &~ 0.

' Wﬂen'molecular conétants are substituted into the
.quédrufolar expreséioﬁ;‘itﬁis séén-that'sométhing.iike.iQ% boﬁnd
states.of the atom are reéuired to explain the croéé—sectiop
observed by Jensen anﬁ-Padley 84, and Kelly and Padley's 156
results are explained by taking a lower limit of n = 20 on the
b;incipal qﬁantum number. Carbon monoxide is not nearly as
efficient as thé polar expres§ion in&icgtes}'however, and the
case 6f water vapour molecules is,'as'yet, éhrduﬁéd in mystery.

The preseﬁt results are explicéble if the total
number of hound states in thé atomhlié somewhere between the

168 ,1d Inglis and Teller “°°. Since .

two estimates of Preist
however the flame gases contained some 10% of water fapour,
there seems little to be gained by calculating how many states
would be necessary to provide a quantitative explanation of thé
experimental results. In aﬁdition, only the theory of Matsuzawa

attempts to explain the unusually high efficiéncy of monatomic

species, relative to molecules, as third bodies in the ionization
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process; even that predicts peéults that are consistently too
low. Other weaknesses in the alternative theory are referred to
by Fowler and Preist temselves.

Hayhurst and Telford 83 criticise the assumption in
the theory propounded by Hollander, Kalff and Alkemade 87 of a
"ladder~climbing" model, with the variou; excited states being
in thermodynamic equilibrium wifh the ground state, i.e. the
equivalgnt of a unimolecular reaction at its high pressure limit,
for which transition state theory may be applied. Standard
transition state theory, however, (considering a loosely bound
electron and positive ion as the transition.state, having a
partition function about fwo orders of magnitude above that of
fhe ground state) leads to p¥6fexponentia1 functions some three
.ordérs of m?gnifudg abové ihése ﬁbgefved. Theséiaﬁthays:.theré;
.fore, conclude thét‘tﬁé.aésumption'of.thermodynamié equ?librium
‘Between excitea'states énd the ground stafe is invalid. |

Instead tﬁey propose the form;tion of 'a loosely
Bgﬁnd ionic complex and a subsequent ionization process.

AN T oA LT
| AT N M |
W Ma+e

This 1eads“to an aéfivatioﬁ energy éligytlxlléss than fhé-'.
iﬁnization potenéial and a pré-exponential factor sigﬁifiEaﬁtly ’
‘1afgér than thatifor a normal cpifiéion ﬁfeqﬁéhc;.‘.fhé'authors :
'esﬁimate that this would lead to.an ionization cross-section agout
800 times the gas kinetic value in the case of M = Ny .

However, if, for the reaction of an excited alkali

with a gas molecule, the pre-exponential factor in the rate

constant increases as the atom nears the ionization limit,
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Hollandér's scheme is capable of-eéplaining the size of the cross-
sections. This phenomenon of an increasing pre-exponential
factor does howe%er appear in Pr;ist‘s 166 analysis; fox the
hypothetical case of an isolated atom, it should in fact go to
infinity.

We may conclude, then, that the high cross—sections
for ionization found experimentally are in accord with the; as
yet, semi-quantitative predictions of Preist 165, and TFowler and
Preist 164. Their preliminary analysis suggests, if anything,
that the surprising feature about most ionization cross-—sections
measured up to npw is that they are on the low, rather than the
high, side. If the present results are free from-s&stematic
é;ror; which éome otliers, it ﬁés already -been argued, may not

Zbe,.they would lend credence to this tﬁeﬁreﬁi@éljproblem. :

6.3 The electron—ién three~body recombinatign 9oéfficient
Having.found the positive ion density under conditions
,approaching‘the ideal, as regards électrical disturbance of the

flame plasma, we are now in a positioh to Falculate; by sub-

sti%uting values qf;n;.from eqﬁétig£ (S,iﬁ) in%q,éqﬁatién%.(5.25),fl

_ the three body reééﬁbinatioh éoefficient; o , for the- reaction
e + AT A M > A4 N

Table 6.7 lists, at thq'teﬁpefafure‘of ﬁeasurémenfz the terms

which'éppeaf jn'eduafidn (5.25a) :

for
<

o q

n +
+

4

(5.25ai2

where © is of course an average over both electron and negative
. ion recombination processes.

Because of the delay in the establishment of a steady state
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TABLE 6.7

THE AVERAGE RECOMBINATION COEFFICIENT

Flame Temp. q . 10-13 109g 1097q/n+ 109 o
-3 -1 n, 3 -1 3 -1
(K) cm s 3 1 cm s cm s
cm” s
A - 2028 3.14 3.7 0.35 4.1
(Na 2021 2.61 4.1 0.41 4.5
seed) .
2012 2.37 5.5 0.49 5.9
1994 1.86 6.9 0.62 7.5
1977 "1.33 7.9 0.77 8.7
B 1947 10.33 1.1 0.15 1.2
(K 1938 7.26 1.3 0.20 1.5
seed) ’ . . : ... . ‘.
" | 1927 6.00 2.1 0,27 2.4
1909 3,94 . 2.8 0.37 3.2
1883 2.93 3.7 0.50 4.2
1863 2.04 3.9 0.61 4.5
1848. 1,79 4.2 ' 0.66 4.9
¢ | 1855, - 2,43 4.9 - 0.50, 5.4
(k| 1836 1.74 | "t 4.3 0.55 - | 4.0
seed)| . _ . .
. 1808 1.11 3.3 0.60 3.9
1785 - 0.713 3.0, "0.69 3.7
1765 0.64 4T 0.91 5.6
D 1793 0.791 0.89 0.25 1.1
® 1778 0.564 0.74 0.26 1.0
1758 0.406 0.69 0.30 1.0
seed)
1734 0.364 0.89 0.35 1.2
1707 0.209 0.74 0.41 1.1
1686 0.163 0.86 0.50 1.4
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referred to above, the most reliabie values of ¢ are thosec mea-
sured at the lowest temperatures 'in each fiame (i.e. after allowing
as long a time as.possible te elapse'after the reaction zone).
Values of o determined in the earlier parts of the flame are
invalid because the equations take no notice of the effects of
charge transfer from a species, H30+ arlslng from the flame
itself, whose concentration is actually higher than the steady
state alkali ion density.

