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ABSTRACT.

Rates of ion generction in premixed ond diffusion
flaomes are investigated by the measurenent of saturction
currcnts, The voriction of the saturation currents of
prenixed flames with final flame temperature and
stoichionetric ratio is obtained. A porous disc burner
is enployed to give flat non-adiabatic flames with
tenperatures between about 1400 and 2100°K.

Flames of four hydrocarbons (methane, ethane,
propane, cond ethylene) with air and with oxygen ore studied.
The effects of various additives on prenixed and diffusion
flomes are determined, Additives used include clkeli
netals, promine, carbon dioxide, hydrogen, and corbon
nonoxide. Chemiionization of the 2lkali metals does not
appear_to occur except in pure carbon ronoxide diffusion
flames,

Effcctive activation energies of the rotes of ion
generation per unit area of premixed fleomes cre deternined,
For lean and stoichiometric cir flames oan average value of
210 kJ mol™! (50 keel mol™l) is obtained, It is found
that flames with oxygen and rich non-luninous flaomes with
oir give higher activation energies ond lower saturcation
-current densities.

The rote of ionization above & rich luminous flone



S
due to thermal ionizction of the carbon particlgs is
nmeasured ond o voluc for the work function of 4.6 eV
obtained.

The.conduction of charge to the celecctrodes is
investignted, It is found that continuing ion generction
occurs above the renction zone of premixed flomes and its
rote is estimated.

Hydrocorbon diffusion flames are found to give
ionizotion efficiencies (i.e. yields in clectrons per carbon
atom) of the order of 5 x 107, using several differcnt
burners and o range of fuel flow rates. The ionization
efficienqy is found to be inversely proportional to the
pressure,

Results of other workers anc those of the present
study are compored. Several interesting conclusions

concerning the mechonism of chemiionizoation are reached,
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Nomenclature.
Distance from flame, electrode separation;
flame area;
effective probe area;
electron charge;
electric field;
effective aciivation energy per mole;
flow;
height above burner surface;
current;
current to probe;
total flame current;
current density;
rate of generation of current per unit volume:
value of J at unit distance downstream of flame;
charge mobility;

density of charged particles of one sign;

number of electrons produced per carbon atom input

( = ionization efficiency);

pressure;

gas constant per mole;

burning velocity relative to cold reactants;
temperature;

final flame temperature;

temperature when fuel has been oxidized to H20 end CO;



gas velocity;
voltage;

X distance;

~ recombination coefficient;

£ permittivity = 8.85 x 10712 P m ! for free space;
Ve, electron attachment frequency;

Vg  electron detachment frequency;

P space charge density;

g stoichiometric ration;
Subscripts,

+ positive ion;

- negative particle;

i negative ion ;

e electron;

s saturation value.
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PART T. INTRODUCTION.

CHALAPTER ONE.

PHENOMENA .
1.1, History.

It has long been nown that flames are capable
of conducting electricity. Gidbert (1600) found that
electrically charged bodies lose their ability to attragt in
the vicinity of a flame or on being hecated with a flame,
Watson‘(1747) demonstrated the conduction of electricity by
flanes. More work was done on electricity and flames in the
following years, Most of this early work was ingenious but,
of necessity, crude and qualitative, and is now maianly of
historical interest. However. it is worth recalling in
order to provide a background to the present study.

Erman (1802) discovered that a wire in‘a flame
conducts positive electricity more easily than negative.
Henley (1774) found that a flame between two electrodes
tended to be deflected towerds the cathode, Brande (1814)
confirmed that flames are deflected by electric figlds and
that the deflection is usually towards the cathode, It is
now known that this phgnomenon igs due to the ionic wind
effect (Calcote, 1949). Brande found also that electrolysis

of flame products occurred, acidic gases tending to go to the
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anode, Cuthbertson (1802) shcwed that the heat transfer to
electrodes placed near a flame is altered by the application

of a field,

1.2, Electrical Conduction in Flaues.

A large number of effects regarding flome
conduction have been noted. The principal findings will be
presented briefly in this section as a series of short
statements of fact,

Electrical conduction in flames is non-ohmic
(Iawton & Weinberg, 1964), Also there is & maximum current
which can be drawn before secondary ionizetion occurs, and
which is termed the saturation current.

Giese (1882) and Schuster (1890) put forward the
concept that the conductivity of flames is due to ionization
produced in the reaction zone, the current being carried by‘
the movement of charges through the gas, as opposed to being
carried by charge transfer between adjacent atoms as in metals,
As will be shown, this theory explains the observed
characteristics of flames as conductors: their non-ohmic
behaviour; the occurrence of electrolysis; the occurrence
of a space charge leading to the wind cffect; and the
existence of a saturation current,

The conductivity of the product gases of a flame

can be destroyed by passing them through a strong electric
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field (Thomson & Thomson, 1928), the action of which is to
remnove all the ions,

McClelland (1898) measured the conductivity of the
gases above a flame using a quadrant electrometer, He
found that the rate of ion recombination is second oxrder,.

Since about 1900 many measurements have beep made
of ion mobilities and the conductivity of flame gases.

Not all of the earlier work is reliable, A review is given
by Wilson (1931) of work done up to that date, including

the measurement of flame conductivities, and ion and
electron mobilities. The alteration of flame conductivity
due to magnetic fields was measured by him and the deduced
electron mobilities from the magnitude of the Hall effect.
Flames seeded with easily ionizable metal salts and nseeded
flames were studied, and the ionization potential of the

metals used was determined.

1,3, Generation of E,M.F's by Flames,

It is often possgible to obtain small currents
from conductors placed in flames (Hankel, 1851). These
currents result primarily from thermal (thermoelectric and
calorcleetric)effects, The voltages are low, being of the
order of one volt or less, The calorelectric effect

appears to arise either from the electron temperature in the
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reaction zone of flames being =anomalously high (Von Engel

& Cozens, 1963), or from the high diffusivity of the
electrons as compared to positive ions (Iawton, 1965), which
causes a net flow of electrons to one electrode. Wilson
(1931) showed that there is a potential gradient
perpendicular to the flame front due to the tendency of the
electronc to diffuse faster than the ions and he calculated
and measured its magnitude. The potential difference
between two electrodes depends on the temperature difference
between them and may arise partly from the quenching ceused
in their vicinities and the resultant change in the rate of
charge geﬁeration (Debiesse & Klein, 1264). In addition,
the chargg density and rate of charge generation vary through
the flame, A potential difference can be produced elso by
differences in the gas composition at two electrodes
(Debiesse et al, 1965), which may arise in part frou
different rates of electron attachment.

If one of the 2lectrodes in a flame is downstream
of the other then the voltage obtained can be increased by
the charged gas being carried to the downstream electrode,
This phenomenon is the electrohydrodynamic effect and

appears to have been obtained by Klein (1960),
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1.4, Ionization in IPlame Reaction Zones.

Much work has been done recently investigating the
amount of ionization in flames, its nature, and possible
mechanisms. It has been found that ionization greatly in
excess of quilibrium values occurs in flames containing
hydrocarbons, Moreover, it is found that ionization occurs
predominantly in the vicinity of the reaction zone. It
reaches its maximum value near the final flame temperature
and then decreases towards its equilibrium value (Celcote,
1957). Ionization occurs also in the case of gatalytic
oxidation of hydrocarbons (Perkins et al, 1963),

All hydrocarbqns and most other organic compounds
give rise to ionigation. Hydrogex, however, and compoun@s
where the carbon is joined to oxygen by a double bona (eg.
formaldechyde, carbon monoxide) do not (Sternberg et al,1962),
Hydrogen sulphide and carbon disulphide give negligible
ionizetion with oxygen (Van Tiggelen, 1963) and with air
(King, 1962). However, it has been reported that very
small concentrations of carbon disuiphide in hydrogen do
give ionization which appears to oe inhibited at higher
concentrations (McWilliam, 1961),

Most of the ionization takes place over a distance
of at most 0,5 mm (Calcote, 2957; Wortberg, 1965) for near-

limit flames at atmospheric pressure. The distance is
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greater at lower pressures (Calcote, 1962), The timg taken
by the ion generation process is of the order of 1 ms,

The negative charge in flames is carried largely
by electrons (Green, 1965). If 2 negative wire is placed
above a flame the current to it is carried by positive ions
whereas if the wire is positive most of the current to it
is carried by electrons, which have a far greater mobility
than ions, For this reason flames conduct more easily to

a positive wire, as found by Erman (1802),

1.5, Effects of Electric Fields.

When & flame is placed + enode
between two electrodes between = = = - - -~
which a field is applied, as flene
shown in the diagram, positive + + + + + +
cathode

ions are drawn towards the cathode _
and negative charge towards the anode, The electric field
acting on the resultant sbace charge gives an aerodynamic
force on the flame, which results in the wind effect, The
wind effect has been investigated by Payne and Weinberg
(1959), Electric fields can influence also the motion of
charged particles in flanmes, The effects of electric

fields on flames are discussed more fully in Ch,.II.
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1.6, Rate of Ionization.

The ion concentrations and saturation currents of
flames vary with the composition of the reactants.
Saturation currents increase markedly with the final flame
temperature. The ionization process has an apparent
activation energy of about 200 kJ mo1™t (Lawton & Weinberg,
1964; Van Tiggelen, 1965; Calcote, 1963&). The maximum ion
(King, 1958) and electron (Bulewicz & Padley, 1963)
concentrgtions have been found to be proportional to the
pressure,

Maximum jon concentrations in hydrocarbon flames
at atmospheric pressure are of the order of 1016 m-3
(Wortberg, 1965) to 1012 m™> (Van Tiggelen, 1963),
depending on the flame temperature and composition.
Saturation currents of adiabatic stoichiometric hydrocarbon/
air flames are of the order of 1 A m=2 (Lewton & Weinberg,
1964), ILawton & Weinberg also give values for hydrogen/air
flames containing hydrocarbons. The ionization efficiency,
expressed as the number of electrons produced per carbon
atom, is of the order gf 10"6 for premixed hydrocarbon/air
flames (Calcote, 1965). The ionigzation efficigncy increases
with temperature (Peeters & Van Tiggelen, 1968).

Since the number of electrons produced is of the

order of 10"'6 per carbon atom, one gram atom of carbon gives
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approximately 107° Faraday or O.1 coulomb, One gram atom
of carbon is equivalent to an energy input of approximately
6 x 10° J, essuming thet the fuel has a Tormula ¢ Hy .

Thus the efficiency of a flame as a source of electrons is

approximately 1.6 x 10"'7 coulomb per joule, which is equal

%0 1.6 x 1077 amp watt L.

1.7. Charge Recombination,

The ion concentration downstream of hydrocarbon
flames decays owing to recombination. Near the reaction
zone ion-electron recombination apprears to predominate
(Green & Sugden, 1963), Downstream of the reaction zone
recombination may be largely by electron attachment followed
by ion-ion recombination (King, 1962)., The recombination
is second order with a recombination coefficient of the
order of 2 x 10777 m’s”™T (Calcote et al, 1965), which does

not vary greatly with temperature or pressure,

1.8, Mechanism of Ionization.

Ion species found by mass spectrometry in unseeded

flames containing hydrocarbons include H30+

. 033;, cho™,
OH , and CQH- (Green, 1965; Van Tiggelen, 1963), Many
other ions, both positive and negative, with molecular

weights between 12 (01) and ebout 65, are found, mostly in
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small quantities (Van Tiggeler, 1963; Green & Sugden, 1963).
Charge exchange occurs, S0 the ions found are not necessarily
those initially produced, The main positiye ion downstream
of the fleme is H30+ (Green & Sugden, 1963)., The main
negative charges are OH and e . Ions containing carbon,
such as C H (Green, 1965) and 03H3 occur downstream of

rich flames and tend %o predominate.

It is thought that the initial ions formed are
probably CHO" (Bulewicz & Padley, 1963) and possibly CH 3
(Calcote et al, 1965). The negative charge is probably
produced initially as electrons (Mills, 1968), which
constitute most of the negative charge in the reaction zone.
A proportion of thgse subsequently attach to give negative
ions (Green, 1965), Some negative ions may be formed
directly by chemiionization (Calcote, 1965),

Survey papers on this subjecﬁ have been written
by Calcote (1957) and by Sugden (1965), Calcote considers
the nature of the charge production and concludes that it
occurs by chemiionization.

Calcote (1965) and Green & Sugden (1963) consider
possible reaction schemes in detail. The most likely
primary ionization reactions appear to be

orl™) + 0 = cmot 4 e
and possibly

y _ _
CH + ¢.H. = C.HI + e (Fontijn et 21, 1965),

272
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Tonization is not unique to hydrocarbon flames.
It also arises when carbon tetrachloride is added to a
carbon monoxide/air diffusion flame (Gallaway et al, 1964),
or 0014 or 02014 to premixed carbon monoxide/oxygen flames
(Van Tiggelen, 1963), This indicates that ionization can
occur in the absence of hydrogen. Ionization occurs also
in flames of 02N2/02, NH'3/02, and NOQ/HQ (Van Tiggelen, 196-3).
The main positive ion in flames containing nitrogen
compounds tends to be NO+. This is bgcause NO has =&
comparatively low ionization potential, 'Van Tiggelen
states that NO' is definitely e chemi-ion.

The bulk of evidence suggests that charge production
in flames is due to chemi-~ionization. However, Perkins et
al (1962) give arguments supporting the theory that the
ionizatiop is due to the thermal ionization of carbon
particles, This seems unlikely (Calcote, 1957), especially
in view of the large quantities of ions found in lean
premixed flames and the fact that, in diffusion flames,
ionization level peaks in the blue premixed region near the
burner rim and not in the hotter luminous tip (Kinbara &
Nakamura, 1955).

Recently the possibility of ionization by electron
collision has been put forward (Von Engel & Cozens, 1965).

Clearly the source of ionization in flames has not yet been



finally decided, but much progress has been made,

1.9, Utility of Fleme Ionization.

For some suggested applications of flame ionization,
in particular magnetohydrodynamic generation of electricity
(MHD), it would be necessary for the gas to be highly
conductive and macroscopically neutral, ie. there would have
to be charges of both signs present in gqual numbers and

2 . bt :
O ions m 3). However, since

high concentrations (ca., 10
ions would be lost by recombination, continuing ionization
downstream in the products would probably be required as it
is unlikely that the recombination coefficient would be low
enough to delay for a sufficient time the loss of most of the
ions generated in the reaction zone. Consequently, chemi-
ionization in the reaction zone alone might not be suitable
in this case (Freck & Wright, 1965).

Sustained charge production can be achieved, for
example, by seeding with metallic salts (Lrrhenius, 1891),
This ionization level can be boosted by chemiionization
brocesses, by addition of low work function materials such
as Ba0 particles, or by the thermal ionization of flame
carbon,

Flame ionization can also be increased by the use

of augmented flames (flames in which the enthalpy is
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increcased by the dissipation orf electrical energy) at high
temperatures (Chen ot al, 1965) or by additives which
catalyse the ionization or reduce the recombination
coefficient, Halogens catalyse the ionizatiqn in flames
containing alkeli metals (Padley et al, 1961), TLeaud and
some other mectals increase theelectron concentration
downstream of hydrocarbon/air flames. This latter effect
appears to occur because chargs transfer processes, such as
H'30+ +Pb = PbT o+ Hy0 + H,
produce positive ions which recombine less rapidly than the
ions normally present (Soundy & Williams, 1965). The ion
recombination coefficient is also reduced by the addition of
small amounts of chlorine (King, 1962) or CH3zBr (Van
Tiggelen, 1963). This may be due to the formation of heavy
negative ions. Such ions would be likely to recombine less
eagily than the negative ions otherwisc present.

The efficiency of ionization attainable by seeding
with metallic salts is much greater than that of chemi-
ionization. Tonization of metal atoms can be nearly 100%,
depending on the temperature and the metal used, whereas
cheniionization gives about one ion pair per 106 carbon atoms.
Moreover, thermal ionization has the higher activation
energy and 80 is relatively more important at high

temperatures.,
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Seeding with metallic salts tends to be expensive
and to cause corrosion. Chemiionization is economical and
fast but tends to be short lived. The recombination
coefficient for chemi-ions is of the order of 102 times that
for alkali ions (King, 1963). The rate of ion generation
in flames with the same maximum ion concentrations is
therefore greater in the case of chemiionizatiqn andthe time
taken to attain the maximum concentratvion less, Thermal
ionization tends to reach its maximum downstream of +the
reaction zone (Schofield & Sugden, 1965), Chemiionization
is most likely to be useful in situations where a high
level of continuing ionization is not required, as, for
example, in the ionic wind effect and the control of carbon

formation.
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CHAPTER TWO,

PRACTICAL ASPECTS OF FLAME IONIZATION.

There are many possible applicetions and practical
aspects of ionization in flames, some of which will now be

considered.

2.1. Detection and Measurement,

Flame ionization decectors are widely used in gas
chromatography. They detect traces of organic compounds
in a carrier gas, usually hydrogen, by the ionization
produced on combustion. The pure hydrogen flame produces
virtually no ionization, The saturation current is
proportional to the concentration ¢f the organic compound
over a very wide range. The use of these detectors has
been extensively investigated by Sternberg et al (1962).
They detect hydrocgarbons and most other carbon containing
compounds., The response for a wide range of organic
compounds has been measured. It depends on the composition
and structure of the compound, in particular on the number
of carbon atoms it contains. The response for very many
compounds can be estimated from available data. For
hydrocarbons the number of ions produced per molecule is
approximately proportional to the carbon number of the

molecule (Ackman, 1968). Lovelock (1961) compares the
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flame ionization detector with other ionization detectors.
Some of these are somewhat more sensitive or in addition
detect inocrganic compounds. However, the flame ionization
detector is the simplest, has the widest range, and is
probably the best in most cases where it is desired +d detect
only organic compounds.