The result at 1765 K (flame C) should, as noted be Aiscounted
because of a p0551b1e dubious extrapolatlon of the. ion productlonef
rate curve. The low values in flame D are accounted for by
electron attachment and the consequent.important role of the
receﬁbination-feactiog .

f+or#M¢+Kﬁhﬂ+m“ '
whieh also poseiblykaccouhts for wﬁy o at 1785 K (flamejC) ie

less than at 1848 to 1883 K in flame B.

6.3.1 Parameters used in'tﬁe detefmination of a.

The values of q, the ion pair productlon rate term,
quoted in Tdbles 6. 5 and 6 T, eome from.tpe;saturatloa eurrent
den51ty'vs. dlstance graphs (see eection'552.i and Figu?es 5.1
and 5.2). Hav1ng establlshed g, a graph of q vs. X then glves .
the p051t1ve ion den51ty dlstance scaling factor, Y » as derlved
) in sectlon 5.2, 3. The values quoted from the method outllned
in that sectlon are not quite the same as those whlch would be
obtained by a plot of pesitive ion density;.given in Table 6.4,
column 6, against distance.,‘However, this is not ef great
.importance, since all the term in Y does is provide a correction

factor which increases the value of the recombination coefficient
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(column 9) by from 10% to apparently about 60%, but in this latter
case there is substantial electron attachment, so equation (5.25&)
gives a value of ¢ quite far removed from that for electrons.

In principle, one could.use an iterative procedure of feeding a
value of Y derived from the measured ion densities back into the
expression for the ion density to obtain a '"better" value for it,
then repeat until the required degree of self—consistency had
been obtained, but it is felt that overall accuracy does not
warrant this. Besides altering only a first order correction
factor, it is in any.case very doubtful whether the ion density

" measurements are more accurate than the ion production rate, so
the correction. factor is better derived from the latter, and any
error 1nvolved is likely not to add substantlally to those already
" present, - Charge transfer effects’ from natural flame ions and
subseouent recomhlnatlon in anY.case alter the’ 1on.proflle 5ust
downstreain of. the reaction zone. .

The charge transfer effect is shown in its most
pronounded form ln the ion density curves in flames A and B. In
the former, the apparent value of Y “is about tw1ce that cal-
"cu&ated from the "ion productlon rate ‘curves.’ In the - 1atter, it
is 0.77, as compared with 0.46 lrom the ion productlon rate
curves, but, if only the ion densitites at the temperaturesvwhere
'_ a steady state is postulated are used, then the value of 0. 77
“comes down to 0 41, cons1stent w1th the other method of measure-i
ment of Y. In the other two flames, C and D, values for + of
0.39 and 0.41 are obtained, 1nd1cat1ng e1ther a steady state in
the ionization-recombination reactions, or the lack of one masked
by other reactions involving potassium atoms that have not

. reached a steady state: This is plausible since one would expect
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Coulombio forces to ﬁasten the rate of an electrical three-~body
reaction as compared with o similar neutral one.

The other term which enters into the calculation of
the correction factor, as well as, more importantly, into the
calculation from the observed graphs of the ion-density, is the
burnt gas velocity, u. The magnitude of u is obtained from
measurements of the total volumetric throughput of the gases and °
the cross-sectional area of those gases coming from the central
- part of the Bufner, the area'oeingrméasured'by casting an image
of this central, luminous'ssctioh on'a so%een. It was not
necessary to check this value.of u sinoe“it is known (Kelly and

156

Padley ) that such calculations for a.shielded flame on a

Melcer burner; i.e: like'thshﬁresédt.sysigm;'agrée'to ca., 4% oithﬁ

-

particle track meésuremédts of gas velocity.

6.3.2. Experimental values of the recomhinatioo coefficient
The values of the recombination coefficient shown in .
Table 6.7 appear somewhat irregular; and the coefficient found
for flame’ D is. anomalously low 1f one is to take seriously the
T.hl lA | results obtalned from the. slmultaneous equstdons.' Howh ’
ever, us1ng'a;corrected value of:ﬁh;s %stlo, Boorf; that brlngs-
the apparent. o; valuss of Tableié.é:up'jo'i.ﬁ-{ 10712:om2, the .
averaés'volué found in flames B'éﬁd d'éfter the excess ion density .
: has decayed to ; steady state vadue, one may.obtaln a corrected
value of @, which glves a good approx1matlon to ‘&1, the value

" for electrons.

From chapter 5, we have

e = 4 .yt
2 n
n +
+

= 'sa1+ (1 -8 )az | (5.251)



140

or A € A1 1

This function appears in Table 6.8 for flames A, B
and C with ¢ as found from the simultaneous equations at the
temperatures where it seems probable there is a steady state
(i.e. where the assumptions behind the equations have not been
violated). For flame D, the corrected value of (l(as explained
above) is used.

In flame A attachment is seen to be negligible and

therefore,,001responds almost purely to the electron/10n/th1rd-
f;body reactlon. Flame B shoms a steady rise.in. & as temperature-
decreases, there being ca. 20% attachment. In flame C, o appears
to drop with respect to the hiéher temperature flame B, but the’
;:corrected value,uafter:allowing.for electron attachment in;the )
steady state{fbrings' o bach to a value oonsdstent with B.
_ . Using the apparent value of B, Ba; for flame_b would.

lead to values of o/ Bless than those of flames B and C, and
imply a'negatlve value of Qgs the coefflcient for the posftive
1on/negat1ve 1on/th1rd body reactlon.; The‘corrected value of g,
once agaln, however, assures compatiblllty of ‘1/3 w1th the.' -
_h1ghe1 tempelature flames.. Y _;-tf}{;“.

g

Since.the factor £1—£7§; changes by a factor: of ca.,
20-=30 for the potassium seeded flames w1thout any not1ceable ohange'
in the recomblnatlon coeff1c1ent other than that "which mlght be
expected from temperature chanves (Bates, Malav1ya and Young 42)
one may reasonably conclude that the effect of 52 lles within
the range of random errors. If this is put, at 1800 K, as ca.
2°. 10—9, then since, for flame D, -8 bhas a minimum value of
ca. 5, this means that an upper limit may be nut on' 9,, viz.

‘.aé < 4, 10"10 cm3 s"1



THREE ‘BODY: RECOMBINAT ION. COEFFICIENTS FOR' ELECTRON-POSITIVE “ION REACTIONS AND NEGATIVE ION-POSITIVE ION

TABLE 6.8
REACTIONS. (ORDER OF MAGNITUDE ESTIMATE) - .
Flame Temperature ;aa(a) : Q}b) = 1 -8 ‘.. “.109&‘ cm? -1) 9 aém
. ' B . . ' : -
(K) : -.(cm3 sfl)" oq * 1-8 en s 1)
A 1977 0.95 | As B 0.05 - 8.7 9.1
LTS T Papp . L
B 1883 . 10,80 | As g ca. 0.25 4.2 5.3
. SRR LR Papp =
1863 S 0.79 | e M i 4.5 5.7
1848 |ro.81 | " " 4.9 6.1
c 1785 0.58 |As B . ca. 1 3.7 7.1
. % Papp.
D 1793 0.66. 0.16 ca. 5 SR 6.9 <0.4
1778 . 0:72 0.14 ca. 6. 1,0 7.2
1758 0.77 - | 0.12 ca. T 1.0 8.3
1734 0.81 0.16". ca. 5 . 1.2 7.5
1707 0.87 0.13 ca. 6.5 1.1 8.5
1686 0.88 . .0.14 ca. 6 1.4 10

(a) From the set. of siﬁhitahﬁégs-cqudtibns;”

.(bl See text.

Tht
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This, with OH  as the negative ion compares with recombination
coefficient values for negative halogen ions with potassium ions
found by Hayhurst and Sugden 28 which range from 2 . 10~10 (c1™

and Br ) to 3 . 10™9 (I") at a temperature of 1800 K.

6.3.3 Present and other literature values of g

The values of q/B = uj.shown in column 6 of Table
6.8 are plotted, together with the results of other workers in
.Figures 6.6 and 6.7. There is good agreement for both the
potas51um and sodlum results,.desplte the varlety of method used
'to determlne 1onizat10n constants and ion or electron den51t1es.

It is" p0551b1e that, for sodlum, the results of
Hayhurst and Sugden ?8 are too hlgh. U51ng mass spectrometry,

.they notlced the flrst hydrate of the sodlum 10n in a proportlon

such that

[Na+j TS | ..; | o
@h+'. H @ o ' N
A reasonable ‘assumption isvthat, like the hydgoniﬁm ioh, H O+,
thls hydrate has a dlsSOCIatlve electron-lon recomblnatlon
coefflclent -in the rangei(i - 4) -‘7; in Wh;chAcage the médsﬁféd
coefflglent would be hlgher than tha#'qu tﬁe.blqcﬁré@/ion/thi;d
body reaction by ca. 20%. The Ha&hﬁrét:énd-Sﬁg@en régﬁltS"wguld -
still then be a factor.qf' 'ca_'. 3 aboye: tf-l'éf.pzt'éé.e'ht ones and most
.:othe£s at sinmilar témﬁeratqres.‘1?éd1ey'a£d:3ug&eﬁ's ?0 ?egultS'
:are.belﬁeved tolghow.é'spu;igﬁs temﬁ?ratufe &eﬁehdéhce, and
. King's 157 results may be discgunted'becaﬁse of the dubious extra-
'polation in his péobe theory. already commented on. |
In Figure 6.7 there is less 1ikelihood of spuriously

. Myt » .
high recombination coefficient since the EK‘]:[K+ . H2d] ratio
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is much higher (Hayhurst and Sugden, op. cit.).

Ashton and Hayhurst's 202 best fit to the hitherto

available data for all alkalis in hydrogeu/oxygen/nitrogen flames,
regardless of their composition, is

o = (320.8)207% 17% e’ 571

This ranges from 7.7 . 107> at 1977 K to 10.6 . 107> at 1686 K.

Bates, Malaviya and Young's semi-quantal prediction
- at 2000 K for a mlxture of n1trogen and 20% hydrogen is. 5 1 . 10
the same, f0110w1ng a. classlcal method (Sayasov ;O Dalldchlck

38, 39) 1

'and Sayasov eads to 8. XARY 10.3 at the same temperature.

The '.l.‘homson.32 theory, where one of the bodies is an
electron, is expressed in terms of'the average fractional energy

loss, £. It varies from ca. 2.1 107 Tt at 2000 K to ca. 3.2.10 7f

':'at 1700 K. As p01nted out in chapter 2 the correspondlng value

_ from Natanson s 136 theory is hlgher by a factor 85/64 (1 €. ca.

30%). At the'temperqtures encountered here, and the correspondlng_.

electron mobilities (see Appendix B) the term 1/ dH'in the equation
(see chapter 2) .