Flame ionization can be used for the detection of
flames. The current to an electrode provides a rapid and
sensitive means of detecting a flame. The arrival of a
flame front at a point can be detected by the use of an
ionization gap (Schnauffer, 1934 ), The response is very
rapid. Ionization gaps can be used to follow the progress
of a conflagraticn or to measure flame velocity, and have
been used to investigate flame spread in internal combustion
engines (Knapp, 1964; Higashino, 1961). Karlovitz (1965)
has used a probe to detect the position of the surface of

turbulent flames.

2.2, Icnization in Rocket Exhausts.

The ionization in rocket exhausts can cause
interference with communications, particularly to and from
the rocket (Calcote, 1963a). To minimise this effect it is
desirable to reduce the electron concentration. On the
other hand highly ionized rocket exhausts could be used to

replenish the ionosphere for communication purposes if it
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were disrupted by a nuclear explosion. The combustion of
one ton a hydrocarbon (propane) produces about 6 x 1022
electrons (Calcote, 1965), which is equal to the number

contained in 600km- of the ionosphere (Taylor, 1964),
2.3, Utilization of Flame Conductivity.

It is possible to convert the thermal energy of
combustion directly into electrical energy by electro-
hydrodynemic (EHD) and by magnetohydrodynamic generation
(Soo, 1968). These methods have the advantage that they
require no moving parts. They can operate at high
temperatures and arc therefore potentially more effecient
than conventional methods. It is important however thét
there be sufficient ionizetion in the flame products, MHD
requires macroscopically neutral gas with high electron
concentrations to provide high electrical conductiviiies.

EHD oin the other hand requires high concentraticns of monopolar
ions of low mobility. There are considerable practical
difficulties, particularly in the case of MHD. It is not

now thought that MHD is economically worthwhile in the United
Kingdom (Rotherham, 1967).

Small emf's can arise between electrodes in fleaes
(Von Engel and Cozens, 1963) as a result of thermal or ncon-

equilibrium effects, Such processes are not likely to
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provide a practical means of large scale power generation
in unseeded flames, however.

A flame can be used as a rectifier or an electronic
valve. Heaps (1920) used a flame as an amplifying valve
(a triode). He relied on thermal emission from the cathode
to provide sufficient current.

Static electricity is a hazard in industry since
it can cause explosions. Flame ijonization could be used 1o
neutralize static charges. Gilbert (1600) found that
charged bodies can be discharged efficiently and rapidly in
this wey. In this connexion it is interesting to note that
combustion products can retain some conductivity for several
minutes (Thomson & Thonson,1928).

The ionization from hydrocarbons can be used to
boost the initial ionization in flames seeded with suitable
metallic salts to levels abecve the equilibrium value for the
metals (Calcote, 1963a; Knewstubb & Sugden, 1956), or, by
charge transfer, to decrease the time in which equilibrium

ionization of the metal is attained.
2.4, IEffect of Electric Fields on IFlaomes.

Many possible applications of flame ionization
depend on the effect of applied electric fields on the flomes
and flame products. These effects are coasidered below in

greater detail.
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2.4.1, Chemical Effects.

There is no conclusive evidence at present that
electric fields have any chemical effect on the propagation
of non~-sooting flames (Guénault & Wheeler, 1932)., Many
workers have found flames to be affected by electric fields
but these effects appear to result from the force exerted by
the field on the flame gases. As shown in Ch.XII, there
seems to be little direct connection between the flame
propagation and ionization processes. One reason for this
may be that the number of ions is small ccmpared to the
number of molecules present, being not more than about one
in 105. Thus, except where the ions are very big, for
example charged soot particles, the flame is not likely to
be affected appreciably by their removal, However, i'lame
ionization is thought tc be important in the inhibition of

flames by halogenated hydrocarbons (Mills, 1968),

2.4,2., HWovement of Charged Particles.

The application of electric fields to scoting
flames has been investigated by Thieme (1912, 1915).  Payne
& Weinberg (1959), and Place & Weinberg (1966). Soot
particles in flames tend to become charged. As a result
their motion and residence times can be influenced. It is

possible by the use of applied fields to control the site of
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deposition and the quantity and nature of the soot produced.
The change in the quantity and quality of the soot occur
because these depend on the history of the particles and the
number of nuclei for soot formation, both of which are
influenced by the field. It nes also been found that
positive ions appear to play an important part in the
nucleation and growth of soot particles. Ionization may be
important in other flame processes also, in which case it may
be possible to control such processes by the application of
electric fields or by other wise varying the ion concentration.

The application of electric fields could be used
to influence and possibly control flames containing charged
macroscopic particles of any type. For example, heat transfer
to the reactants might be increased, and with it the »urning
velocity, by causing the particles to oscillate between the
products and the reactants in an alternating field. The
residence time of the particles in the flame can be adjusted
by suitable combinations cf ficld strengths and frequency.
This effect might alsc be used to control radiation from the
flame and the combustion of inflammable particles.

It is possible to electrolyze flame products and
to isolate charged species (Thieme, 1915), The maximum rate
of separation of a product by electrolysis, per unit area,

is normally very low (Lawton & Weinberg, 1964) except perhaps
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for very heavy charge carriers such as charged soot particles.

2.4.3, The Wind Effect.

When an electric field is applied to a flame
charges are drawn towards the electrodes. The electric field
acts on these charges, resulting in forces on the gas, which
can lead to a wind (see Ch.I). This effect can be used to
alter rates of heat transfer and flame size, shape, and
stability (Calcote & Pease, 1951; Payne & Weinberg, 1959;
Pejack & Jones, 1968) and to control rates of mixing,
entrainment, and flame spread (Mayo et al, 1965)., Alternating
fields could perhaps be used to increase the turbulence -
it is known that flames can be used to convert a.c.
electrical signals into sound (Babcock et al, 1967), It is
alsc possible to extinguish flames by the use of applied
fields (Calcote, 1957; Nakamura, 1959).

The induction period for flame ignition by a hot
wire can be altered by an electric field (Malinowsky & Malyar,
1935), This effecti probably results from the influence of
the ionic wind on the viability of the flame kernel formed.

The wind effect results from the force exerted by
the electric field on the space charge present, For a given
current the space charge and therefore the force exerted is
greater for charges of low movility. Sincz the negative

charge is largely carried by electrons it has a higher
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mobility thean the positive charze and travels to the electrode
gquicker, Therc is thercfore usuvually more positive than
negative space charge present making tte force on the positive
space charge greater, giving a net force on the flame towards
the cathode. The force obtained and the resultant ionic

wind depend on the applied potential, the charge mobilities,
and the electrode configuration. The theory is discussed

in detail by ILawton et al (1968).

2.5, Meximum Practical Effects.

For a plane flame between two electrodes parallel
to it and between which a voltage is applied, it can be shown
(Lawton « Weinberg, 1964) that:

2

i) maximum force due to wind effect = % eE, N m=2

where Eb is the breakdown field, which is approximately

6 1

3 x 100 Vm - in air at NIP (Meak & Craggs, 1953);

ii) maximum current density = 3 & E%k/a A m?
where & is the distance in metres from the flame to the
appropriate electrode (that at which breakdown first
ocecurs), and E, and k are in SI units,
Lawton & Weinberg (1964) also consider cylindrical and
spherical configurations.
Meny applications of flame ionization, in

particular chemical ones, require the drawing of high current

densities from the flame. It is therefore necessary to
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ensure that the saturation current of the flame is
sufficiently large. As shown by the theory, the maximum
current obtainable is ultimately limited by the space charge,
which causes breakdown at the electrodes. To obtain the
maximum current the electrode separation should be a minimum,
The minimum electrode separation is ultimately limited by
the quencliing distance, whieh is 5f the crder of '
millimetres or less at atmospheric pressure. The minimum
separation for practical purposes would probably be about
5 mm., The breakdown strengtl of the gas can be increased
by certain additives, low temperatures ncear the electrodes,
suitably designed electrodes with no sharp points, and
increased pressure, The maximum space charge limited
current density is approximately proportional to the nressure
for constant electrode separation and constant temperature
(see Ch,VIII), Moreover, the quenching distance is roughly
inversely proportional to pressure, so it might be possible
to have lower electrode separations at higher pressures
without affecting the flame. Doing so would further increase
the maximum current obtainable.

In order to make use of flame ionization, and to
control it, it is desirable to know how much ionization
occurs in different flames, its behaviour, and if possible

its mechanism, In view of the many potential applications,
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there has been a large increase in the amount of research
into flame ionization in recent years, Methods of
investigating flame ionizetion are discussed in the next

chapter.
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CHAPTER THREE.

SURVEY OF METHODS OF INVESTIGATING TONIZATION,

3.1. Experimental Techniques.

A number of methods have been used to measure ion
concentrations and rates of ionization in flames. The best
method depends on the quantity to be measured and the
sensitivity, accuracy, and spatial resolution required. It
is desirable where possible to compare results obtained by
different methods in order to check their reliability end
accuracy.

The principal types of method that have been used

are:
(1) probe methods;
(ii) mass spectrometry:

(iii) flame photometric methods;:

(iv) electromagnetic waves and high frequency methods;
(v) flame conductivity methods;
(vi) measurement of the wind effect;

(vii) saturation current methods.
A review of plasma diagnostic techniques is

given by Huddleston & Leonard (1965).
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3elele Probe Methods.

Probe methods consist of measuring the current
versus potential characteristics of a small probe immersed
in the flame, Ion and electron concentrations and electron
temperatures can be determined in this way (Chen, 1965).

The values obtained are those in the vicinity of the probe
since the current is drewn primarily from that region. The
theory and use of probes in flames is discuséed by Calcote
(1963b), who used single cylindrical probes, and Travers &
Williams (1965), who used spherical double probes,

Probes are capable of giving the ion distribution
through a flame (Wortberg, 1965) and prohably provide the
only method which gives high spatial resolution. It is
important to know the variation of ion concentration with
distance in order to study the ionization prccess. The
recombination coefficient can be determined from the rate of
decay nf the ion concentration. The position of the
ionization zone shows at what stage in the combustion the
ionization occurs, Also, the saturation current density
can be estimated from the ion concentration (seec below).

The interpretation of data obtained by the use of
probes is difficult and not wholly reliable (Salter &
Travers, 1965)., The theory is complicated and has been

subject to modifications (King % Calcote, 1955). However,
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ion concentrations obtained by probes for seeded flgmes have
been found to be in quite good agreement with values
obtained by resonance light absorption (Carabetta & Porter,
1969).

Probes can disturb the flame by cooling the gases
and by obstructing the flow. This may affect the flame
physically or chemically, and even change the position of
the flame front. Probes can be used only at temperatures
low enough to avoid appreciable thermal emission of electrons
from the probe, for which reason it is often necessary to
provide cooling.

An estimate of the spatial resolution given by a
probe can be made by calculating the radius of the region
from which the probe collects current, assuming that the
probe collects all the ions formed in this region.

For the probe used by Wortberg (1965):

kT 2 .
_— it 5 marly  1n2l )1
i, =ne (2nm+ ) (1+E%_ndr n, ln=y ) (1)
where n, = positive ion density;
j+ = current density at the probe surface;
m, = mass of positive ion

= 3,16 x 10"26 kg assuming & molecular weight of 19
(that of H3O+);

T .= positive ion +temperature;
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0.1 mm;

d = probe diameter =

n, = neutral molecule density;

L = probe length;

r = collision radius between ions and neutral
molecules;

k¥ = Boltzmann's constent.

The radius of the region from which the probe

currcent is drawn, x, is given by:

probe current ndj+L
n(x® - % 2)Lo: ni

I

e, assuming that the
rate of genceration of positive charge per unit volume is

2e, the rate in equilibrium.

equal to o n,

Substituting for j, from equation (1) gives

2 . - 2
x- = aj, ( " nie) 1y, %d
kT, 4 - 2
S + )" 23 2 1n2ly -1 a-
= me (an+ ) (1 + %% ndr®n_ =) + 7
B
— ( - )j (1 + 2 inr°n 1n§L)—1 approximatel

For the specific experiment in question:

T, = 1500°K, egsuming T+ = fo,
r =1.8 x 10710 p,
e =1.1x 1070 nPs7L,
L = 0,05 m,
2 -1

Therefore x~ = 400 n, -,

“..,s—-

x = 20n 2.
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n,_ in the reaction sone was of the order of
1018 573, Paking this value gives x = 0.2 mm. Thus
tbe resolution obtained by Wortberg is of the order of
0.2 mm, It can be seen from his results that this
resolution is probably sufiicient, the half width of the
ion concentration curve being about 1 mm.

Measurements are easier at low pressures because
the reaction zone is thicker, The reaction zone thickness
is approximately inversely proportional to the pressure
(Fristrom & Westenberg, 1935). The ion concentration is
approximately proportional to the pressure (King, 19%58),
in which case the spatial resolution is inversely

proportional to the square root of the pressure.

3.1.2. Mass Spectrometry.

Mass spectrometry has been used to investigate
flame ionization by several workers (eg. Sugden, 1963;
Van Tiggelen, 1963; Calcote et al, 1965; Green, 1965).
It is the only method which is capable of identifying the
ion species present and giving their relative
concentrations. The ions are drawn into the sampling
system through a fine hole in a platinum foil by suction.
They can be drawn from different parts of the flame and
the variation of ion concentration with distance above the

burner obtained, Mass spectrometry is capable of high
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11 3 have been

sensitivity: ion concentrations down to 10
measured (Sugden, 1963). However, only relative ion
concentrations are given and special calibration is necessary
if absolute values are required.

Mass spectrometry has several disadvantages., It
is complicated and expensive. Negative ions are difficult
to detect (Calcote, 196%a). Charge exchange is liable to
occur, particularly in the boundary layer at the entrance
hole of the spectrometer, so that the ions detected are not
necessarily those extracted from the flame (Green & Sugden,
1963%; Bascombe et al, 1963). The size of the entrance hole
and other variables have to be selected and varied so as to
try to eliminate the effects of charge exchange. Moreover,
because it is necessary to plece the spectrometer encrance
in the flame gases, the flame is likely to be seriously
quenched. It is also sometimes difficult to identify ions
since mass spectrometry gives only their molecular weight,
and there may be several possible ions with the same mass.

In this case isotopes can be used to find the molecular

formula of the ion.

3.1.3. Flame Ph.otometry.

Flame photometry can be used to obtain the

concentration of any species which gives a spectral line,
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It has been used to obtain indirectly the rate of ionization
of a metal in a flame by measuring the rate of disappearance
of neutral molecules (Schofield & Sugden, 1965).

Flame photometry cannot be used to obtain ion
concentrations directly because ions give a continuum rather
than a line spectrum, except at high energies (Hertzberg,
1944). However, ions gnd electrons in electric discharges
can alter the spectrum as & result of the Stark effect.
Their concentration can be deduced from the megnitude of this
effect, They can also cause the appearance of lines which
are normally forbidden. A review of plasma spectroscopy
is given by Cooper (1966). Most of this material is likely
to be applicable only at electron temperatures and/or
electron concentrations much higher than those usually

obtained in unseeded flames.

3.1.4. Electromagnetic Wawves and High Prequency Mathods.

These involve the use of resonant circuits or
microwaves, I+ is possible to obtain ion and electron
concentrations and electron collision frequencies and cross
sections by the use of radio frequencies and microwaves,
The latter are more suitable for measuring electron
concentrations. These methods have the advantage that the

flame is not disturbed. Electron concencrations down to
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3 x 1014 m"3 can be detected (Borgers, 1965). In general
only poor spatial resolution car be obtained. The best
claimed so far is 3 mm (Padley & Sugden, 1962), This
resolution is not sufficient to measure the variation of
ionization with distence through the reaction zone of flames
at atmospheric pressure,

The use of microwave and radio frequency
measurements is discussed by Sugden (1963), Microwaves
have been used by Padley & Sugden (1962), cyclotron
resonance by Bulewicz & Padley (1963) and high frequency
resonance methods by Borgers (1965) and Williams (1962).
Makios (1965) has used microwave interferometry. With
these methods the field strength mist be kept sufficiently
low to avoid any appreciable increase in the electron
temperature,

The use of the Faraday effect was considered.

The rctation of the plarne of polarization, © radians, is
proportional to neHl, where n, is the electron concentration,
H is the magnetic field strength, and 1 is the path length
in the field. The value of 1 can be maximized by taking a
large flame or by the use of multiple reflections (Gaydon,
Spokes & Van Suchtelen, 1960). The maximum value of H
attainable depends on the volume over which it is required.

It was shown that, if HL = 107 &, n_ = 1016 173,
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then 6 = 3 x 10°2 rad for light of wave length 6 x 1077 m,

8 x 10~2 rad for radistion of wave length 1 mm,

O
]

These results show that the use of the Faraday
effect to measure electron concenfrations would not be
practicable using light. It might be feasible using micro-
waves but any improvement in the resolution attainable would
be comparatively small. Thus the use of the Faraday effect

does not offer any very great advantages.

3165, Conductivity Measurements.

Conductivity measurements have been used to obtain
electron concentrations in the reaction zone of flames by
Van Tiggelen (1963). Other workers have measured the
conductivity of flame gases above the reaction zone ‘eg.
Wilson, 1931),

Most of the current, particularly in the ceaction
zone, is carried by electrons since their mobility is much
higher than that of ions. For concentration determinations
it is necessary to know the electron mobility, which has a
value of about 0.25 m2 V—l s—l at atmospheric pressure (see
Ch. VIII).