. S

% . F o ta

T Ty

is completely négligible;

6.4 The overall accuracy

- The measured Values of .q are probatly guod to ca. 15m, aud
the ion den51ty measurements to about the same.: The gross
recombination coefficient has therefore an essociated random error.
of ca. 20%. When this is separated out into its components,
difficulties arise since the electron and negative'ion densities

have to be calculated—on a-steady state hypothesis; or adjusted )
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empirically where the equétions break down. Nevertheless, the
consistency shown in Table 6.8.gives reasonable confidence to
expect tﬁaf these calculations are not greatly in error, so a 1
is probably accurate again tq 20%.even in flame C. Flame D
raises problems because of the empirical adjustment of the ion-
ization cross-section to those measured in flames B and C and

the increasing importance of thelnegative ion reaction; in other
words there is a systematic errof introduced here as well as a
randon bné.:;Thenﬁglu;s'sﬁéﬁn'f?r bﬁaf.a,/s e -dl may then be:

regarded as.uppef iimitﬁ"ﬁiﬁh {he same fénddm'errof_as inxthel

-other flames.

The question of ionization cress-sections is somewhat

different because of ﬁhe exponential term. A.temperature error

of 25 K giveés rise'%o_ap‘errbr~df ca. 30%.qnd;one~df,50 K to a.
. factor. of ca. 2. As eiplained in Chép?gf 3, allowances were made

for s&éteﬁati? errors in temperature measurement, but'Figure 3.2

does show certain unavoidable irregularities in the temperature

ﬁrafile. Since the ion production rate; electron density and

.,ﬁbsifiﬁezidh denéiﬁy, as “well.as the tembefaturé—containing

"exponential, come into the expression for the cross-section, the

-

estimated error atfachédrto the bross;ééétiQn may be placed at

Céa. B0 ol

6.5 Reduced pressure ‘measurements

' Attempts were made to measure the pressure .dependence of - .

6.5.1 The reduced pressure apparatus

A S5 cm diaheter, 2.5 cm high water cooled Egerton-

Powling matrix burner was used in the low pressure housing used



the atmospheric pressure work, -:

e

N\

in the pdper of Boothman et al 24. The matrix, formed by winding

alternate plain and bfimped metal tapes in a tight spiral to the
diamgter of a collér that fitted into the water cooling jacket,
allowed the passage of a fine potassium carbonate spray from the
atonmiser uéed in the atmospheric pressure work. Beneath the
matrix was a-column of glass beads which, perhaps somevwhat sur-
prisingly and:fortunately, did not impede the passage of the

potassium carbonate spray. Neither the gas flow system nor the

electrical circuit was diffetenf_innap& fun@amenféitresbeét from -

R s.“"f

s .

* An additional electrical circuit allédwed igﬁifiog.bf.x
means of a spark,'appliéd between the upper gauze electrode and

an additional wire one, from a 3 kV mains transformer. During.

" ignition, the thérmocouple used for temperature measurements was,

for protection, retracted into a short metal cylindér.bﬁilt into

" the ~inside of the metal one of thfeé side windows of the bdrﬁer~

housing. Both electrodes and the thermocouple entered the housing

thfbugh standard sliding seals, obtained from Messrs. Edwards

(High~Y&chm)*Ltd.,:thq foxmer«tWO;Véftically_and3fhe latter . - "

1hdrizpn£ally.

R

The flames, of approximétely tﬁé]same equiv?lence

" .ratio as the potassium-seeded ones at ‘one atmosphere pressure,

* were burned within the pressure'range 160-600 torr. At the

higher end'of this.rangé, the cehtxeiof fhe matrix bgca@e red

hof, giving ;ise to éoncern'fﬁaf ionhemi;éion'from ié.may ;dtiate
ion density.results. As might be expected, the ‘gas temperature
above this part was much lower than that nearer the circumference
of the matrix. In addition to this, in some flames, there was

actually a temperature inversion, caused by diffusion, so that
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in some.parts of the gases, temperature actually rose with height,
rather than decreasihg. The absence of a shielding flame is a
further complicating factor.

. Because of the temperature irregularities, and the
exponential dependence of ionization rates on temperature, the
relevant area of cross-section for the flame gases may not, indeed

almost certainly does not, coincide with the area of the matrix.

6.5.2 Values of @ at sub-atmospheric pressure.

In view of this,'only gqualitative (i.e. order of
magnitude) estimates of o could be made. -By applying the same
line of analysis as at atmospheric pressure, © ranged in value

. from ca. 4 -. 10—9 at 470 torr, through ca.-1 . 10'-8 at 275 torr

to, at 156 torr, ca. 2 . 10'-9 (unrts of om° do;eculej? s,'-1 in-all.'
‘cases) . )

Such vahues,‘wheh“the associated.error.is‘takeu into
consideration; are not in contradiction with theory. Bates,
Malaviya and Young 42, for eiample, predict that o may rise by
-.an order of magnltude as the temperature drops from 2 . 103 K to
1 ; 10_ K. Thls, on taklng 1nto account the fact that,.especlally"
at the lower end of the pressure'rangeg'the-temperature dropped t?
Cas low. as ca. 1350 K (after thermocouple ccrrectdons had heen
added on), is enough to counteract the expected drop inh. o with
pressure “hlch is ezpected on the basis of three-body colllslon
'.theory._ | - - | .

The reduced pressure estimates, although they do not
add to the knowledge of the three-body recombination rate, do

not contradict the existing theories, and, after allowing for

the quite big errors _involved, are compatible with them.
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6.5.3 Three-body reactions at reduced pressure

Rather more important than this somewhat negative
result are-two obhservations made at reduced pressure which are
not dependent on the gross irregdlarities of the system.

Figure 6.8 is a trace of the current-voltage char-
acteristic for an unseeded ethylene-air flame at 242 torr, and
shows the saturation current plateau'region. The number by
each curve refers to the height in cm of the electrode above the
. flame reaction zoﬁe,.and is alsc~theref0re“re1ated to the time
talten for charged spec1es to reach the electrode (the hlgher the
number the longer the tlme) The 1nterest1ng part is the break
in the curves at about 50% of the saturation value; the rise to
eaturation from then on is mhch slower (as a.functioh of applied
'voltage),-ahd:ih thelhighest:electrqde.case; saturatidh.harely.
sets in'before-seccndary ionizatdon. Thie'transition can ohly
bé due to the exisbence of tﬁo‘negative.species of widely'different
mobilities, viz. eiectrohs and negative ions.