The cqnductivity method has to be applied with care,

for two reasons, Firstly, a voltage drop occurs in the

vicinity of the electrodes. This drop can be gllowed for



by varying the electrode separation. Secondly, for
measurements of the electron concentration in the reaction
zone the thickness of the ionization zone must be estimated.
The value obtained for the electron concentration then
represents an average over this distance,

The reaction zone thickness is difficult to measure
because of its small value at atmospheric pressure and of
optical distortion (Weinberg, 1963%). Van Tiggelen (1963)
used a formula, based upon his theory of flame propagation,
to obtain the reaction zone thickness, He assumed that the
ion concentration was constant over the distance. It
appears that the flame thickness which Le calculated
represents that of the preheat zon: rather than that of the
reaction zone (Van Wonterghem & Van Tiggelen, 1954).

Bradley & Maotthews (1967) found that in a CO flame with
methane added, the zone of maximum rate of ion generation
was nct coextensive with the zone of maximum heat release
rate. Thus the thickness of the ion generation zone is not
necessarily equal to the reaction zone thickness. The ion

concentration, n, downstream of tne ion generation zone is
2

given by dn/dt = -xn”-, Thus the ion concentration remains
high for a distance of the order of w1 n;ix where u is the

flow velocity and < the recombination coefficient, which is

about 2 x 1012 m? g”1 (Calcote et a1, 1965).
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3.1.6, Wind Effect.

The wir.d effect resulvs from the action of the
applied field on charge carriers within all_the gas hetween
the electrodes, as has been discussed in Ch, II, and not
primarily from the action of the field on those of the
reaction zone, which is a very thin region of relatively
low field, The magnitude of the wind effect therefore
cannot be used to estimate the number of ions in the reaction

zone, as has been agsumed in the past (Calcote, 1949, 1963a).

3.1.7. Saturation Current Metunods.

The distribution of the saturation current density
of a flame can be recorded by ion photogrephy (Weinberg,
19662). The chyrge striking an electrode is passed through
a photographic plate, giving an image of the flame, which
image is liable to be distorted. The current from the flame
to the electrode tends to diverge due to the space charge,
This distortion could be reduced by using a collimator
consisting of a cylindrical insulating surface round the
path of the current. This would become charged and in
equilibrium no current could go to the insulator. The
current at the surface of the insulator would therefore become
parallel to this surface. This effect could glso be used

to concentrate the current into a smaller area, A magnified
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image of the flame could be obtained by allowing the current
to diverge.

Ion photography is primarily a qualitative method.
It gives a detailed image of the {lame from point to point.
Its use to obtain actual values of the current would be
approximate and cumbersomec. The method has the disa@vantage
that it takes up to 15 minutes to obtain e photograph,

A more convenient and accurate method of obtaining
saturation current densities is by the direct measurement
of saturation currents. The use of saturation current
measurements is described by Lawton & Weinberg (1964). The
method has been used also by Arrington et al {1965), Peeters
& Van Tiggelen (1968), and, in conrection with gas
chromatography, by Sternberg et al (1962) and others.

The principle of saturation current measurements
is that when a field is applied to a flame ions are extracted.
The current obtained increases as the voltage is increased.
Usually it reaches a steady value and then does not change
appreciably with further increases in voltage until very high
fields are attained, when secondary ionization and breakdowm
occur, giving a sudden increase in current, The current
reaches the steady value when all the ions produced in the
flame arec being withdrawn and collected before they can

recombine, This current is the saturation current, Under
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conditions of high saturation currents and large electrode
separations breakdown can occur before the saturation
current is attained.,

The measurement of saturation current gives the
total rate of ionization in the flame and is the only direct
method of obtaining this quantity. The method is simple,
unambiguous, exact, and rapid. Most of the methods of
investigating ionization discussed above measure the ion
concentration, which results from & balance between ion
generation and ion recombination, Saturation current
measurements give the rate of ion generation directly and
ion recombination is not involved. Moreover, the saturation
current is more fundamental than the ion concentration in
the flame and it is of more importance for applications
involving the use of applied electric fields.

A disadvantage of the saturation current technique
for some purposes is that it does not give any spatial
resolution through the reaction zone. However, in many cases
it is necessary to know only the total rate of ionization
and its variation with temperature, The problem of
resolution is not a serious one in connection with
investigation of the kinetics and mechanism of the ionigation
process because it is found that the ionization occurs over

a8 narrow region near the final flame temperature (Bradley &
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Matthews, 1967), so that the temperature is approximately
constant. Most of the spread of the ionization detected
by probes is due to convection and diffusion and not to an

extended source.

3.2, Derivation of Rates of Ionization from Ion
Concentrations.

All the quantitative methods of investigating
ionization discussed above, except saturation current
measurements, give ion or electron concentrations or relative
concentrations, Rates of ion generation can be obtained
from these concentrations, although the accuracy is limited
by the spatial resolution attainable, and by uncertainty of
the values of the rate of diffusion and the recombination
coefficient, ¢ . o 1is not necessarily constant (Gaydon &
Wolfhard, 1960).

The saturation current density is given by the

formula .
Jg =~/:ocn2 dx,
where n is the positive ion concentration.
If the rate of ion generation is constant, then,
ignoring diffusion,
dn/dt = J/e - an?,

where J is the rate of generation of current per unit volume,



53.
so that J/e is the number of ion pairs generated per unit

volume per unit time.,

If the ionization commences at t = 0 then

n=0att=20
t=____1_____: 1 L (eM/J}f‘in ‘
2(Jo< /e)? 1 - (es/I)% n
For large values of t+ : n = (J/enc)%
Jd = 112-349
' n2 (2)
For small values of t : n = Jt/e
J = net
~on (3)

The time taken to reach equilibrium is of the order
of ne/J = (tﬁn)-l, putting J = nex ., Tor longer times
equation (2) can be used, and for shorter times equation (3).
Thus for high ion concentrations or comparatively slow
changes J v n2. For low ion concentrations and fast
changes J <& n. In most cases the maximum rate of ion
generation can be taken to be proportional to the square

of the maximum ion concentration.
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CHAPTER FOUR.

AIMS AND SCOPE OF PRESENT WORK.

4,1, Reasons for the Investigation.

Ag shown in Ch, II it is often desirable to know
the amount of ionization in flames. Some actual and
potential applications, eg. flame ionization detectors used
for analysis, require a precise knowledge of the value of
the saturation current, and others, eg. M.H.D., 2 knowledge
of the electron or ion concentrations. The prevailing ion
concentration results from a balance between ion generation
and ion recombination. Thus the more fundamentel quontity
is the saturation current, which is the maximum available
current and represents the rate at which ions are produced
by the flame.

Most potential application of flame ionization
require high ion concentration or high available currents
for maximum efficiency. For applications requiring the
maximum current density which can be drawn without breakdown,
the saturation current density should not be less than the
breakdovn value, & kES/a. For these reasons it is
important to obtain information on ionization in flomes, in
particular to kmow whether the saturation current is

gsufficient to give the maximum practical effect,
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It is desirable to know the saturation currents
for a large range of flames, in order to select the most
suitable flame for any application, eg. to select the flame
with the lowest fuel throughput or lowest final flame
temperature which will give sufficient current. Méreover,
investigation of flame ioanization and its mechanism by means
of saturation current measurements may throw light on
fundamental ionization processes ond may lead to the
discovery of more efficient ways of producing and controlling
ionization, and to a better understanding of processes
affected by the ionization, such as the rucleation and
growth of soot particles in flames. In addition, flames
are a convenient medium for measuring the reaction rates of

ion reections in general (Calcote, 1965).

4,2, Adims of Present Work.

The aim of the present work is to obtain
information on available currents for a large variety of
flames, to find how this varies with the factors concerncd,
and where possible to draw*conclusions‘about the mechanism
and kinetics of the ionization process.

The method of measuring saturation currents was
chosen because as mentioned above they provide a fundamental

measurement of the rate of reaction that, unlike ion
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concentrations, is independent of both charge exchange and
the recombination process. In addition this quantity is
that required for many practical purposes., Another
advantage of thc technique is that because current
measurements can be taken quickly, & wide coverage is
possible, This is especially valuable when dealing with
many additives,

The use of alternating and transient fields was
considered because it was thought that it might be possible
to draw larger ion fluxes from the flame by this means,
The maximum current that can be drawn in a steady state d.c.
system is limited by the space charge, which ultimately
causes breakdown at the electrodes., With an alternating
field there would be ions of each sign present on eaczh side
of the flame, This would tend to reduce the net space
charge and might permit larger ion fluxes to be drawvn from
the flame without breakdown at the electrodes. Trensient
d.c. fields also have apparent advantages. Thus, before
any field is applied there is no net space charge outside
the flame, so that when a voltage is suddenly applied it is
possible to draw..a large current from the flame initially.
It was thought that it might be possible by means of these
methods to measure saturation currents in excess of the
maximum space charge limited current in the steady state d.c.

case and the investigation of this possibility was one of
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the aims of this projecwt.
4.3, Measurements Made.

The conduction of charge in the flame products
and the possibility of continuing ion generation above the
flame were investigated, This is necessary to establish
the validity and feasibility of the proposed method of
measuring the total rate of ion generation in the flame and
to assess the feasibility of possible applications and the
probable behaviour of flame gases subjected to applied fields.
Measurements were made of the variation of current with
applied voltage and electrode separation and estimates made
of ion mobilities,

Flames containing hydrocarbons werc investigated
and saturation currents measured over a wide range Qf
reactant composition and of final flame temperature.
Measurements were mostly at atmospheric pressure, but some
werec at lower pressures. Lean, rich, and sooting premixed
hydrocarbon/air flames were investigated. Rates of
generation of charge in the luminous gases above sooting
flames were measured, Several hydrocarbons were used.
Work was also done on premixed flames with oxygen and on
diffusion flames. Measurements were made on pure carbon
monoxide and hydrogen flames and on flames of these gases

with small amounts of hydrocarbon added.
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Hydrocarbon flames with hydrogen, carbon monoxide,
or nitrogen added were studied. The effects of some other
additives of interest were also investigated, principally
carbon dioxide, bromine, and some metallic salts. The
hydrocarbon fuels used were methane, evhane, propane, and
ethylene, The final flame temperatures of the premixed
hydrocarbon flames ranged from about 1450°K to about 2100°K.

Carbon monoxide and hydrogen were added in small
gquantities to some premixed hydrocarbon flames to see how
these gases affect the saturation current. It was hoped
to deduce from their effect whether the Zonization occurred
before or after the_oxidation of carbon monoxide in the
flame (see Ch, VII),

Many premixed flames were burnt with oxygen instecad
of air, to find the effect of dilution with nitrogen. Also
it was thought that the results for flames with oxygen might
be easier to interpret *theoretically since the oxygen
concentration is more nearly constant through the flame,

By the use of oxygen flames a wider rangc of fuel
concentrations can be investigated.

Carbon dioxide is produced in large concentrations
by all hydrocarbon flames, This gas was therefore added
to some flomes to study its offect,

Metallic salts were added to some flames to test
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the theory that the boost in metal ion concentration given
by hydrocarbon addition to seeded flames is due to charge
transfer (see Ch., I), in which case the total saturation
current should be equal to the sum of that due to thermal
ionization alone and that due to chemi-ionization without
seeding,

Bromine and methyl bromide were added to some flames.
Halogen containing compounds are commonly used as flame
inhibitors., Since they have high electron affinitics
(Creitz, 1961), these substances werc added to see if they
also affect the flame ionization. If flame ionization is
catalyzed by free clectrons as suggested by Von Engel &
Cozens (1965) the addition of electronegative substances,
which reduce the concentration of free electrons (King, 1962),
should cause a reduction of the saturation current.

The reactant compositions andfinel temperatures of
the premixed flames were measured and the variation of
saturation current with temperature and composition obtained.
Effective activation energies for the ionization process were
calculated from the results. The variation of the
saturation currents of diffusion flames with the variables
involved, in particular the fuel flow rate, was also
investigated, The mechanism and kinetice of the ionigation

proccss was also considered,
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PART II. METHOD.

CHAPTER FIVE.

THE PRINCIPLE OF THE STEADY STATE D.C, SATURATION

CURRENT METHOQOD.

5.1. Method.

In the present work rates of ion generation were
studied using the steady state d.c. saturation current method
employed by ILawton & Weinberg (1964). In this technique
the flame is situated between iwo electrodcs between which
a d.c, field is applied and the maximun current obtainable

from the flame without secondary ionization is measured.

5.2, Possible Sources of Error.

For the saturation current method to give accurate
unambiguous results it is necessary that:
1) no breakdown or secondary ionization occurs above the
flrme;
ii) no electron emission from the electrodes occurss
iii) the total rate of ion generatior in the flome and the

saturation current are not altered by the field.

5.2,1. Secondary Ionization.

Sccondary ionization and breakdown occur when the
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field at any point reaches the breakdown strength of the gas.
The field increases with distance from the flame. The
electrode separation should therefore be kept as small as
practicable. When secondary ionization occurs the current
increases rapidly for any further increase in potential.

All current measurements must therefore be taken at a
potential where the current has reached its maximum value
but does not increase apprecizsbly for a small increase in

applied potential.

5.2.2. Ilectron Emission from the Electrode.

Thermionic emission of electrons cquld occur from
the electrodes if they were sufficiently hot, It has been
suggested that electrons can be emitted a2lso from coild
elect?odes in seeded fleme products (Turcotte & Friedman,
1965), It is unlikely that this cold cathode emission
occurs in unsecded flames. Moreover most saturation
current measurcements on premixed flames were taken with the
burner negative, for the reasons given in Ch, VIII, in which
case, because the elecctrode immersed in the flame products
is the anode, the current cannot be offected by electron
emission from it. If there were any appreciable cmount of
electron emission from either electrode this would be shown
by the saturation currents depending on the polarity of the

burner, which wos not found to be the case.
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5.2.3, Influence of Applied Field.

The total rate of ion generation in non-sooting
flomes should not be appreciably altered by an applied field
unless the flame as a whole is, which is unlikely. The
rate of ion generation in the reaction zone itself is not
likely to be altered greatly since its thickness is
insufficient for the ions and electrons within it to ccquire
very much energy from the field, If there is any effect
due to the field on the rate of ionizotion in the flame then
the saturation current should vary with the field ond
polarity. Lowton & Weinberg (1964), using non-sooting
premixed flomes, found no such effect. The current reached
a constant value beyond a certain potential. There is no
conclugive evidence thot electric fields have any chemical
effect on flames, even ofter many experimental studies.

The wind effcet can be made negligible,

Diffusion flames which are not fully stabilized
(ie. flomes the position of which is not fixed by o surfoce
on which they burn, or aerodynamically) are more likely to
be affected physiczlly by o field induced wind (Payne &
Weinberg, 1959; Ncokamura, 1959), in which case the current
is likely to be dependent to some extent cn the strength
and polarity_of the field, Whether this is so should be

investigated,
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In the case of sooting flames the field alters the
carbon particle concentration (Place & Weinberg, 1966),
However, the saturqtion current is not greatly affected by
the field polarity.

If the current does not reach a completely flat
platecu os the voltage is increased but continues to increase
slowly until the onset of segondary ionization, then the
current can be measured at fixed voltage intervals and the
rote of ionigzoation taken at the point where the current

increases least for a given voltage increcse.

5.3 Ion Generation Above the Reaction Zone.

If there is an appreciable rate of ion generation
above the weaction zZone then the saturation current will be
a function of the electrode separation. This gives 2o means
of studying rates of ion generation above the reaction zonec.
Ionization is likely to occur above the reaction zone of
sooting flames. Appreciable ionization is less likely to
occur above non-socoting flames. It was considered necessary
nevertheless to check whether the saturation current varied

with the electrode separation for the flames investigated.
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THE PRINCTIPLE OF A,C. AND TRANSIENT D.C. MEASUREMENT

OF SATURATION CURRENT,

The use of alternating and transient fields‘is a
possible alternative to the constant field method of measuring
rates of ion generation which weoe used by Iewton & Weinberg
(1964) os discussed in the preceding chapter. Alternoting
fields would extract ions of each sign from the reaction zone
into the gas on either side. The net spoce charge density
would be low, so thot it might be possible to drew any
ion flux density at lower applied voltages. The current
thet can be drawn in the d.c. case is limited by the space
charge builit up on either side of the recction zone. If o
transient voltoge is applied it will be possible to draw a
lorge current initiclly before any space charge has built up.
Thus by the use of alternating or transient fields it may be
possible to obtain larger ion flux densities from flomes and
to measure higher rates of ion generation thon is possible
by applying o constant d.c. field. It is also of interest
to know what change if any is produced in the mean.ion flux
ond ion distribution when an a.c. field is applied. For
these reasons the theory of a.c. and tronsient fields wos

developed,
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6.1, Alternating Currents.