.The sudden change in gradient is, then, quite elegant
“'visualxprocf of the-exiétence'of an electron attachment-reaction.
It 1s also a demonstratlon of the speed wlth which 1t takes ﬁlace.
At lower electrode helghts, it is debatable whether the effect
is present; but at higher ones, the charged species has-to traveI.
through the gases for.a tlme roughly proportlonal to’ the electrode
height (if there is a more or- less uniform field between electrode.
and burner) so attachment probably approachee some steady state
value. | .

The effect was not noticed at atmospheric pressure,
nor indeed in all the reduced pressure flames, and is dwarfed

. when an alkali seed material is fed into the flame. It is
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suggested that the effect may be liﬁited in its importance to
the outer sections of the flame{ ﬁhere the absence of an annular
shielding flame means- that flame-gases tend to mix (as is not the
case in the atmospheric pressure worlk) with the surrounding
recirculated combustion product gases;
Due to this, and the other impqnderables and irreg-
ularities in the situation, no meaningful estimate can be made
of the electron attachment rate, and the figure stands as a
purely quélitative dgﬁonstration of thg.éffect."
| Despite the, iq‘geﬁeral, lqwer.temperétures employed.
at reduced p;essufe,'it waé usuéll& ;asi;r to obtain elédtrbdé'
height dependent saturation currents. As an illustration-of
this,-Figure 6;9; showing satufation current plateaﬁx as a ﬁunction
'of_heigﬁt fof a:ﬁotassium seédediﬁléme'a%‘éi2 ﬁérr, may,be‘comparéd;
ﬁith Figure 5-4,.%howing the same ;t atmospheric pressure, the
latter being one of.the'better to decifer, the fo?mer dﬁite
average. In other words, there seems at fedﬁced pressure, to be
ﬁugh more free atomic alkali (in comparison with the total alkali
" introduced) than at-bnq atmoqphg%e.". | |
| .?fhis'méy'béi%akeﬁ'aé g;ﬁfirﬁagidé_;fna third;ﬁédy
feactién (whose rate is of coursé inversely proﬁortional to
':préssure'iﬁ this rangé)‘in fﬁe removél';f.f%ee ;tomié élﬁaii.
Support is therefore foﬁnd for the reaction o
A+ OH+M-7 AOH +M - . = (5.27) -
at atmospheric pressure, with possiﬁly-the alfernétive reéﬁti;n
(5.26)
A+ H20 - AOﬁ + H

coming to predominate at reduced pressures.

o
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RECOMBINATION COEFFICIENT FOR Na*+e +M—Na+M
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CHAPTER 7 OTIIER RESULTS

7.1 The hydroxyl radical concentration

The five equations (5.34) to (5.38) give values for free
alkali, alkali hydroxide, electroﬁ, and hydroxyl radicals with
and without éttached electrons on the hypothesis of a.steady
state. This clearly breaks down in the earlier parts of flames
A and B where the ion density is abeove the steady sfate value;
this could be due to charge transfer from H30+ followed by
rélatively slow three body recombination, or fhe possible-
importance of the reaction

K + H,0 ';* KOH + H ’ _ (5.26)
in the early parts of the flame where the hydrogen atom concen-
tration may be above equilibrium, or both. The two-body reaction,
however, cannot dominate throughout, as already evidenced by
the (ki)e graphs in Fig. 6.3. The hydroxyl radical concentration,
from equation (5.36), is therefofe totally false in the early
partsﬂof flames A and B, apparently being negative in A and rising,
with increasing time and distance from the reaction zone to a
maximum in B rather than declining monotonically.

In flame C, the modulu; of the'apparent hydroxyl concentration
is very high in the early stages, and may again be disregarded
until the steady state is set up (as instanced by thé equivalence
of the measured ionization cross-section to that found in the
latter stages of flame B).

In flame D, there is no steady state among the neutral
specieé, What amounted to an empirical correction factor was
intr@duced, as described, into the charged'species relations.

If this, and concentrations resulting from it, have the subscript

"e!" appended, viz.

-
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b = (),
and the apparent equivalent from;fhe steady state equations the
subscript "a', viz.

Ba = (n)o/n,

then, it is easily shown, since

e ¥ Oog~ = 0y
and ne . nOH _ K32
Don-
(ngy), » 8.(1 =135 )
OH’ a a c
that 7.1
a (), TR (1)
a c
Similarly, by using
n . n
0H K _ K27
B (0):
and [Kﬂ& = nK +_nKOH

it follows that

: Ba EK]T - (nK)c
(nOH)c = E: ) (HOH)a : [£], - (nK)a

(7.2)

The two are seen to be compatible only if

2
n

/Kﬁ _ ot ’
1 [,
or, in other words, if there is no hydroxide formation, and there-

fore no electron attachment. In this case, of course, € = 1.
This is mathematically trivial and, physically, both wrong and
absurd; |

Two possible conclusions may be drawn. First, although there

may be a steady state electrically in flame D, there is definitely

not one among the neutral species. In other words, equation (7.1)



may be true, but (7.2) is not due to the slow rate of neutral
three-body recombination reactions as compared with the three-
body'electrical ones. The.second possibility is that néither
equation is adequate. .

The correction factors do bring consistency to other elec-
trical parameters (recombination coefficients and ionization
cross—sections) thus giving indirect circumstantial évidence_in
favour of the former hypothesis, but against this is the fact
that they lead to hydroxyl concentrations about 40 times the
equilibrium value throughout flame D, i.e. pértial pressures of
1.7% falling to 1%. These concentrations are perhaps excessive.