When considering nlternating currents it is_
necessary to distinguish between ion flux and current.
The current observed is that in the external circuit to the
electrodes., The current between the clectrodes coan result
from the capacitance and from ions moving backwards and
forwards, as well os from the net movement of ions to the

electrodes,

6.1.1, Simp}ified Theories.

i). Thomson and Theoraon(1928) give a simplified
theory for an a.c. field applied to a flome, They assumed
that the clectrons oscillate as a cloud of constont thichness
about the reaction zone while the positive ions remain
stationary,

ii). The charges in a flame subject to an a.c.
field con be considered to consist of two blocks of uniform
ion density, n, cond oppogsite charge oscillating in opposite
directions about the reaction zone. Let the blocks cextend

distance 1 from the reaction zone at the maximum of each

%

oscillation. Then 1 =2 x 2 Erm

Sk/w where k is the ion
mobility, and w the angular frequency of the field, On
average the ions are in_the presence of charge corriers of
the opposite sign for 07363 of the tinme. Recombination

occurs during this tinme, The total rate of ion recombination
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2

2
Brms

per unit area is therefore 0.363 ¥ n“1 = 1,03 ~'n /w.

This is equal to the total rate of ion generation.

6.1.2, DIffect of Space Charge.

The above simplified theories do not tcoke into
account the space charge field due to the ions. This is
often of the scome order as the applied field. It tends to
cause the ion cloud to spread out and it should be token
into account.

If 211 the ions have the same mobility, k, thep
the net ion flux at any point £, is equnl to kBfn_ - n_).

edE/dx = (n, - n_e.

- JLkE 4B

Therefore f = 3 ax
_ 1 sx &%
2 e dxg

The ion concentrution decreases with distance from
the flame due to recombination. Also, while the ion
concentration at the fluuwe is high, thaot at the electrodes
is low since the average ion concentration near the electrodes
for a giyep field ond ion flux must be of the scme order as
in the d.c. cnse 2s 2t no point in the cycle cre ions of each
sign preseat simultoneously there, Ag o result of the
decrease in ion concentration the gas conductivity decreases

and Erms thercfore increases with increasing distance from
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the flane, The nean net ion flux is equal to
Ek(2e)_1 (dEimS/dx). Thus an a.c. field causes an ion flux
away. from the flanme.

If there is no recombinution then the ion flux

must be constant outside the flame (ossuming ion generation

. 2
occurs only in the flane). 4B o
2

rms

/dx is then constant and
E increaqeg linearly with distance from the reaction zone,
as in the d.c. case.

The case wherce the mobilitics of the positive and
negative charges, k+ and k_ respectively, arc constant but

not necessarily equal to each other will unow be considered:

pogitive ion current, = n_ k Te, (1),

Iy
negative particle current, j_ = n_k Ee. . (2),

where n,, n_arc the respective particle densities.

Ton flux density, £ = (j, - j_)/e (3),
current density, J = j, + i_ (4).
Therefore, J, = H(ef + 3 (5),
i_ = &lef - j) (6).
FPron Gauss' Law:
gdB/dx = (n,_ - n_)e.

Substituting for n_, n_ from (1) and (2):

_135-3,

S (i /e, - 3/x) (7)

de _ 1 EL
dx s E k+

2
ar
Therefore EE



68,

ai. . -4j
axT % ax (8), from (4),
= ~wnmne (9).
2.2 =
4d“E dj
Therefore rms 2 §1 1 + .
—ms L 2\ 2 . from (7) & (8)
dx2 £ k+ I dx '’ ’
_ -1 -1
= -2(k;" +k_") =nmne/€, from (9).

A nmore general form of this equation was derived by Thomson
& Thomson (1928) for the d.c. case.
Substituting for j,, Jj_ in (7) from (5) and (6):

-t (a0).

aB%/ax = (k% + K l)et/e + (k
A+t higher frequencies and/or low ion densities,
it is nccessary to take into account the displaccment
current, giving
2 _ -1 -1 -1 -1y
QE</ax = (k.7 + k_ef/e + (k. - k_)(j/s - daB/at).
j = 0, assuming that the fieid and current are the same on

both sides of the flame.
2 S T N
Therefore dErms/dX = (k= + k_")ef/: (11)

It has been assumed that k_, k_ are constant. In
most cases avlarge part of the negative charge is carried
by electrons. k_ is then the resultant effective negative
particle mobility, which is much greater than K, , and varies

with distance because of electron attochment,
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It is assumed above that the frequency of the a.c.
field is nuch less than the collision frequency of the
charges., Otherwise they will not have time to attain their
terninal velocities., The collision freguency of electrons
in flames is about 8 x 1077 &'l; that ot ions is believed to
be of the order of 10% 71 (Borgers, 1965)., It iz also
assumed that the charges do not move far during cach cycle
and that n , n_ do not depart greatly from their mean value,

Bgcause the ion concentrations are higher with a.c.

then with d.c., fields the results could be substantially

affected by the flow velocity. This effect has been ignored.

6.1.,3, Discussion.

£1lternating fields can be usecd to spread the charge
produced in & flame over &a large volume. This process
could be used to increase the number of ions presenti by
reducing the rate of recombination, Since ion gencretion
occurs meinly or only in the reaction zone, the use of
alternating fields to draw ions out of flemes could be used
to investigate retes of recombination,

The ion flux density at any point is given by:

-1 2
T = L (% - 1) g~E~:tc‘ms from (11)
e (k+ k) dx
2
= Eg% %%rms when k+ =k =k,
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In the d.c, case, £ = ¢k /(2e) (aB%/ax).

The maxinmum ion flu; that can be drewn is limited
by the maximum fie}d atteinable without breakdown, Thus it
can be seen thet a.c., fields do not in geperal permit the
extraction of greater ion fluxes than d.c. fields. The
average magnitude of the field is less than the maximunm
value. Moreover, the breakdown strengths of gases in a.c,

fields tend to be lower than in d.c. fields (Meek & Craggs,
1953).

6.2, Transicent Currents.
6.2.1, Experimental Results.

The transient current on snddenly applying or
removing aun external field across a flamc was observed on a
cathode ray oscilloscope. The flamc was burnt on a Botha-
Spalding burner similar to that used by Lawton & Weinberg
(1964). The field was removed by shorting out the voltage
source (a 9-volt battery in series with a 1O6 ohn resistance).
The current was observed by feeding the voltage drop across
a 1O7 ohm resistance into the CRO. 4L detailed trace was
obtained. The troce when the field was removed was & series
of decreasing peaks in alternate directions, The trace
when the field was applied was less reguler, consisting of

a series of maxima rapidly decaying to the steady state value.
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6.2.2, Discussion.

The purpcse of studying transient conditions was
partly an attempt to circumvent the space-charge limitation
on steady-state saturation curren. neasurenments. It was
thought originally tanat the initial current, until the space
charge buil® up, wou'd be the saturation current, even for
a low applied voltage, giving a convenient method of
measuring the saturation current, which would not he subject
to the breékdown limitation. An estimete of the quantities
involved shows that the initial current is primarily duc to
the charge initiclly present in the flome (the equilibrium
charge) .

The ion concentration downstream of the reaction
zone is given by dn/dt =nxrn2, where n is the concentration
of ions of cach sign. Integrating this gives the number
of ion poirs per unit area in the distance in which the ion

concerntration halves to be cﬂ—lu Iin”. The nininum number

1

of ion pairs per unit area is thus of the order of o« ~u 1n2,

— -1~ -
which, tuking u =1 n s 1, X =10 12 me g 1. is

|

approximately 100° 272,  Wortberg (1965) found there to be

13

aprroximately 3 x 10 ion pairs per m2. The field

necessary to extract these ions is equal *o 3 x 1072 o/ ,
which is 0.6 MV m Y, Thus the Ficld necessary to remove

the equilibrium chorge is approaching the same order as the
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meximun field (5 MV m—l) which can be applied in the steady
stote case, The usc of transient currents therefore does
not appear tc offer any very great advantoge in overcoming

the breckdown limitation, The ncthod is more complicated
than the steady state method. It would be further
complicoted by the short time periods involved and the
capacitance between the electrodes. FPor these reasons the
steady state current was used for all subsequent measurements,

The transient current could be used to investigaote
the eguilibrium chorge or the mobilities of the charged
specieg, but thce method would be much more complicoated than
steady state measurements,

It is interesting to consider what current flows
when the applied field is remcoved and the electrodes are both
earthed, The average Field between the electrodes is zero.
Thus there is an external field due to imoge charges which
has o value equal and opposite to the overage space charge
field. FPor example, if all che charge is close to one
electrode it con be shown that the extermal field will be
such o8 to drive the charge into that electrode,

The flame coan be considerea &s a source of
electrons of effectively infinite mobility. In this case
the field at the flame must he zero, Consider the case

where there is initially a region of positive spcce charge
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outside the flame, Some electrons will be drawn out of the
flame leaving a positive space chorge ot the flame. The
original positive space charge and that induced at the flame
start to move in opposite directicns, As the originel
charge trovels to the electrode more space charge is induced
at the flame ond the process is repecited. A series of
current pecks in ovposite directions results, This was
observed on the cathode roy oscilloscope,

Congider a layer oF spoce cherge, with

Ea a chorge g per unit area, between two electrodes,
+ + + q as shown in the diagran. The fields, Ea’
Eb b Eb’ are given by:

a

E, =E + a/¢ , from Gauss' Iaw,

where a, b are the distonces to the electrodes,
Potential difference between the electrodes = aEa + bEb

= Q0 for no applied potential.

Therefore E gb (2 + b) e (12),

o

E, = aa (2 + b)—l/é .

The current density observed is ¢ (dE/dt) where E

1s the field at onec electrode, given by equation (12), The
observed currcent density is therefore equal to gv divided

by the electrode separation, where v is the velocity of the
charge. Thus the current recorded in transient meocsurements

is not the rate at which charge arrives at the electrodes,
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which can mcke interpretotion of the results more difficult.

6.3. Summary.

It has been shown that alternating current
measurenents ond transient direct current measurements give
little if ony advontoge over the steady state d.c. method
for measuring scturation current densities. For this
recgon 2ll saturction current measureuents were token using

the steady state d.c. mcthod.
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CHAPTER SEVEN.

TLAMES AND BURNERS .

Mlames are fast exothermic reactions, which usuolly
occur ot high temperatures, although "cool flemes" con occur
with final temperatures between 200 and 400°¢ (Gaydon &
Wolfhard, 1960). Flames can exist over a wide ronge of‘
preasures (Fristrom & Westenberg, 1965) and compositions.

The reaction zone of flames is a Tregion of very
high gradients of temperature ond composition and very rapid
and intense chemical reacticn, sometimes accomponied by
marked disequilibrium (Weinberg, 1966Db). This makes the
detailed study of flame kinetics very difficult. For this
reason and bectuse for most practical purposes it is not
necessary to understond flcome mechanisms in detail, it is
only recently that the strizture of flomes has been
extensively studied, ond the processes involved are still
only incompletely understood,

Plomes can be propagating or stationary, depending
on whether the reactonts cre initielly stationary or whether
they flow from o burner at an approprizcte velocity,

This work is concerned with stationary flaomes of
comrion goseous fuels, with air or oxygen, mostly ot

atmospheric pressure. Theze flames are the easiest to
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obtain and toke measurements on and they include those types
which are of most practicel importance.

Flames can be divided into two main classes,
premixed flames and diffusion flares, depending on the
initial state of mixing of the reactanis. In premixed flenes
the recctants are initially perfectly mixed. In diffusion
flames the regotants cre initially separate and mix in the
reaction zone. Tlones internedicte between premixed flames
and diffusion flames can be obtained (Fristrom & Westenberg,
1965), Plames can be usefully subdivided according to

whether the goes flow is laminar or turbulent.

7.1, Premixed Flames.

In premixed flomes the reactants are mixed on 2
molecular scale before entering the front and the flome
moves relative to the reactants. It consists of « preheat
gone, o reaction zone, and products. The flame speed is
limited by the reaction rate and the transport processes
and depends on the initiol composition of the reactonts and
the final flome temperature.

Most commonly used types of premixed flrmes are
basically free burning end very nearly adiabatic, They
have low heat loss and over most of their area are not

close to ony surfoce,
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7.1.1, Flot Non-Adiobatic Premixed Flcones,

For the present work, flat non-adiabatic flomes;
gstobilized by heat loss to the burner, were used. This
type of premixed flome has often veen used for experimental
purposes (eg. Kaskan, 1957). The flome is stabilized, by
heat loss to the burner surface, 2 short distance downstream
of a flat porous plug through which the reacctaonts poss
(see Pig. VII (1)). The flome burns ot that distance from
the burner at which the burning velocity is equal to the
flow velocity of the reactonts, It the flame moves closer,
the increase in the heat loss decreacses the burning velocity
so that the flame moves back to the equilibrium position,
The principle of this type of flame is discussed by Botha &
Spalding (1954). The burners used are described in Ch.IX.

-~ burnt goses

__ reoction zone

preheat zone -
burner surfoce

° e o . « e 2 & o - p orous plug

Fig.VIiI(1).

Flot non-cdiabatic premixed flomes stabilized
downstream of a cooled plug were used for the present work
for the reasons discussed below:

i) the voriotion of the saturation current density, j_,
with the final flame temperaturec, Tf, is needed to



ii)

iii)

iv)

vi)

vii)

8.

obtain the effective activation energy of the
ionigzation reaction., By the use of this type of flaome,
Tf can be altered independently of the renctant
composition by varying the 7low velocity. This

method clearly is preferably to varying Tf by dilution,
gince this alters the composition as well os Tf;

the saturation current density of adiabatic flomes, if
too high to measure directly by the saturation current
method because of the breakdown limitation, can be
obtained by extrapolating values for non-ndiabatic
flomes;

the flome burns very close to the surface of the burner
so thot high current densities con be obtained before
breakdown by utilising clectron conduction in the hot
products and ion conduction in the cold reactants:

the flames obtoined by use of a suitoble burner are
flat and of reasonable size and uniforms

the orea of the flame is constant and easily determineds
the flome is easily stabilized o short distonce from
the burner. Its position is then fixed ond known
within norrow limits. The shope ond position of the
flome are not apprecicbly altered by the wind effect;
the rcactants of these flat flames being premixed

gases effectively avoids the presence of easily



79,

ionizable impurities such as metallic salts. All
common substances which give appreciable ionization
at the flame temperatures used (up to about 2100°K)
are solids with negligible vapour pressures at roonm
temperature. Since all the reactants pass through
the flow system and tlie disc, so0lid particles would
tend to be filtered out;

viii) the gaps between the particles of which the discs used
were composed were very small, which prevents the
flame flashing back anl causing an explosion}

ix) any premixed flame is ccmpletely defined by the initial
composition and the fingl flame temperature, because
the final flame flame temperature is a function of
the burning velocity and the reactant composition only
(Botha & Spalding, 1954), and does not depend
appreciably on the surface temperature of th: disc
(Yumlu, 1959). A flame of fixed composition can
therefore be defined by one variable only, This makes
presentation and analysis of the results much easier,

To measure js versus Tf at constant composition it
is necessary to quench the flame, In order to obtain
information about ordinary flames it is desirable that the
processes occurring in guenched flames are similar to those

in unquenched flames and that the variation of js with
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temperature is due to the change in temperature and not the
change in the amount of quenching or loss of radicals to the
disc, Although quenching and pre-cooling are different
processes, the loss of heat to the burner surface appears

to be equivalent to pre-~cooling the reactants. Slight
guenching should have the same effect as pre-cooling. This

assumption was made by Kaskan (1957) and by Botha & Spalding
(1954).

7.2, Diffusion Flames.

In diffusion flames “he reactants are initially
separate and have to mix in order to burn. The reactants
diffuse into the reaction zone from opposite sides, he
rate of reaction is primarily diffusion limited. Diffusion
flames are discussed by Gaydon & Wolfhard'(1960, Ch.VI) end
by Sternberg et al (1962), amongst others.,

The reaction occurs close to the stoichiometric
surface between the reactants. This is the surfsce at
which in the absence of combustion the reactants would be
in stoichiometric proportions. The reactant concentrations
at the reaction zone are low and almost no reactant pesses
through the reaction zone without being consumed. Before
reaching the reaction zone, the fuel is preheated in the

abgence of oxidant. This preheating can last for a
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comparatively long period since the fuel has +to reach the
reaction zone by diffusion. In the case of hydrocarbon
fuels, pyrolysis usually occurs on the fuel side of the

flame, resulting in soot formation and yellow luminosity.

Diffusion flames are more convenient for most
practical purposes than premixed flames and are safer in view
of their immunity from a flash back. Moreover, diffusion
flames can be used for reactants which are too reactive to
be premixed.

Diffusion flames have no burning velocity and the
history of the reactants does not depend only on their
initial composition but also on the aerodynamics, geometry,
and size of the system.

Most diffusion flames used in practice are
partially premixed or have a small region which is premixed.
This assists in the stabilization of the flame,

The most common type of diffusion flame ig that
on c¢ylindrical burner ports. These are often partially
premixed, as in the bunsen flame. Partially premixed
turbulent diffusion flames stabilized in combustion chambers
have many important applications, including Jjet engines and
gas turbines. It is possible to »btein flat diffusion
flames, such as those given by the Parker & *Tolfhard burner

(Wolfhard & Parker, 1949), and flat counter-flow diffusion
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flames (Pandya & Weinberg, 1963)., TFlat flsmes have been
used for research purposes. A diffusion flame usually

forms where the products of a reaction containing excess fuel
comes into contact with the surrounding air.

Diffusion flames are used industrially more than
premixed flames but they have been studied less in
fundamental research because they are less amenable to
theoretical analysis. In particular their structure is
more complicated,. As shown above, diffusion flames differ
from premixed flames in a number of respects. Although
some measurements have been taken on ionization in diffusion
flames (Kinbara & Nakamura, 1955; Place & Weinberg, 1966;
Pejack & Jones, 1968) most saturation current measurements
on flames have been on premixed flames (Lawton & Weintberg,
1964 ). For this reason and because of their importance
practically it was felt that measurements Should‘be teken of
the saturation currents of some diffusion flames.

Although free burning diffusion flames are liable
to be affected by applied fields (Payne & Weinberg, 1959)
measurements were made on these flames since it is precisely
the saturation currents of flames disturbed by fields which

are most likely to be of interest for practical purposes.
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Te201, Types of Diffusion Fleme Used.

Measurements were made on "batswing" flames and on
circular flames produced by directing a jet of fuel
vertically upwards against a horizontal plate. The latter
were reasonably flat and consisted of a single layer; a
field could be applied between an electrode beneath the flame
and the plate above it, when the flame was disturbed
comparatively little, The "patswing" burner gives a thin
flame with a large area, and electrodes can be placed close
together on either side of the flame, although the flame is
liable to be affected by the field. Because of their large
areas and the small electrode separations which can be used,
the circular flame described and the "batswing" burner arec
likely to permit the measurement of high saturation currents
before breakdown. Measurements were also taken with flames
on nozzles (cylindrical burner ports) because these are most
representative of practical diffusion flames, The
saturation current and rate of fuel consumption were also
measured for a candle flame,

Measurements were taken with the flat counter—flow
diffusion type of flame used by Pandya & Weinberg (1963).
Flames of this type seem ideally suited to investigating the
saturation currents of diffusion flames. They have the

following advantages:
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i) the flame is likely to be less affected by the applied
field since its position is closely determined by the
aerodynamics of the opposed Jjets;

ii) because the flame is flat the electrode separation can
be made small, permitting high cnrrents to be drawn;

iii) +the flame being a single layer reduces the likelihood
of breakdown and secondary ionizationj

iv) the area of the flame is easy to measure;

V) the incident fuel and oxidant fluxes are knownj

vi) since the flame does not usually touch the electrodes
the effect of quenching is small and the risk of
shorting or of emission from the electrode is minimized;

vii) by the use of the counter-flow diffusion burner it is
easier to burn diffusion flames with oxidants other
than air;

viii) if required, the variation of the saturation current
density over the flame could be measured by the use of

an insulated probe in one of the electrodes,

Te2.2, Determination of Factors Affecting the Saturation
Current.

In order to elucidate the effect of all possible
factors it is important to measure the variation of the

saturation current with all the variables, in particular
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electrode separation and configuration, burner size, flow
velocities, and gas composition. It is also necessary to
measure the current at several voltages and to check the
effect of reversed polarity.

It was attempted tc determine the effect of flame
size and shape on the saturation current, The variation of
saturation current with fuel flow was measured. Flame areas
at zero applied voltage were also measured,

The saturation currents of diffusion flames are
for the whole flame rather than for a unit area, since the
saturation current per unit arca is likely to vary with
position in the flame, A calculated saturation current

density would therefore be an average over the whole flame.

7.3, Fuels Studied.

The fuels used were certain representative
hydrocarbons, carbon monoxide, and hydrogen. The oxidant
was air or oxygen, The first three members of the paraffin
series end an olefin (ethylene) were investigated to obtain
the effect of the carbon number and structure of the fuel
molecule, The gases taken are easily obtainable and
commonly used.

Acetylene was not fully investigated because this
gas forms an explosive compound (cuprous acetylide) with

copper. Copper and brass were used in the flow system and
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burners., The formation of cuprous acetylide might have led
to ignition of the premixed gases in the flow system,
However, a few measurements were taken with an acetylene
diffusion flame on & quartz nozzle using a flow systenm
containing no copper.

Hydrocarbon combustion appears to occur in two
stages (Burgoyne & Hirsch, 1954; Friedman and Nugen, 1959;
Scheller & McKnight, 1959), reaction vo H,0 and CO, and then
the oxidation of the CO to 002. The temperature at which
the first stage is substéntially complete will be designated
TCO and the final flame temperature Tf. Carbon monoxide and
hydrogen were added in small quantities to some premixed
hydrocarbon flames in order to alter TCO and Tf independently.
The addition of CO might be expected to increase Tf vithout
affecting TCO appreciably, while by the substitution of
hydrogen for carbon monoxide it is in principle possible to
alter TCO without altering Tf. It is stated by Chase &
Weinberg (1963%) that the kine*ics of a reaction occurring
during the oxidation of the hydrocarbon to CO and H20 should
depend on TCO and not Tf. Varying TCO and Tf independently
ought to show whether the ionization occurs at Tf or TCO'

Small quentities of other additives were added to

some flames, as discussed in Ch,IV.
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CHAPTER EIGHT.

CONDUCTION TO THE ELECTRODES.

8.1, Discussion.

The total rate of charge generation in flames was
measured by determining the saturation cu?rent from each
flame to electrodes placed on either side, Although
convection and diffusion ocecur to some extent, the charge
ig carricd to the electrodes primarily by the field. It is

thus necessary to investigate conduction to the electrodes
in order to design a suitable systen.

Most potential applications of flame ionization
dgpend on the behaviour of the charge in an electric field,
i.¢, on the mobility. Where high currcents are required it
is necessary to have a high mobility in order to limit the
voltage and power requirements and to avoid brcakdown,
Applioations depending on the force exerted by the ficld on
the gas give thg maxinum effect for a given current if the
mobility is low. It is of interes®t therefore to know the
behaviour of charges in the flame geses.

It ney be desired to measure the saturation current
of part of a flame so as to investigate the variation with
position in thc flane of the saturation current per unit

area, in order, for example, to avoid edge effects or to
y ’ &
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increase the accuracy of the flame saturation current
measurements by confining them to the most uniform part of
the flame only. This can be done by having a separate
electrode or probe which collects the current from just part
of the flame, It is necessary to know the arca of the flame
from which the current flows to such 2 probe or the
proportion of the total current collected, The linecs of
current flux will not generally be pairallel, pecause space
charge tends to make tubes of current diverge. Cooling of
the flame gases near the periphery nay decrease the charge
mobility and thereby cause the current to converge into the
region of high temperature, where the mobility is highest.
Another factor to be considered is variation of the gas
composition, in particular the presence of any inpurities,
Magnetic fields can be ignored since the currents

are low compared with the net charge present,
8.1.,1, Solution for Charge of Constant Mobility.

In the presence of a flow velocity u and with ions

of one sign only present

j = ne(XE + u)

From Gauss' law, ne " £dB/dx in the one-dimensional case.
£ kB! dE'/dx,

E + w/k

.
i

Pherefore

k4

where

0 at x = O for subsaturation,
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whence E!? (Zj/s;k)% x*
(2J/é5k)% x% - w/k .
(2/3) (23/ ¢ k)F 23/? = ua/r,

The last equation shows that a current can be

E

il

v

obtained even at negevive applied voltegece. This is the
principle of the electrohydrodynamic generator.

Ion mobilities in flames are of the order of

0.,0017 m‘?V_1 g1 (see below). The flow velocity is usually

of the order of 1 ms~1 or less and can therefore be ignored

for fields greater than 10 kV m L. The genersl equations

giving the field in the steady state are then:

A = ImeE
div E = ne/s
divj = 0

E = grad g

In principle these equations can be solved for any
electrode configuration, In practice it is normally

necessary to make simplifying assumptions.
8.1.2. Divergcnece duc to Space Charge,

I+ is usual to assume a one-dimensional field in
calculating currents between two electrodes., This assumption
can lead to errors. These errors are, however, not very
serious if the electrode sceparation is less than half the

flame width (Davies & Evans, 1967).
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Congider an initially uniform narrow tube of charge

of area A and radivs r, subject to a fiecld E and carrying e

current i. Since the tube is narrow E j, and n would not

Z’

vary appreciably across it (EZ is the axial field).

From Gauss' law, e;d(AEZ)/da = nea (1)
where 2z = distance along axis.
i = kE,ned (2).
Substituting for nedA from (1):
£d(4E,)/dz = i/(kEB,) (3).
A = nrz
therefore da/dz = 2nrdr/dz
= 2nrE/E,

where Er is the radial field.

it

From Gauss' law, E neA/(2nr ¢ ) epproximately.

T
Therefore E, dA/dz

ned/¢

Substituting for neA from (2)

E, dA/dz = i/( €kE,)) (4)
= L44E,/dz + E_dA/dz, from (3).
Therefore A dEZ/dz = 0.
Therefore EZ = constant
end A = A+ iz/(é?kEg) from (4).

Thus for a narrow beam the field is constant and

the area increases linearly with distance.
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8.2, Cyrrents to Probes.

In the cases envisaged in the present work it was
thought that divergence might play o significant role.
Because of the difficulty of obtaining mathemetical solutions
valid over the wide range of operations il was considered
necessary to carry out an experimental investigation. The
burner was onc clectrode. Another electrqde was placed
above the flame and parallel to the burner, Both electrodes
were larger than the flame in order to give an approximately
parallel field. The centre of the upper electrode
consisted of an_insulated probe. Details of the apparatus
are given in Ch,IX, Measurements were taken of the total
current to the upper electrode, it’ and that to the probe, ip”
It was found that the ratio ip/it tends to very and is not
always equal to the ratio of the probe area to the flame
area, The value varies with applied voltage, and clectrode
separation.

Values of ip/it were obtained for various electrode
separations and with the burner positive and negative. The
ratio of the probe area to the total area was 0.32 in one
case., The mean value of ip/it was approximately equal to
this, although it tended to be higher with the burner
negative, particularly at electrode separationg above 30 nmm.

The value of ip/it ranged from about 0,26 to 0.40.
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Some measurements were madc with the burner
negative.since this is the easiest way to neasure saturation
currents. It was found that the probe current tended to go
through a naximum when the voltage was near the mininunm
required to draw the saturation current. As the voltage
was increased the probe current reached & maximum and then
decreased to a steady value of up to about 30% lower then
the maximunm, When the electrode seperation was increased
with a constant applied voltage the probe curreant reached a
naxinum of_up to twice its value for low scparations before
decreasing. The total current decreased continuously. The
region of hot gas above the flame became narrower with
height, as could be secn by pilacing 2 wire across the gas
stream and observing the shortening of the length which
glowed as it was raised. The particle mobility would
therefore be lower above the edge of the flame, whi:h would
tend to cause the current to converge towards the probe at

larger electrode separations.

8.2,1., Iffect of Flame Non-Uniformity.

Moving the upper electrode across the matrix burner
used and measuring the probe current showed that the
saturation current density was about 30% lower at the centre
of the flame than near thc edge. At higher applied

voltages the field near the centre of the burner would
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therefore have been higher, making the equipotentials convex
with respect to the burner, which would tend to make the
current converge downstrean. The lower saturation current
density near the centre of the matrix was probably due to the
flame temperature being lower there, Because the matrix was
hotter at the centre, the viscosity of the gas would have
been higher there and the flow lower. I+t will be apparent
from the results that a temperature difference of on}y 25 K
would account for a SO% change in saturation current, In
fact, the flame on the hot matrix could be secen to burn
closer to the surface at the centre, The higher current at the
edge ¢f the matrix did not appear to te duc to elcctron
emission since the edge was not observed to be overheated and
no current was obtained after the flame was extinguished.
These results emphasise the importance of using a burner
giving uniform flow and good heat conduction. The ratio
ip/it tended to a constant value at high applied volteges
but was up to 50% lower at low voltages.

The variation of :Lp/:'L_b with the stoichiometric
ratio, @, was measured for cthylene/zir. The value was
approximotely constant up to @ = 1.1 and then fell, This
fall was due to ionization occurring in the secondary flane
forned by the excess fuel burning in the surrounding air,

This adds to i_b but not to ip.



For cthylene/oxygen flames on & porous disc burner
it was found that ip/it was approximately equel to the ratio
of the probe arca to the flame area for very lean flames but
that tpe value was up to about 50% lower for somewhat richer
flames. The temperature aad probe saturation cu;rent were
measured across onc flame (J = 0.68, T, = 1500°K).  The
temperature at the edge was found to be about 20 XK higher
than at the centre, and the current about four times as great.
The low value of ip/it for less lean oxygen flemes thus
appears to be due to the saturation current density being
nmuch greater near the edge, which might result from dilution
with the currounding air and from a resultant increase in the
final flame tenperature. Dilution of & non~adiatatic
oxygen flamec with air is likely to raise the temperature,
since the burning velocity would otherwise be reduced, giving

blow off.

8.2.,2. Possible Methods of Making the Current more Parallel.

At higher voltages, the external field can largely
overcomc the space charge field and force the tubes of
current to become more parallel. Measurenents of the
saturation current to the probe should be taken where
possible at voltages at which the probe current has rcached
a constant value as the voltage is increased,

The use of an insulating chimney as a collimator
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to make the currcnt more parallel was considered. In
equilibrium the current must travel parallel to ites surface.
This has been discussed more fully in Ch III in connection
with ion photography.

The divergence cf the current from the flame could
also be reduced by making the upper electrode the same size
and shape as the flame and/or having a series of insulatipg
apertures which would restrict the divergence of the current.

Some measurenents were made using an asbestqs
chimney around the flame gases between the clcetrodes, This
arrangement gave a steadier probe current which was more
unifoim over a larger region, However, the use of a chimney
was cunbersonec, It was liable to conduct additionsal
current between the electrodes. The improvement obtained
was probably mainly due to reduced disturbance by draughts
and rcduced cooling of the gas above the fleme, which could
give a more wniforn temperature distribution.

The flow and temperature distribution can be mede
more uniform by the use of an upper electrode consisting of
a matrix which allows gas to pass through it, instead of a
water cooled copper electrode as used initially. A matrix
electrode can be run hot to reduce cooling of the gases.

Such en elecctrode was constructed and was used for most of

the subsequent nmeasurcments. It was confirmed that electron
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emission did not take place from the matrix electrode when
hot, by blowing out the flame and observing that no further
current flowed.

 The use of a pilot flame round the flame
investigated, to render the current more parallel, was
considered, Such a flame would increase the effective area
of the burner and reduce edge effects, It is necessary to
have a flame of sufficient size if measurements of the
current from part of it are to be taken. The use of a pilot
flame, however, would require the building of a special
burner and careful matching of the main flame and the pilot
flame. Tt did not appeér that the advantages to be gained
made the use of a piléy flame worthwhile,

It should be possible to make the current from the
flame to the upper electrode more parallel by placing
insulated wires or grids parallel to the electrodes. The
equipotentials would have to be parallel to these Wires and
the field would therefore be perpendicular to them, An
insulated wire was placed half way between the burner and the
upper electrode, A slight reduction of the maximum in the
current to the probe was obtained. The burner was negative
and the inter-electrode separation 40 mm, Copper and
platinum wires had similar effects. Several copper wires

gave a greater effect. The excess of the maximum probe
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current over that at higher voltages was reduced by about

40%. To make the current pargllel might require several

coarse gauzes, which would impede the passage of the current.

It was found that the presence of wires in flames,

particularly if conteminested, could greatly affect the

current and its distribution, This effect is discussed below.

8.2,3., Variation of Probe Current with Height and Potential
of Probe.

The probe in the centre of the water cooled copper
upper electrode uvsed for most of the earlier measurements
could be raised or lowered relative to the rest of the upper
electrode, The variation of the probe current with the
probe height relative to the electrode was measured, It
was found that each 0,1 mm vertical displacement of the
probe altered the current by 4%. Thus it is necessary that
the probe be positioned accurately. The measurements were
taken with an applied voltage of 330 V and an electrode
geparation of 37 mm,

The variation of the probe current with the probe
voltage relative to the rest of the upper clectrode was
investigated by placing resistances in series with the probe,
measuring the current and calculating the probe voltage,
Measurecments were taken with the burner negative and an

electrode separation of 37 mm. It was found that ip was
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reduced by about 0,06 pA for each volt on the probe. This
result was obtained at three different voltages on the burner
(90, 330, 440 V). A resistance of R ohms in series with

the probe, which changes the probe voltage by 1070 i R volts

p
(where ip is in microamps) therefore reduces the probe

8 R. Thus the reduction of

current by the fraction 6 x 10~
the probe current due to the resistance of the microammeter

(maximum resistance 2x104 ohms) was negligible,
8+s3. Negative Conduction.

A considerable amount of work, both experimental
and theoretical, has been done on the conduction of negative
charge in gases (Loeb, 1955), Much of the expcrimental
work, particularly that on electron attachment, has been
performed at low temperatures and/or at low pressures and/or
with additives, in particular alkali salts, to increase the
ion concentration, Most of the work has been confined to
pure gases. Since the quantities involved vary in a
complex manner with particle energies and densitics, these
results cannot easily be applied to combustion products
consisting of complex mixtures of gases at high temperatures
and atmospheric pressure, Also, the gasces downstream of a
flame arc not always in equilibrium, in particular radical
concentrations and, in some flames, the electron temperature

(Bradley & Matthews, 1967) tend to be too high.
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Negative charge is carried in gases by electrons
and negative ions. . Since the mobilities of these differ by

a factor of about 103

it is important for practical purposes
to know what proportion of the charge is carried by each.
The fraction of electrons in equilibrium increaces with
temperature. Investigating the conduction of negative
charge gives a means of estimating the proportion of the
charge carried by free electrons and how this varies with
distance from the flame. It can also indicate whether the
negative charge'is produced at the flame as negative ions

or as electrons, This is of interest in investigating the
mechanism of the ionization.

Near the reaction zone there are more electrons
than negative ions (Green, 1965), Fu?ther downstream some
electrons attach to give negative ions. The ion-ion
recombination coefficient is probably several times the
ion-e}ectron recombination coefficient (Gaydon & Wolfhard,
1960), Thus it is likely that an important process of
electron loss in the flame products is electrop attachment
followed by ion-ion recombination (King, 1962), Ton-
clectron recombination also occurs (Green & Sugden, 1963).
This may be the main recombination process in the region of
high ion concentration near the reaction zone.