Equation (7.2) predicts hydroxyl radical concentrations of
ca. 7 times the steady state values (themselves ranging from 4
times equilibrium to the equilibrium value furthest away from
the reaction zone). As pointed out, however, (7.2) is unlikely
to be an adequate description if (7.1) is not. Competition from,
though not dominance of, the two-body potassium-water wvapour
reaction (5.26) is probably the likeliest explanation, with the
real values for hydroxyl.radical concentration lying between the
two limits deduced above. ’

"Table 7.1 lists the useful data one can extract from the
steady state equations and compares them with the full thermo-
dynamic equilibrium values. The subscript "s" refers to steady
state values; "e",_of course, to equilibrium. Values from
equations (7.1) and (7.2) are listed for flame D at the highest
and lowést temperature of measurement there to indicate the range

within which the actual value may lie.
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THE HYDROXYL RADICAL CONCENTRAT ION

TABLE 7.1
: 15 15
Flame| Temp. 107 [od] _ 107 or]_ for]
(K) (cm.-3 em™ EHje :
A 1977 2.5 2.7 0.90 = 1
B 1883 6.8 2.8 2.4
1863 6.2 2.6 2.4
1848 5.0 2.4 2.1
C 1785 12.5 1.7 7.4
D 1793 10 - 70 (?) 1.8 6 - 40 (?)
1686 7 - 40 (?) 1.0 7 - 40 (?)

7.2 Implications of a super-equilibrium hydroxyl radical

concentration

The existence of a super-equilibrium concentration of 0H,

and other flame radicals, sheds light on a recent paper of Lawton

117

Lawton, by measuring the negative species mobility in a flame

of very similar composition (5.45% 02H4, 94.55% air) to those

used here, and comparing that experimental value to a semi-

theoretical one, came to the conclusion that, in order to account

for the discrepancy between the two, electrons must have attached

to a flame species, thereby lowering the average species mobility.

Since he assumed that all neutral species were present in

equilibrium concentrations, his only choice as a possible species

capable of attaching electrons in the numbers necessary to explain

——
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his results was water vapour. Certain comments may be made on
his paper.

. First, some of the values of the electron-molecule collision
frequency,'and; in particular, that for electron-water vapour
collisions, have now been superseded since the publication of

172

Frost's 1962 paper (see Appendix B). This sheds doubt on

the semi-theoretical electron mobility value used.

| Second, the mobility evaluation method of Pack and Phelps 173
seems open to doubt for a flame such as this, where there are
two fermé, the electron-nitrogen and electron-water vapour
molecule collisign frequencies, which are similar im size; +this
makes convergence of the series slow if not impossible., In fact
a numerical integration, using Lawton's data and equilibrium con-
cgntrations for a temperature of 1870 X, deduced by Lawton, leads
to a value for electron mobility of 7600 em> V-1 s-i, as compared
with Lawton's value of 9000 from his series expansion. A
numerical integration using the data of Appendix B, leads to a
value of 5900 cm> V™1 sfi, compared with Lawton's measured value
of 3600. Thus, even the very dubious assumption of 0.9 eV as the
electron affinity of water wvapour wouid not explain this, even
though it abpears to explain the figures im Lawton's paper.

Third, this value for the electron affinity of water value

is eventually traceable to a paper of Platzman and Franck 174.
A discussion of it appears in Gray and Waddington 175, in which
it is made clear that this refers to the trapping of an electron
in a potential well created by the dipole moments of several
water molecules in the liquid state. A straightforward extra-

polation of this to electron affinity in the gas phase does not

seem justified, especially as a mass‘spectrometric analysis of
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negative ions in flame gases (Knewstubb and Sugden 176)

showed
conclusively that negative water vapour ions were down in
concentration by at least three orders of magnitude compared
with negative hydroxyl ions. These remarks also apply to the
assumption of H20~ by Jensen and Padley 8

Fourth, the temperature used is open to question. Lawton's
experimental set-up is similar to that used here, with, in his
case, a massive water cooled electrode, rather than just a
comparatively flimsy wire gauze. Since even the latter is
observed to have cooled the burnt gases beyond the reaction zone,
it may safely be supposed that this was even more the case in
Lawton's work, where n; direct temperature measurement was made,
other than a measurement of the saturation current, for which,
in effect, a temperature calibration in terms bf reaction zone
temperature had already been carried out on a similar apparatus.
The temperature used in Lawton's paper, then, is almost certainly
not as well defined as he claims, giving fise to a further source
of. error when the Saha—Bbltzmann equation is applied.

Last, and what is chal}enged by the interpretation of the
present results, is the stated assuﬁpfion that the hydroxyl
radical is present in eqﬁilibrium concentrations. As here, how~
eier, there is probably sufficient time for the reaction

e+X+‘M T X +M

40 become bhalanced.

Using a recalculated semi~theoretical electron mobility of

5900 cm2 V""1 sm1 (data from Appendix B) and Lawton's measured
value of 3600 cm2 vi s-i, the ratio ;2 = n (Iawton's.g ) is
given by | B .

3600 n

5900 ~ 1 &
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or n = 1.6

Since = JEJ—LQEL = - nl|0H|,
K30

= o] =

(the effect of other species, even 0, , being dwarfed by OH-),

2

then at 1870 K, [H] = 2.54 . 1016
1.6

or, [ol = 1.6 . 10

Lawton's calculated equilibrium OH concentration is

[od] , = 1.9. 101°
so -E%%— = . 8.5
e

Referring to Table 7.1, the same ratio, measured ca. 25-35
msec after the reaction zone, is over 2 for flame B (final flame
temperature 1957 K), ca. 7 for.flame C (final flame temperature
1890 K), and probably higher for D (final flame temperature
1818 K). An extrapolation, therefore, from B and C gives the
right sort of figure to fit in with Lawton's measurements. Due
to the errors involved both here and in Lawton's work, tne good
agreement between the extrapolation from this work and Lawton's
experimental findings is pe?haps somewhat fortuitous. Neverthe-
less, one may conclude that there ié now sufficient quantitative
evidence to’explain Lawton's results solely by reference to OH
concentrations, without the ﬁeed té invoke a mythical ground state

negative water vapour ion.

7.3 The field in the plasma

Lawton 89 and Iawton and Weinberg 90 assumed a simple model
to derive values for the voltage and field distributions in a
non-seeded hydrocarboﬁ flame whose only ionization came through
the reaction

CH+0 , cHO' +e
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Inter alia, electrons were assumed to have infinite mobility, so
that even the smallest applied field would reduce the electron
density to zero. For their purpeoses this model was successful,
but Chapter 5 of the present work indicates that such assumptions
have little relevance here, and would lead to glaring inconsis-
tencies.

Instead, a finite value was assumed here for electron
mobility, and a value of the field within the plasma, E, was

derived:

E = J- +YkT
en+sue e

(517 )

E is thus the sum of two terms: one proportional to temper-
ature and the other rising roughly exponentially with distance
if j is held constant. Obviously, tuis is far too general to be
sﬁown in graphical form, but in Table 7.2, selected values of E
are shown in the final column. 6urrents are chosen that are
typical of each flame in the région of the current-voltage
thracteristic where ion densities are measured; the relative
magnitudes of the two terms are shown in columns 7 and 8. Other

details are explained by the footnotes.

-

7.4 The fractional electron energy loss
177

Cottrell and Walker published a graph of fractiomnal

electron energy losses, f, for collisions of electromns with

selected common gases for energies up to 1 eV. The values at

0.15 eV, typical for the present work, are, for €0, ca. 4 . 1077,

for 02 5. 10-3 and for N2 ca. 5 . 10-4 (the latter extrapolated

from the 1.0-0.4 eV range).

From Chapter 6, Thomson's °2 theory predicts that at 2000 K,

o = 2.1. 10-7f”énd at 1700 K, o _= 3.2 , 10-7f, Natanson's 36

1 1
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TABLE 7.2 THE FIELD IN THE PIASMA " (at selected currents)
Flame| T j g | 107, n, 10% . § | 1024k E |
(K) (uAcmfz) ' (cmm3 (cmzvnis-l) © P °
(v em=1) | (Veu™ )| (Vou™)
A |2023 5 .95%| 9.2 6400 5.6 4.0 | 0,096 |
2021 u s | 8.0 6.4 4.0 | 0.104
2012 " L 6.6 7.8 4.0 | 0.118
1904 w 0 5.2 9.9 3.9 | 0.138
1977 L L 4.1 12.5 3.9 | 0.164
B | 1947 5 .80%| 30.8 6500 2,0 7.7 | 0.097
1938 " _'" 23.3 2.6 7.7 | 0.103 ]
1927 " “ 16.9 3.6 7.6 | 0.112
1909 " " 11.9 5.1 7.6 | o0.127 !
1883 " “ 8.9 6.8 7.5 | 0,143
1863 T 7.3 8.2 7.4 | 0.156
1848 " " 6.5 9.2 7.3 0.165;
¢ | 1855 2 528 7.1 6200 5.5 7.4 0.1292
1836 " " 6.4 | 6.1 7.3 | 0.1341
1808 " - 5.8 6.7 7.2 | 0.139
1785 " g 4.9 7.9 7.1 0.150E
1765 " o 3.7 - 10.4 7.0 .0.174§
D | 1793 2 §14b 9.4 6100 15.6 7.1 0.227%
1778 " " 8.7 4 16.8 7.1 0t239?
1758 " o 1.7 . 19,0 7.0 0,260%
1734 " z 6.4 , 22,9 6.9 09298€
1707 " . 5.3 27.6 6.8 | 0.344 |
1686 " L 4.4 33.3 6.7 0,400§

a From the five equations describing the steady state. i
b "“Corrected" value; as stated in the previous section, there is still |

doubt as to whether this may be adequate. ;
¢ From Appendix B.
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theoretical predictions being ca. 30% higher. The actual values
from this work are ca. 9 . 10-9 at 2000 K for sodium and ca.
1. 10”8 at 1700 X for potassium.

The implications of this are that;>on the Thomson theory,
the fractional energy loss for an electron in collision with a
water vapour molecule is ca. 0.35-0.40, and, on the basis of
Natanson's theory, ca. 0.25-0,30., This may seem large, but it
does not seem inconceivable in the light of the water vapour
molecule's huge dipole moment and large cross-—section (see Appendix
B) for c&llisions with electrons. Comparable figures are shown
by Cottrell and Walker ﬁor CH4 (ca. 0.3) and 02H4 and N20 (both
ca. 0.1).

Although there is doubt about the nﬁmerical factor in these
relatively elementary recombination theories, fhey are probably

not seriously in error, so the above estimates for water vapour

are probably reasonably reliable.
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CHAPTER 8 CONCLUS ION

The work presented in this thesis contains a development and
extension of the range of analytical techniques which can be
applied to.-flames and hot gases in general,

Except for Melinek's 93 work, drawing a saturation current
from a flame has been used solely in the attempt to measure the
activation energy of the process that causes 'naturél' ionization
within the reaction zone of a hydrocarbon flame. Melinek measured
the dependence upon the height of the measuring anode above the
burnér cathode of the saturation current in a smoking hydrocarbon
flame. His results were found to be consistent with the ionization
of so0lid carbon particies, whose work function was assumed to be
very similar to that of graphite (4.4 eV). The present work, for
the first time, avoids any possibility of agglbmerates in the
pfoducts by applying this technigque to a fuel-lean hydrocarbon
flame seceded with two alkali metals: sodium and potassium,

After allowing for what was almost certainly positive ion emission
from the anode, which was either not present or overlooked in
Melinek's case, the measured ionization coefficient versus tem-
perature graphs were found to have élopes consistent with the
ionization of whichever was the predominant alkali atomic species
in the two flames least affected by an over-production of

hydroxyl radicals.