Electron decay downstream of flumes has becn
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investigated by Williams (19§2) ond King (1962),
Both found the decay to be first order. Positive ion
recombination is second order (King, 1962).

When the burncer is made the cathode the current
above the flame is mainly by negative conduction with the
current from the flame to the burner being due to positive
ions. For sub-saturation currents the surplus positive
ions are held back by the field and mainly recombine within
a short distance downstream of the flame. The absence of
positive ions farther above the flame is desirable to
eliminate recombination and enable the electron/negative ion
behaviour to be elucidated more easily, as proposed by
King (1962). In particular the electron attachment
frequency and the equilibrium electron concentration can then
be estimated. In addition, potentially greater spatial
resolution can be obtained by the measurement of tre

variation of field strength than by miciowave or resonance

methods,
8.3.1s Theory of Electron Attachment.

Agssuming a one-dimensional system, the absence of
positive lons, negligible flow velocity and diffusion, first
order kinetics for the electron attachment and detachment,
and given that the elcectron attachment freguency, Vg and the

frequency of electron detachment,ﬁfd, do not vary with



101,

position or field, it can be shown (sec the Appendix) that

2 . NS N 2
d 2 23 ' . ! 4 4d(E°)
E >, () = - (> + V) = + (5)
dx2 ck.k a d ke ki dx
where x = distance from burner, E = field, j = current density.
2y _ _2i_ Matvd
From (5), dég ) = - Tk, * vy at large x.
. 2y -1 _ ~»_ k. y sk
Therefore '%; ﬁé%_l - & l++ - ae
" Ty Y
a d
= constant
= k_. (6)

k_ is called the negative particle mobility by compearison
with the case where there are particles of only one mobility,

k, present, when

k = j/(neE)
= j ( ¢BaE/dx)™’ since dZ/dx = 4mne
= 23 ( ed(E®)/ax)"t (7)
From (6),
3 -~ — ] “
( ¥k + vVik) = (M, + 95)k_.
Therefore ;iﬂ ) ‘Eﬁ;" kg
\\d k.-e - ki
= ne/ni (8 ) .

The results can be analysed approximately by

assuming that all the space charge is due to negative ions

2

(because ke/ki = 10° to 103, so that comparatively small

quantities of electrons can give rise to dominant currents),
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when:s
en = E.QE from Gauss' law
i dx e
where n; is the negative ion concentration.
j. = en.k,
Ji nlklE (9),

where ji is the negative ion current density.

Therefore ji = EkiE %%
2
= e 4(BT) :
So = 3 - g

where je is the electron current density.
J

e
n, = EE; (11)

giving N the electron concentration.

net rate of electron loss

= =Vn_+ Jgn, (12),

from which Y ‘Jd can be estimated,
Solutions for ~vd = 0 have been worked out by

Lawton (1963).
8.3.2. Experimental Results.

In order to investigate negative conduction, a
potential difference, V, was applied across & lean premixed

ethylene/air flame at atmospheric pressure stabilizcd above
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. 2
the surface of a rectangular matrix burner of area 20 cm“,

as described in Ch IX, The burner was made the cathode,

The distance, a, between the burner and the upper clectrode
wag varied by one ccntimetre intervals and the current, iy
measured as a function of voltage at each position. From
this data the field E and the charge density e can be obtained.
Graphs of it versus voltage were plotted For each value of a
(Fig., VIII(1)), from which were obtained graphs of V versus

a by cross plotting.
8.3.3, Negative Particle Mobility.

The gradient, at any point, of the graphs of V
versus & is equal to the field, E. Graphs oﬁ E2 versus
disvance from the buiner, x, are given in Fig.VIII(2) for
various values of it’

The graphs of EZ versus x at constant it give:

2,0 10 2 -3 .
aE“/dx = 1,16 x 107" V" m ° at i, = 4 pa,

2.8 x 10 v¥ u ot i =10 pa.

dE° /ax

Substituting these results into equation (7) gave

-1

k_ = 0,039 and 0.0405 me vl g respectively. These values

arc in closc agreement, which indicates that the results are

2y 1571, ging (1962)

2 V-i s-i.

reliablc, Thus k_ is about 0,040 m
obtained an order of magnitude value of 0.1 m
This higher value of k_ may heve been due to his flame being

hotter.
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The graphs obtained show that the fields near the
flame were low, which confirms that all or most of the
negative charge from the flame is formed initially as
electrons, d(EZ)/dx was much lewer near the flame than

farther downstream, even for near saturation currents.
8.3.4, Ratio of Electron to Negative ion Concentration.

The ratio of the electron to negative ion
concentration can be obtained from the effective negative
particle mobility and the electron and negative ion
mobilities.

A wide range of values for the electron mobility

-hag been given in the past. It is now accepted that its
value is of the order of 0.2 m2 V"1 s"1 in flames at one
atmosphere (Wilson! 19%1; King, 1962), Van Tiggelen (1963)
takes a velue of 0.25 m® V1 s™1, Tt should be remembered,
however, that the electron mobility depends on the
magnitude of the applied field (Meek & Craggs, 1963) and on
the tcmperature.

The negative ion mobility should have about the
same.value as the positive ion mobility, for which a value
of 0.00175 m° V! 5! was obtained (see below). Evaluating
equation (8) taking k, = 2500, k, = 0.00175, k_ = 0,040
m2 V'"1 s_l gives the ratio of the electror to negative ion

concentration, ne/ni, to be 0,18.
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8.3.5., DBvidence of Ion Generation Above Flanmes,

As x increases ji increasas and, from equation (10),
d(E2)/dx must increase. Therefore, when x is less than an

arbitrary value, h,

dx b dx )x=h
2 2
.o 1
giving 8 > 5 T (ddg )X=
2
» . X (8B
B g (G%)x=n (13)

Putting x = h in equation (13) gives
E > h dB/dx at any point. (14)
The intercept, EO, on the E axis of the tangent to
the grapvh of E versus x is given by
E, = E - x dB/dx.
Therefore, from equation (14),
E,> O (15)
I+t can be seen that the graphs of E versus x
(Fig.,VIII(2)) are not in accordance with equation (15).
Tangents give negative intercepts on the I axis. It thus
appears that the field does not start to increase appreciably
for somc distance from the flame, This cffect may be due
to the presence of some positive ions which neutralize the

neg-tive space charge, Whether any positive ions are

present could bhe checked using & Langmuir probe.
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It is unlikely that many positive ions are carried

downstream of the flame by the flow velocity. The field

near the flame was about %2 kV m—l. The positive ion
mobility in flames is normally about 0.,0017 m° V1 s™1 (sece
below) in which case 2 flow velocity of 5 m s_1 would be

requirede The actvual flow velocity was not more than about
1m s—l. However, ions or charged particles of
exceptionally low mobility might perhaps be carried
downstrean. The average mobility dowvnstream would tend to
decrease because of the small ions, which have the highest
mobility, recombining more quickly in accordance with
Langevin's theory (Langevin, 1905),

The most probable reason for the delay in the rise
in E2 is ionization occurring downstream of the flame because
of excited species or of disequilibrium. Because the
negative particle mobility is much higher than the positive
ion mobility, the positive ions would be removed more slowly
and could neutralize the negative space charge. Ionization
downstream of the reaction zone of about 1% of the saturation
current should be sufficient to provide a large enough
positive ion concentration, Whether the amount of
ionization occurring above the flame is appreciable

compared with the seaturation current can be checked by

varying the electrode separation.
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It is shown below that ionization does occur
downstrcam of some flames investigated., Estimates arce made
of the rate of ion generation for different flames and its
variation with height above the flame, Whether the effect
is large enough to affect appreciably the validisy of the
assumption that all charge 6riginates in the reaction zone

will be considered.
8.3.6, Effect of Impurities and Foreign Bodies.

The effect of impurities and foreign bodies on
negative charge conduction in the flame products was
investigated, It was found that an insulated wire placed
between tne flame and a2 probe in the centre of the upper
electrode could greatly reduce the current to the probe when
the burner was aegative, The total saturation current to
the whole upper electrode was not appreciably reduced, which
shows that the current not going to the probe was diverted
to the rest of the upper electrode. The probe current was
not greatly affected by the wire when the burner was positive.

The reduction of the probe current due to 2 thin
wire tended to be greater when the wire was nearer the
burner and when the wire was hot. Thinner wires were more
effective than thick ones. Typical current reductions
were 50% for a wire s1ill conl and 95% for a hot wire.

Various wires were tried, including copper (various diameters),
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nichrome (5 thou), platinum rhodium (2 thou), platinum, and

also a glass filament, The average reduction of the probe

current was of the order of 60%, A clean 2 thou. diameter

platinum wire gave the smallest current reduction, which was
of the order of 30%,

The effect of various substances on a platinum wire
werce tried, Large reductions in the probe current were
given by starch (75%), a handled wire, ammonium nitrate (90%,
but short lived), Fe30, (80%), sodium chloride (80% short
lived), POCly, and methyl red (short lived). Pb0,, Mgo0,

Zn, Br2, sulphur, carbon, and ammonia sglution did not appear
to affect the probe current appreciabdbly. In sonme cases

this may have been due to their being driven off or

destroyed before the wire could be positioned and the effect
observed,

L nichrome wire on the burner reduced the probe
current by about two-thirds. An attenpt was made to see if
this resulted from any substance released by the wire., The
rate of loss of mass of the wire, which weighed 66 mg, was
found to be under about 0.1 mg/hr. It is possible, of course,
that any loss of metal from the wire was counteracted by an
increase in mass due to oxidation.

Measurements were made to investigate from how

wide a region current is diverted by a wire. A gavze with
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a2 suall hole in it was placed in front of thc probe in the
upper clectrode to obtain higher spatial resolution of +the
current density distribution. A niceraloy wire of about
0.2 mm diameter was placed on the burner and the zurrent
distribution scanned by mcving the upper electrode
horizontally. It was found that the current density above
the wire was reduced by over 90% over a distznce of morec
than 20 mm,

The elcctrode scparations used in these experiments
were about 50 mm, Thg negative voltage applied to the
burner was about 400 V. The upper electrode and probe
were at earth potential, A lean premixed ethylene/air
flame was used.

It does not appear that appreciable clectrom
emission occurred from the wires, All wires werec insulated
when held above the flame, The probe and upper eluctrode
were earthed, Any emission would have tended to inecrcase
the current.

then a wire of radius r in a Tield B is fully
charged it creates at its surface a field E in the opposite
direction so that no more charge can reach the wire.
2nrE lines of force therefore leave the wire, as shown in
the diagram overlearf, These form a shadow, initially about

2nr wice, above the wire, which no ions travelling along
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the exteinal field lines can enter. L 2 thou. nichrome

wire gave a 96% redustion of current over 20 mm, a 20 thou.

nicraloy wire a 90% reduction over 20 mm. Thus the shadows

cast by these)wires is far greater than can be explained

electrostatically.

It appears that the wire or something emanating
from it causes the transformation of electrons to ions of
low mobility which create a negative space charge in the
wake of the wire and divert most of the current away.
Electron attachment mey occur at or near the surface of the
wire, The effect does not appear to be due to the cooling

effect of the wire since thin wires and hct wires were more

effecetive, It might be due to catalysis, lesding to the
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formation of stable negative ions.
If the cliarges in the gas have. a range of
mobilities with fraction fi of the current density being

carried by charges of mobility ki where 1 = 1,2, . « +» + 1

then the effective mohility, k, is given by:

. _ < 9ty
space charge = <, Eky
= 3/(kE) ’
giving N <// i}‘ e
k “~ ki

For example, if 99% of the ions have mobility 1072

and 1% have mobility 107°

then k = 0.091 x 1077, Thus the
cffective mobility can be greatly reduced by small |
proportions of ions of very low mobility.

The root mean square distance any substahce travels
by diffusion in time t is equal to (2Dt)%, where D is the
coefficient of diffusion, The time taken for the products
to go from the wire to the upper electrode was of the order
of 0.05 s and D is about 2 x 10™F m° s™1.  Thus enything
emanating from a wire could spread over a distance of about
10 mm by the time it rcached the upper elecctrode. This
effect is sufficient to explain the width of the region over

which the current can be affected by a wire,

Experiments were carried out to see if current
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could be diverted to the probe by a wire not directly
beneath it. It was found that & small increase in the
probe current could be produced in this way. The effect of
a gauze with a 20 mm square hole was tried. It was found
that with the hole under the probe the probe current could
be increased threefold. The effect was greatest when the
gauze was near the burner, This effect is due to the
current being deflected away from the edge of the hole
towards the probe.

‘These results shew that care must be taken to avoid
impurities or any foreign bodies or hot surfaces in the
flame, particularly in a flux of electrons, i.e. when
determining saturation current densities by measuring probe

currents with the burncr negative.
8.3.7¢ Currents To Wires.

Some effects described by Waroux (1964) were
investigated, The current from an uwnoxidised positive
copprer wire in a flame was found to increase rapidly after
about five seconds and then to decrease slowly over a
similar period, The initial increase appeared to be
cormected with the hcating up of the wire and the subsequent
decreasge with its oxidation, Experiments were carriced out
using 26 gauge copper wire. The current increase of up to

about 400% obtained at & low voltage (100 V) was much greater
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than the increase (about 25%) obtained at a near saturation
voltage. The current to a hot oxidiged wire was up to
double that to 2 cold oxidized wire. When the applied field
was removed by shorting it out a large momentary back current
was observed on a cathode ray oscilloscope, Which guggests
that the decrease in current was due to a back e.m.f. For
example, electrons emitted thermionically from the wire mey
form a sheath,

The currents, measured using a microammeter, to
initially unoxidized 26 gauge copper wires about 13 mn long

in series with a megohm resistance are given below:

‘! lippiied voltage, V 33 98 212 5
iInitial current, pA. §0.9 2.4 4-55
E Maximum current, pA. 51.2 3.8 7.4?
% Subsequent current, uﬁ.g 1,0 2.6 5.1§

v

The current maxima were less marked than they would
otherwise have been, because of the megohm resistance, which
was placed in serics with the wire to protert the micro-
ammeter in the event of the wire sagging and touching the
burner, These results indicate that there is a back e.m.f,
produced? the magnitude of which depends on the history of

the wire.
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8.4, Positive Conduction,

8¢4+.1s Positive Ton Mobility.

Current voltage characteristics were obtained with

the burner positive for several values of the electrode

scparation, a, to obtain the positive ion mopnility, k

+.
TPor subsaturation (j less than js)
2 _ v/ -
E = 2,]){/:; k+
giving k, = (8/9)ja° v¢ 71
= (8/9) =71 alaj/av?

(17).

Measurements of current versus voltage were made

for several diffecrent flames on the porous disc burner.
The burner was positive. The electrode scparation was
mn and the flame area 19.8 cm2., The following resulis

obtained:

v2, vo1t? x10% | 0.04 | 1.0

6,0 11
0.13 to 0.45! 0.7+0,03

i
i
i
!
§

2.6+0,05

i

dit/dV2, ud v“2:

|
i B SR
| 0a.0.,40 1 0,33 | 0,34 |

These results confirm that the current at low

voltages is much greater than if it were proportional to V.

10

were

.0316.0
DT R

4.3 }5.8

i
ey
:

0.30

2

Substituting into equation (17) the velue of dj/dave = 10% to

16 x 10% vol#°

me v gL,

gives the positive ion mobility to be 0.00175
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King (1962) and Wilson (1931) give the positive ion
mobility to be about 1 to 2 x 107 n? v~1 571, However,
this does not appear to be correct for ions in flame products.
The p;edominant'positive flame ion is H30+ (Green & Sugden,
1963). The mobility of this ion at N.T.P. is atout 3 x10™ 4
m® V1 71 (gee Mitchell & Ridler, 1934). Simple kinetic
theory, assuming thc molecules and ions to act as solid
spheres, gives the mobility to be proportional to %. The
temperature of thc flames used was abqut 1600°K, giving a
mobility of about 7 x 10°% m% vl 871,  More precise
kinetic theory, taking into account dipole interactions, gives
ko = constant (Langevin, 1905), where g is the density of
the gas. kQ tends to vary comparatively little with
temperature (Massey & Burhop, 1952). The assumption that
ke is constant gives k « T giving k = 0.00164 m® v 1 g1 a4
the flamne temper&tures. This value is in good agrecment
with the value of 0,00175 obtained above.

It does not appear that clectron emission occurred
from the upper electrode when the burner was positive (although
it has becen suggested that elecfrons can be produced in the
vieinity of cool elzctrodes in seeded flomes (Turcotte &
Friedman, 1965), sincc the current ceased immediately the

flame was extinguished. Morcover, similer currents were

obtained using either the hot matrix upper electrode, which
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was not cooled, or the water cooled upper clectrodec.
8.4.2. TFurther Evidence of Ion Generation Above Flames.

The above results show that the current with the
burner a2t a positive voltage of 20 V and an clectrode
separation of 10 mm was about 0.3 pA or 0,15 mi m 2, Taking

the maximum field to be 4 kV 1

and assuming only positive
charge was prescnt, Gauss'! law gives the total chafge present
to have been 3 %1078 coulomb m™2. To give the observed
current this charge would have required a velocity of 50 m s—l,
which is much greater than the flow velocity andthe probable
drift velocity duec to the field. Thus it does not appear
thet the current at low positive voltages is carried solely
by positive ions travelling from the rcaction zone. It has
been shown that it is unlikely that electron emission occurs
from the upper electrode. The most likely explanation for
the current at low positive voltages being higher than
expectzd is that ion gcneration continues above the flanme,

since positive ions formed near the upper elcecctrode would

have less distance to travel.
8.5. Ion Genecration Above Flames.