The ionization cross-—sections found were some three orders
of magnitudé higher than the corresponding gas kinetic cross-
sections. This is explaiped, at the moment éemi-quantitatively,

165 and Fowler and Preist 164, although

in the papers of Preist
it seems likely that their analysis is, as yet, insufficient to

account for the effects both of atomic species and those molecules
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with a permanent dipole moment, especially those where Dea0 is
comparablé with, or greater than, 0.5. It seems, however, that
for quadrupolar molecules, their explanation is probably valid.
The number of the excited states from thch ionization of the
atom may take place, as well as the question of the existence of
thermodynamic equilibrium in the higher excited states, is not
yet fully understood, and it seems that further advance here is
dependent on both a development of theory and the provision of
more experimental results. If more work is to be carried out on
this, special attention must be paid to the relationship between
ionization cross-sections and both the density of free electrons
present during measurement and the composition of the hot flame
products. For the exact results required, it will not be enough
tq.assume an equilibrium composition, since the effect of species
such as the hydroxyl radical, which as a polar molecule may play
an important part, may be either neglected or underestimated.

By varying the vﬁlumetric throughput while keeping the equi-
valence ratio of the flames constant, a value was found for the
activation energy of the reaction zone ionization process, which

is likely (Fontijn, Miller and Hogan 15, Bulewicz and Padley 16)

to be )

cH(x®n) +0 » cHO' + e
The value found was 50-100% higher than those quoted for similar
flames (though without the few per cent additional nitrogen used
here) by Lawton and Weinberg 90, Lawton 89 and Melinek 93. There
are however differences even between the results of Lawton and
Melinek, both of which were carried out on a Botha-Spalding

porous disc burner. Two reasons may be advanced for these dis-

crepancies, which are further added to if the results of some
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Soviet researchers, referred to in Chapter 4, are also taken into
account.

The first, conming from the work of Fox and Kihara 118, is
the fact that porous discs do not give'anywhere near such a homo=
geneous reaction zone as has been assumed until the publication
of their recent paper, leading to the consequence that it is
‘extremely difficult to compare results obtained by different
people, even when they use nominally the same burner system (see
Chapter 4). .

The other major reason is that the ionization coefficient
is dependent, as recently shown by Preist'lﬁs, on the free
electron density present. Different systems may again be different
in this respect. It should further be noted that, this being the
case, the ionization coefficient itself and therefore any measured
activation energy, is likely to be altered by the tool of measure-
ment, i.e. the application of an electric field which removes
charged species. |

The present results‘represent, in all probability, something
of an extreme in regard to this question of activation energies.
In order to be able to seed the flaﬁé, a Meker burner had to be
used, whicH‘giveé a flame reaction zone consisting of a network
of small cones. It cannot be claimed, therefore, that the zone
is even as homogeneous as those produced on Botha=Spalding
burners, which, és is argued above, do not themselves produce a
totally homogeneous reaction zone., Whereas for the latter tyﬁe
it is possible, though as now seems likely rather dubious, to
define a flame area for all but-a flame about to *blow-off", it
is quite impossible to define such for a Meker burner. This is

why the current work.defines activation in terms of ion yield per
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molecule éf fuel consumed, whereas others define it on the basis
(still probably dubious) of>saturation current density.

.The conclusion to be drawn is that for the process of
ionization in a reaction zone, activation energies should be

defined only for specific systems. If this is adhered to then

the various results obtained are probably equally valid, other
factors being equal, though the concept of activation energy for
this process loses its universal validity.

A mathematical approximation, based on physical principleé,
was found to describe the dependence of saturation current of a
seeded flame on electrode height. When this is extrapolated back
to the assumed reaction‘zone position, there is no clear evidence
for unusually high ionization of alkali metals in the reaction
zone. Since there is, as explained, doubt abouf where one should
define the reaction zone, this should be taken as a null result.

A new method has been developed to measure positive ion
density. The method gives an average across a cross-section
prependicular to the gas flow, rather than an average at a point
or across a diameter (spherical and cylindrical probes respectively)
or within a volume usually defined bf £Vo parallel planes at
right anéles’to the flow (microwave cavity methods).

Similar methods to the one used here have been attempted
before, as described elsewhere in the text. They have however
depended on the slope, found to a first approximation to be
constant over the range considered (somewhat arbitrarily), of
the curfent-voltage characteristic at constant electrode height,
or of the applied voltage~height characteristic at constant
~ current. Both of these approaches are shown to have led in the

pfesent work to absurd conclusions. Without further information,
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the current-voltage charaéteristic tells nothing about conditions
in the body of the flame, since a substantial part of any voltagé
drop takes place in the electrode sheath regions. It is easy

to fall into the similar trap, with the voltage-distance charac-
teristic, of assuming this describes the dependence in the main
body of the hot gases, outside the sheath regions. On this
assumption, one obtains a spurious electron density,‘from one to
two orders of magnitude less than the true undisturbed positive
ion density.

The basis of the method developed here is to locate by
intersecting tangents the position in the current-voltage
characteristic of a fairly well defined "elbow". It is postulated
that, here, electrons and negative ions are just repelled from
the electrostatic sheath that guards the cathode. By considering
thé velocity (predomiﬁantly convectional) at which positive ions
leave the main body and enter the sheath, a determination is
made of the positive ion concentration, since here there is no
contribution to the current from negative species. The effects
of diffusion, convection and electrically induced velocities
are all considered in the aﬁalysis pfesented.

The results obtained compared well with ion or electron
densities found by the other methods discussed. When combined
with charge production rates derived from the saturation current
versus height graphs, equaily good results are obtained for the
electron-positive ion recombination coefficient, as coﬁpared with
the results found by other techniques. Further, an order of
magnitude estimate was made for ionic recombination coefficient
between potassium and hydroxyl ions. This again is in quite

good agreement with another estimate by Hayhurst and Sugden 28
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of the same parameter, with a neéative halogen ion in their case
replacing the hydroxyl ion here. |

It is not claimed that a riéorous theoretical treatment is
given for obtaining the undisturbed ion densit