It has becen suggested that some ion generation
occurs above hydrocarbon flames, This was investigated by

two methods as discussed below: by measureaent of the current
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to an electrode with low positive voltages on the burner;
and by observing the variation of the saturation currents

of flames with elcctrode separation.
8.5.1. Current with Low Positive Volitage on Burnecr.

If positive ions are formed in che vicinity of the
upper electrode, at the rate of J/e¢ per unit volume, 2
sheath of thickness z would be formed in which all the
positive ions generatecd go to the upper electrode. Assume
that the negative charge formed has infinite mobility and
ignore diffusion, since the sheath would be <thick.

At distance (z~x) from the upper electrode the

current density j(x) is given by  j(x) = Jx.
zdE/dx = space charge density
= 3(x)/(x,B)
= Jx/(kE).

Therefore, integrating and taking E = 0 at x = 0 since the
current below the sheath is carried by negative charge of
infinite mobility,
2 _ 2
BT = (3/ =k )x",

Therefore, integrating,

v

1
3 (3/£x,)7 22,

'%:'kl/‘l 61/4 v'% J~1/4

Therefore z = +

Hence the total current density, j = Jz _
=1/
(e 4 =V g g3
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Thus I = (Mr,e )y"1/3 (5 )4/ 3 (18).

Graphs of versus V% for low positive voltages
on the burner for three flames are shown in Fig.VIII(3).
These give, at low voltages, approximately straight lines
passing near the origin, indicating that the current was
primarily due to ionization above the flame. Measurement
of the current at low voltages with the burner positive thus
provides & means of determining the rate of ionization above
the flanes,

The flame represented by the middle curve in PFig.
VIII(3) was an ethylene/air flame, At 14 V thetotal current
was 0,2 pA. The current to a probe of area 5.8 cm2 wes
0.18 of the total. Thus the current density produced near

the upper electrode was about 0.062 mA m—2. The positive

ion mobility has been shown to be about 0.00175 m° V-1 ™1,
This value will be assumcd in all the following calculations.
The rate of current generation, J, which occurred near the

upper electrode is thus given by

J= (4 x0,00175)"Y3 (6.2 x 105 x 14)*? rrom (17)

10 md m2,

Por another flame the current to the upper
electrode at an electrode separation of 10 mm and at 21,8 V
was about 0,307 pdA, which gives the rate of ionization, J,

10 mm above the flame to have been 14 mA m 2.
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The current measured must come from a zone of
thickness j/J, which was sbout 5 mm., The spatial resolution
obtained was therefore of this order,

The rate of ion generation found per unit volume is
less than the saturation current density of most hydrocarbon/
air flamés, which explains why this ionization above flames

has not been detected before,
8.5.2. Variation with Height.

It was decided to investigate the variation of the
rate of ionization with height above the flame, The results
shown in Pig.VIII(4) were obtained for the variation with
electrode separation, a, of the current to‘an upper elcetrode,
The burner was at a positive voltage of 21.8 V. These

results give .
-1.48

i a
From (18) J o 14/3.
Therefore Jd o< a"1‘97, which shows the rate of ionization

above the flame is approximately inversely proportional to
the square of the height above the flane., This fact rules
out the likelihood of this ionization being due to the

thermal ionization of impurities.
8.5.3. Comparison of Different Flames,

Measurements were made to find rates of ionization

above different flames and the variation with the fleme
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gaturation current density., Results are given below:

Probe areca = 5.8 cm2, elcetrode separation = 10 mm,

~ Lean 02H4/02

. — . s S - g~ e 4 > T S - i e Sy B "t e @ D o ot B o Wit GOy e B By G W M Y Bt et he g  SeL M e e mes s

‘Saturation current to probe, (i )s, pA E 0.313"
e e, T e—
,Gurrent to probe with burner at +10V, (1 )+, pA ; 0.017:

Lean 02H4/air

e et e e o o e s A e ® A e Ban o o8 e 0T ot s him et sien e e s e e s el e 0 R e e s

ki gy BA 0.2 0,55 2.7 7.0 14.0 16.0

'._—._..-.. e e e ot o s e e e e e e o b o S e e e e Y P

(1 )+, pﬂ i 0, 014 0. 019 0. 037 0.05 0. 07 0. 085

i
|
l

Rich 02H4/a1r

(1 ) pA 6;15" T 0.15 6.5 10.0 14:5 20.5 ;

i I
'(i )+, pA 0.010 0.013 0.06  0.05 O. 065 0.09

Lean C,H /GO/air

(1 gy BL 1 2.0 2.2 2.5 43 1.5 17.5

l
!
H
;_. e et g o e !
1
|
i

mlp)+, uA ! 0. 033 0.034 0.039 0,037 0.065 0,08

. e e e U O e ‘

These results show that flames with dlfferbnt
compositions but the same saturation current density give
gimilar values of J, (ip)+ tends to increase as (ip)s
increases. (ip)+ varied over a much smaller range (0,01 to
0.09 pA) than (i), (from 0.15 to 20 pi). It is not to be

expected that there would be an exact relationship between .-
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(ip)+ and (ip)s since flames with the same saturation
currents but different compositions have different burning
velocities so that the time which elapses before the gas
reaches the upper elcctrode varies.,

The fact that (ip)+ varied over a factor of about
ten is further evidence that it is due to ionization
occurring above thc flame, If ionization occurred only in
the reaction zone, the current at subsaturation_voltages

should be independent of the saturation current.

Results arc given below for some oxygen flames:

Plame area = 18 cm2

|

electrode separation = 10 mm,

CH4/O2

Total saturatlon current, 1, pi : 0,08 0.18

I
: e e e e e e e e 2o et o o e e S i e e e )
|
!

;Total current Wlth burner at 10 V,i ,pn 0.039 0 043

C2H4/°2

ﬁ;}“ﬁﬂ""f”6f56""'6'§I“"" 0.50 Tf?fw__miléw s g0
e e e e e e e e e e et e e e e e e
ii+, L1 0,031 O, 029 0,051 0.055 0.043  0.060 0.06{
00/02H4/o2

;S, ph o 0,70 |

L A § o.o7o§
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The valucs of i, all lie within a rangc of 0.029

: +
to 0,070 pa. .There is a tendency for i+ to increase with is‘
Ir 0.48 of the current at low voltages goes to a
rrobe of area 5.8 cmz, as found for air flames, then the
effective area of the column of flame gzscs is 5.8/0.18 =

32 cm2. + Assuming this arca and taking i = 0.029 pa, which

+
corresyonds to i = 0.31 ph for ethylenc/oxygen, gives, by
gubstitution in (18), volume rate of ionisation above flame,
J = 1.2 mh m—s. The rate of ionization per unit dmstance
intervel above the flame is then 0.0032 m° x 1.2 mh mw > =
3.8 pA m 1, which should be observable.

8.5.4, Variation of Saturation Cuyrrent with Electrode

Separation,

Measurementis taken of the saturation currents of a
methane/oxygen and two cthylene/oxygen flemes showed clcarly
that the saturation current varies somewhat with electrode
separation, confirming that ionization occurs above these
flames. Increases in saturation current of 10 to 50% were
obtaincd,

For a lean ethylenec/oxygen flamc the saturation
cgrrent was 0.24 PA for an electrode separation of 6 mm and
0.314 wi at 25 mm, figsuming the rate of ionization to be
proportional to n"2 and integrating gives the rate of

ionization 10 mm above the flame to be (from equation (20))

5 ph m—l, which is in good agreement with the velue
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of 3.8 Pa 1 caleulated from the current with the burner at
a low positive voltage for a flame giving a similar rate of
ionization.

It was confirmed for another ethylene/oxygen flame
that the saturation current was the same (0.5 pd) within the
experimental error both with the burner positive and negative,
which shows that it is unlikely that cold ceathode emission

occurrcd,
8.5.5, Estimation of Ionization Zone Thickness.

The current density to a probe in a plane electrode
for ethylene/air flames with the burner at +10 V was about
0.04 and 0.1 md m™2 when the saturation current density wes
1 and 10 mA m-2 respectively. These valucs correspond to
d =6 and 15 m@ m~3 respectively (from substitution in
equation (18)). The electrode separation was 10 mm.

Assuming that the ionization occurs from h = h1 at

a rate proportional to h-2,

g = Jrn°
where J' is the value of J at unit height.

o d

dh

= Jv n L, (19)

Contribution to jS between h = h1 and h = h2
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= gt (p, 7t - n,7h). | (20)

2

Thus if j, = 1 mhm °, J' = 0.6 ph w0 at h = 1 m,

then h, = 0.6 mm and 50% of the ionization occurs over 0.6 mm.

%, J' = 1.5 ph ™0 then hy = 0.15 mm 2nd 507

If j, = 10 mh m
of the ionization occurs over 0.15 mm.

The results show that the current with low positive
voltages on the burner, and therefore J', vary much less then
js. Thus the proportion f of the iounization occurring
beyond an arbitrary given height above the flame is greatest
for flames with low saturation current densities.

The distance over which 509 of the ionization occurs
gives a mecasure of the ionization zone thickness. Equations
(19) and (20) show that this distance is of the order of
J'/js. Tac above figures, which are based on everage
experimental values, show that the ionization thickness is
typically of the order of 0,3 mm. It tends to be greater

for flames with low saturation current densities,
8.5,6, BIffcect of Ion Generation Above Flames,

If 50% of the ionization occurs in 0.3 mm then hy =
0.3 mm, The saturation current density at h2 = 10 mn is
then 97% of that at h, = , which confirms that for a
typical flame with a typical electrode senaration the
saturation current density reasured is near the maximum

potential saturation current density. Thus the ionization
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downstream of the fléme is unlikely to affect appreciably'the

accuracy of the saturation current method for most flames.

dn/at =-ocn® + J/e
= -xn® + (J'/e) h~°
= —o¢' p? ' (21)

where =,c¢’ are the real and apparent recombination

coefficients respectively, and e is the electronic charge.
n = ulx h)_l approximately,

where w is the flow velocity.

Therefore n o= uxlnpTl,

Thus, substituting for h in equation (21),

dn/dt 2 gv et u-2) n®

]

—([}(—ml
N n2.
Thus continuing ionization above the flame at a

2 would not be detected by ion

rate proportional to h~
concentration measurements since the ion concentration still
decays in accordance with a second order law. The apparent

recombination coefficient is however reducecd.
8.5,7. Sunmmary,

It has been shown that ionization occurs above
hydrocarbon flames, This has been measured by two different
methods: mqasuremcht of the current to an upper electrode
with low positive voltages on the burner, and measurements of

the saturation currents of flames at different clectrode
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separatiops. These methods give values in approxinate
agrecment., The distance over which most of thec flamec
ionization occurs was estimated. It was showvm that the rate
of ionization above flames is insufficient to appreciably
affect the_accuracy of saturation current mecsurements in
most-cases. It would be of interest to measure the variation
of the rate of ionization above flames with flamc composition
and temperature and its decay with time, and to investigate
other hydrocarbons as well as ethylene. However, this
topic was not pursued further since the principal aim of the

project is to measure saturation currents of flames,
8.6, Further Experimcental Results,
8.,6.1, Rectification by Flames.

A variable alternating potential (from a Variac) was
applied across a'flame and the current observed on a cathode
ray oscilloscope. Partial rectification was obtained.

This effccet results from electrons, which carry most of the
currcnt when the burner is negative,_having a higher mobility
than positive ions (see Section 1.4). The amount of
rectification veried with the flow rates cf the fuel and air.
The maximun rcctification corresponded, at lcast approximately,
to a stoichiometric mixture, for which the flame would be
closegt to the burner, The current was the greater the

smaller the cold gap between the flame and the burner, this
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gap having & high resistance. The current often increased

as the flame dropped just before going out.
8.6.2, Obscrvation of Cyrrent-Voltage Characteristics.

A circuit was et up so that the current-voltage
characteristics of a flame could be displayed on a cathode
ray oscilloszope. The X deflection was vnronportional to the
applied voltage and the Y deflection to the current obteined.
It was hoped that this arrangement would provide a rapid
means of obtaining the required relationship. L 50 Hz
a.c, field of wvariablc voltageiwas applied. The trace
obtained was approximately of the shape cxpected but it was
not & single well defined line. Because of +the dbuild up
of charge and capacitance ce¢ffeects the curve wag distorted
and hystercesis occurred. The position of thc trace couvld
not be measured accurately, It was concluded that the
characteristics could be obtained more accurately by
measuring the stecady state d.c. currents and voltages with

e galvanometer,
B.6.%3, Variation of Cuyrrent Duc to Flame Movement.

The current in & bunsen flame due to an electric
ficld obtained by connecting a high tension battery between
the burner and a gauze above the flame was obscrved by the

use of a cathode ray oscilloscope. The tracce obtaoined noved
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up and down becausce of the movement of the flame. There was
a definite maximum}currcnt corresponding to the flame
touching thc gauze, This gives a convenient method of
demonstrating the movement of the flame,

If a voltage less than that required to extract
the saturation current is applied to a flame then the current
depends on the flame position and the charge mobility. The
charge mobility depends on the gas temperzture and
conposition. Thus the current at sub-saturation voltages
could provide a means of monitoring vgriations in the flame
position, temperature and composition, In particular it
night provide a convenient way of detecting subétanoes with
high clectron affinitics, Such substences can reduce the
elcctron concentration (King, 1962), giving a‘lower negative

ion mobility and thereby reducing the current.
8.7, Maximum Cyrrent Without Breakdowm,

The work on conduction in flame gases in the
present study has shown that the negative particle mobility

is nuch greater thon the positive ion mobility. The former

2 1 -1

was found to be about 0,040 m“ V' © s~ in the hot gas; the

latter about 0,00175 m° Vv 1 ™1,  The charge mobility in
the cold space between the flame and the burner would be
about 3 x 1074 w2 v71 571 £or positive ions and somewhat
greater than this for negative charge, depending on tho

proportion of electrons which attach in the cold gas.
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The maximun current density that can be drawm
without secondary ionization, jb, is equal to %-EE%k/a A m'—2
(Lawton & Veinberg, 1964) where E, is the breakdown field
in V m—l, a is the distance from the flame to the electrode
in metres, and k is the charge mobility in m2 V—:I s—l.
Breakdown occurs When aj/k exceeds & critical value on either
side of the flame, The largest current without breakdown
can be drawn when the higher k is utilized oh the side of the
flame on which a is larger. Thus higher saturation current
densities can be measured without secoandery ionization when
the burner is negative and the zurrent @n the space above
the flame is carried by negative charge. For this reason
most of the saturation current nmeasurcements were made with
the burner negative.
The breakdown strength of air is about 3 MV ™t at
N.T.P., being less at higher temperatures apd more 2t small
electrode separations (Meek & Craggs, 1953). For By =

1 1 -1

3MV M -, k =2,5x 107 w® v g , & = 1 mm the maximum

current which can be drawn without breakdown in the cold

space between the flame and the burner is 10 4 m_2. Taking

, @vove the flame to be 0.6 MV m—l, with k = 0,03 n° v+ s,

E
a = 10 mm gives thc maximum current which can be drawn
withput breakdown above the flame with negative conduction

-2 . . .
to be 5 A m ~, In practice secondary ion.zation tends to
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occur at lower current densities than this because of
deviations from the ideal of plane, smooth electrodes., The
gaturation currcents of most of the premixed hydrocarbon/air
flames to be measured are under 1 A n2 (Lawton & Weinberg,
1964 ), These magnitudes confirm that the saturation
current method is capable of measuring the required saturation

current densitics without secondary ionization,
-1

k ¢ e and Eb:xP approximately (Meck & Craggs,
1953), giving Iy E% k/a
N C /a
o pressure

electrode separation x temperature

Lawton & Weinberg (1964 ) have calculated maximum
practical effects obtainable by applied fields without
breakdovm. They assumed & minimum elcecctrode separation of
5 mm, Although this value is probably the minimum for
practical purposes, flames can be burnt at smaller separations
- it was found that counter-flow diffusion flames could be
obteined at clectrode separations of 1 to 2 mm, To minimigze
the likglihood of breakdown plane parallcl clectrodes should
be used,

The voltage drop, V, between the flame and each
electrode is given by ' ,
v o= (2/3) (2j/¢ k)% a3/2 volt,

where a and k are the appropriate distance in metres and
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2 1 -1

mobility in m“ V ~ s " respectively, and convection and
diffusiop are ignored. Thus the voltage is proportional to
(askul)%. The distance from the flame to the upper electrode
is about 10 mm and that from the flame to the burner of the
order of one tenth of this., The voltage drop between the
‘flame and the upper electrode is therefore of the order of

3 to 150 times that betwoen the burner and .the fleme,
depending on thc polarity. Hence the total voltoge reguired
to draw & given current is much less when the conduction
above the flame is by ncgative conduction. ie. when the
burner is negative. The results obtained confirm that for

a given arbitrary current and electrode scparation the

voltage required is less when the burner is negative,
8.8. Sunmary.,

In this chapter factors affecting the currcnt to
probes, the behaviour of negative and positive charge in
fleme gases, and ionization above flames have been
investigated. Charge mobilities have been obtained. It
was found that negative conduction is extremely sensitive to
the presence of meny impurities, Their introduction beneath
a probe diverted the current away from e large area and
greatly reduced the current to the probe., This effeet could
be used as & means of detecting impurities. It might also
be useful in gas chromatography.

It was shown that ion generation continues above
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non-luminous premixed hydrocarbon flames. The rate of this
ion generation was measured by two methods, which gave
results in rcasonable agreement,

I+ was shown that the saturation current method is
accurate and capable of measuring the saturation current
densitics required. In particular it waé shown that
sufficiently large current densities can be drawn before
breakdown and that the applicability of the method is not
appreciably affcecected in most cases by ion generation above
the flane, Indced, measurement of saturation current as a
function of elcctrode separation provides a method for
studying ion generation in the product gascs, Precautions
which should be taken and 1imitations of the saturation

current method have been discussed.



CHAPTER NINE.

IXPERIMENTAL DETAILS.

9.1, Plow System.,

A suitable flow system was designed to control
and measure the flow of reactants to the flame. Heedle
valves were used to control the flows and pressures.

A typical simple flow system, which was used for
earlier measurements, is shown in Pig.IX(1). Air was
obtained from the laboratory air supply, or from a pump, 4.
The latter gave a steadier flow. The air was passed
through a cotton wool filter, C, to remove any oil and then
through drying towers, D, filled with silica gel. Other
gases were obtained from cylinders. Two—-stage regulators
were used to reduce the pressure to about one atmosphere.
The gases from the cylinders did not need to be dried since
the gas in the cylinders is at high pressure so that even
if it is saturated with water the percentage of water is
negligible. Calning volumes, B, F, were used to reduce
fluctuations in the gas flow. The gas flows were measured
by means of capillary meters, E, G, of the type used by
Pandya & Weinberg (1963)., These were calibrated for each
gas used by means of a bubble meter, The gas flow at N,T.P.
is a function of hp, where 1 is the pressure drop across

the capillary and p is the pressure just downstrean.
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The gases were mixed in mixing towers,‘J, filled
with glass beads and pieces of tubing. The mixing towers
were bound with adhesive tape to prevent the scattering of
broken glass in the event of an explosion. They were also
surrounded by a zinc screen and placed behind & board,

Flame traps consisting of metal matrices were placed in the
flow lines to arrest flash back., After use the system was
often purged with air or nitrogen to eavoid leaving an
explosive mixture in it.

The final flow system built is shown in PFig.IX(2).
It permitted four gases to be metered separately and each
to be fed to either (or both) of two burners. This
arrangement allowed measurements to be taken on flames with
more than two constituents and allowed the flow and
composition of the gas to two burners to be adjusted and
metered independently for measurements on counter-flow
diffusion flames.

An extraction cystem was set up to remove harmful
or obnoxious products which might be produced by rich flames
or flames containing sodium chloride or other halogen

compounds .

9.1,1., Use of Bleed.,

The flow to a premixed flame couvld be varied
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without changing the reactant composition by using one burner
as a bleed, By suitable adjustment of the valves, a
proportion of the premixed gas could be bled off through the
bleed while the total flow, and the pressure of the meters
measuring the flow of the gas constituents, were kept
constant. The gas going to the burner could be passed
through one of the flow meters. A meter upstream of the
burner can be useful for correlating flames of different
flows but : of the same composition. Fig,IX(Z) shows the
flow system as set up for use with a bleed, Thg dotted
lines (d,h,i) are not used with this arrangement.  There
are three inlets (a,b,c), The metered gases are divided

between the line to the burner, e, and that to the bleed, f.

9.1.2, ©Seeded Premixed Flames.
The mixture burnt was slightly lean (5.5 1. min

of air, 2.0 1. min~t

of CO0). A Meker burner was used, which
gave an approximately flat flame of 4 cm2 aresa, The salts
were introduced in the form of a spray of the aqueous
solution given by an atomiser. FPor the flame with sodium,

a solution of sodium carbonate was used. For those with
lead, a solution containing 10.4 g lead nitrate and 0.25 g

3

sodium acetate in 98 cm” of water was employed. A fielad

was applied between the burner and an electrode above it.
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The burne: was mede the anode. It was found that the use
of a shield of nitrogen to prevent secondary air reaching

the flame did not alter the current.

9.2. Burners.

For premixed flames it is necessary that the burner
gives wniform flow and good heat extraction to keep the
burner surface cool and at a constant temperature and to
give a uniform flame.

It was decided to employ a flat flame for the
reasons given in Ch,VII, Several types of burner were tried,
including a fine gauze in & frame, resting on a bed of bronce
powder, and a burner consisting of a rectanguler matrix
flame trap, supplied by Amal Ltd., water-cooled round the
edge. The former gave insufficient cooling of the burner
surface, which tended to become red hot, The matrix burner,
also, did not give sufficient heat extraction to give a

uniform flame for all the throughputs and compositions used.

9,2,1., Porous Disc Burner.

The type of directly cooled porous disc burner used
by Yumlu (1959) apvecared to be the best woy to obtain the
maximum rate of heat extraction. A burner designed to hold
cylindrical discs one inch thick and of twc inches diameter

was developed and built (Fig.IX(3)). Later, a second
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burner was made, Water circulated round the disc and solder-
sealed directly cooled dises could be used, or smaller discs
shrink-fitted or push-fitted into sleeves of the right size.
Two compressed O-rings prevented the water escaping and
secured the disc in place, Digcs could be easily
interchanged, which was necessary since several discs had to
be tried to find the one which gave the most uniform flame.
The disc surfaces deteriorated as & result of impacts,
prolonged overheating, corrosive chemicals, or the deposition
of soot, so that.the disc needed to be changed often (or the
other side used). The discs could be cleaned by washing
with dilute ammonia solution.

It was found that direct-cooled porous discs were
capable of giving extremely high rates of heat extraztion
(up to 800 W, equal to 400 kW m 2) without the surface
becoming hot. The main disadvantage of this porous disc
burner is the 1arge.pressure drop across the disc (up to
half en etmosphere), Por this reason 4" thick dises were
sometimes used instead of 1" thick ones.

Several 2% diameter 1" thick porous sintered bronze
disecs made by Sintered Products Ltd were obtained. Some
were sealed with solder round the circumference. This
operation was difficult because it is necessary to avoid

daunaging the disc surface, to prevent solder from penetrating
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into the interior of the porous disc, and not to damage the
disec by overheating. The circumference of the disc must
be completely sealed to prevent water penetrating the disc
or gas escaping from it,

Because it was difficult to tin the discs
effectively without damaging them, some discs were fitted
with bruss sleeves instead, which prevented water entering
the discs or gas escaping from the circumference, The heat
transfer through the slecve was not as good as with direct
cooling, but was still adequute, The disc in use acquired
a temperature of the order of lOOOC, which would not affect
the flame appreciably (Yumlu, 1959). Reduced heat trangfer
at the circumference of the disc should not significantly
affect the uniformity of the flow across the disc. The
flow distribution may be marginally altered since the higher
disc temperature will mean that a given difference in
temperature would alter the gas viscosity and flow by a
smaller ratio,

The disc temperature could be estimated by the
increase in the pressure drop as the disc heated up. The
pressure drov is proportional to the volumetric flow rate
multiplied by the gas viscosity. Thus it is proportional
to the average disc temperature to the power of 3/2, In

onz case the pressure drop increased from 43 to 58
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millimetres of mercury, indiceting a disc temperature of 85°¢,

The increase in the disc temperature due to the
lesser conduction across the sleeve is a disadvantage since
it causes the flow to alter slowly until the disc reaches
its equilibrium temperature, increasing the time taken for
the flow and flame composition to reach a steady state after
any alteration, and causing an initial drift in the
guantities being measured. This effect occurs also without
the sleeve but its magnitude is smaller since the disc
remains cooler, Measurements were not taken until the
quantities being measured reached steady values.

When a disc is surrounded by & brass sleeve the
disc can become hot while the sleeve remains relgtively cool.
Because the disc cannot expand freely, as it can without the
sleeve, stretching of the sleeve or compression of the disc
can occur., The result was that after repeated use the disc
tended to become loose or to rise in the sleeve, particulerly
after stabilizing flames with high rates of heat loss to
the dise, The disc was liable to emerge suddenly from the
burnecr because of the pressure drop across it, This was
potentially dangerous since it could allow the flame to burn
past the disc and ignite ges in the burner and flow system.
To prevent discs being pushed up out of the sleeves some

discs and sleeves werc made tapered so thet the discs were
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slightly wider at the bottom. The discs were push-Tfitted

into these slecves.

9.,2.,2., Other Burners Used for Premixed PFlames.

All the results for premixed flames given in Ch.X,
except those for flames containing bromine or metallic salts,
were obtained using the porous disc bturner, The results
for premixed ethylene/air flemes giver in Ch,VIII were
obtained using a rectangular matrix burner water-cooled
round the edge,

The mecasuremcnts to Aetermine the effcet of bromine
(in premixed and diffusion flames) were taken using an
Egerton-Powling matrix burner (Egerton and Thabet, 1952).

The measuremcnts on the effect of seeding premixed flames

wibh metellic salts were made using & Mcker burner.

9,2,3, Burners Used for Diffusion PFlames.

The types of diffusion flame on which measurements
were made are discussed in Ch.VII. Measurements on counter-~
flow diffusion flames were obtained using the burner of
Pandya & Weinberg (1963) or using the two prorous disc
burners facing each other. The burners used for
measurements on.free burning diffusion flames consisted of
various ngzzles. The electrodes were simply metal plates
or gauzes, The results obtained and further details of the

experinental arrangcments are given in Ch.XI.
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9,3, Rlectrical Measurements.
9+.%.1s Blectricnl Circuit,

The circuit used is shown in Fig,IX(1). The
turner, K, was maintained at a high potential by several HT
batteries, L, or by a Brandenberg 20 kV unit. The upper
electrode, M, and probe, N, were at near earth potential.

The current to the upper electrode and probe were measured
by a microammeter, P. L two-way switch, Q, either carthed
the rest of the upper electrode or connected it to the probe,
enabling either the probe current or the total current to be
measured, The burner potential was obtained by measuring
the current to earth through & high resistance of knmown
velue, The same microammeter was used to measure the
current to the probe and upper electrode and the voltage,

by means of & reversing switch, R. This arrangement saved
the expense of having two meters and saved bench space.

The microammeter had five scales with full scale deflections
from one microamp. A second reversing switch was installed,
before the microammeter, to avoid having to reverse the leads

every time the polarity was changed.

9.3.2, Safety Measures.

To make the system safer during connecting up and

use, the current from the high voltage source was limited by
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high resistances. Because of the desirability of limiting
the current to the burner, it was necessary that the
rcsistance from the burner to earth should be very high,
The burner supports were therefore insulated and the cooling
water to and from the burner was passed through several yards
of narrow-bore tubing, The water was expellcd into a sink
through an earthed metal tube in order to prevent
fluctuations in the resistance to earth, which wogld otherwise
cauge fluctuations in the potential of +the burner. The
maximum resistance oi the microammeter was 20,000 ohms. The
leakage resistance from the upper elcectrode had to be much
higher than_this value for accurate current measurements to
be obtained,

de Gruchy (1953) has considered ways of protecting
galvanometers against high fault currents and discussed
possible effects of overloading. Since it was not intended
to operate at near breakdown voltages it was decided to
limit the maximum currern® by resistances in series with the
voltage source and to use the microammeter without any
further protection in most cases.

A Pt/Ptth thermocouple was uscd to measure the
flame temperature, The potential differcence was measured
using the microammeter. A reversing switch enabled the

same meter to be used to measure the voltage and flame
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current, The voltage source was turned off while
temperature measurements were made, to avoid errors duve to
any cffect of the field and to avoid possible damage to the
microammeter if the thermocouple broke. It was found that
, the thermocouple reading was altered by the equivalent of a
few degrees when the Tield was on.

The thermocouple was left in position during
current measurements for convenience and to eliminate any
random error due to its being replaced in slightly different
positions. To avoid error due to current flowing to the
thermocouple, the current to the thermocouple was included
in the current measured. For this purpose the thermocouple
was connected to thc microammeter through a high resistance.
The thermocouple was also connected to earth through a neon
bulb, which did not conduet at low voltages, in order to
protect the microammeter in the event of the thermocouple

breaking énd touching the burner.

9.%.%, Measurements.

The circuit used included facilities for measuring
either the total flame current or the current to a probe.
The mcasurement of probe current avoids edge effects and
permits mecasurements to be taken on a selected part of the
flome, which may be more uniform than the rest. The

variation of probe current across the flame can be used to
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check the uwniformity of the flame. Ag mentioned previously,
it is often necessary to measure probe current in the case

of rich flames since secondary combustion of the excess

fuel occurs in the surrounding air and this adds to the total
current,

As shown in Ch,VI1I, the proportion of the total
saturation current going to the probe, ip/it’ is not
constant. It would therefore appear tq be more reliasble o
measurc the total current in most cases, The total current
is larger and easier to measure. It gives the current
density directly where the flame is uniform and ip/it is
constant. Tor runs giving constent ip/it the total
current was measured. For rich or non-uniform flames the
probe current was recorded. The average value of ip/it
for the system was obtained on each occasion by making
measurements on scveral lean hydrocarbon/air flomes, The
area of flome from which current went to the probe wes
estimated from this valuz of ip/it°

The disturbance of free burning diffusion flames
by longitudinal fields obtained by placing an electro@e above
the flame can be comparatively small (Nakamura, 1959), The
large clectrode separation necessary would be likely to
limit greqtly the current which could be drawn without

breakdown, Placing an electrode along tne axis of the flame,
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with a cylindrical electrode round the flame, was found to
be impracticable, as the flame was not sufficiently steady.
Measurements on diffusion flames on nozzles and with the
batswing burner were therefore carried out with electrodes
on either side of the flame to obtain the minimum electrode
separation in order to maximise the saturation current which
could be drawn, although this arrangement distorted the

flames,

9.4. Measurement of Final Flame Temperature.

The final flame temperature of premixed flomes wes
measured because it is of the most important variables
affecting the rate of ionization in flames (see Ch.I). Its
value is neéded to calculate the effective activation energy
of the ionization process, and to find the saturation
current densiﬁy for adiabatic flames, if required , by
extrapolation,

The temperature was measured by two methods: by

thermocouple and by sodium line reversel,

9,4,1, Thermocouple Method,

The thermocouples used were 0,001" diameter
Pt/13%Rh~-Pt, which were joined by touching the wires
together at high temperature. The resistance of the

thermocouple was of the order of 10 ohms. The thermal
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e.m.f. was mecasured by & microammeter of resistance 20,000
ohms, which was calibrated against a potentiometer, Fig.
IX(4) shows the variation with height above the burner of
the temperature measureq by an uncoated thermocouple for

two ethylenc/air flames, It can be scen that the apparcnt
temperature gradient is greater near the flame, which suggests
that catalytic heating or recombination may have occurred

at the thermocouple surface. The temperature gradicnts
exceeded those due to radiation from the hot gases,
calculated from data given by Perry (1963) and shown in Tig.
IX(4) by solid straight lines, Thus the higher temperature
gradicents appecar to have been partly due to conduction.

It was difficult to estimate the precise flame temperature
or where the temperature given by the thermocouple wes equal
to the flame temperature, Coating the thermocouple made
1ittle difference, so uncoated thermocvupiss were naed.,

The flame temperature was taken to be equal to that given by
a thermocouple 6 mm above the burner, It can be seen from
Fig IZ(4) that this is approximately correct, assuming that
the dotted lines, representing the straight part of the
graphs extrapolated back to the flame, give the actual flame
temperatures, A radiation correction was made to the

thermocouple using the equation employed by Keskan (1957).



154

D height, mm Te)

- - 50 K “

W

(311 ) 9

X D

FIG, IX (4). THERMQCOUPLE READING

VERSUS HEIGHT ABOVE FLAME



155,

9.4,2, Sodium Line Reversal Method.

The sodium line reversal method of temperature
measurement is described e.g. by Gaydon & Wolfhard (1960).
The sodium was introduced in the form of borax on & platinum
wire or (for very hot flames) placed on the disec. It was
found that borax lested longer than sodium chloride and was
easier to collect on a wire. Sodium chloride can lead to
the formation of harmful oxides of chlorine,. The sodium
line reversal temperature was measured 5 to 10 mm above the
flame and no corrections were necessary, The experimentsl
system is shown in Pig IX(1).

Measurements of the sodium reversal temperature,
Tyg: Were made on methape/air flames of the same
stoichiometric ratio (1.,25) or two different occasious, the
ajpprratus being set up before each run. The following

regults were obtained:

Run 1. {Ei;: “m/s 0. 103 . 118 0. 141 o 165 o 190 0,224 o 232;

e . 1 e e e e e v e e

fTNa, ox 178“ ;826 1871 1901 1929 1943 19884
Run 2. 53;;”'m/s 0,145 0,162 0. 1§é”6 310 0.250:

Tyar OK ié&E'”ibié 1948 '19%6 2003 §

AT o 1073 1903 1943 1953 1978 ;

Tﬁa is the temperature estimated from the results
of Run 1 by plotting & graph of TNa versur Su’ These

measurenents show that Run 2 gaveresults 14 K higher on



156,

average than Run 1, which indicates that the systematic error
is of the order of + 10 K. The random error appears to be
of the order of 8 K. The error due to inaccuracy in the
measurement of Su’ assuning the latter to be of the order of

2%, is about 4 X,

9,405. Comparigon of Scdium Reversal and Thermocouple
HMethods,

The sodium line reversal method is less reliable at
lower temperatures because of the lower intensity and the
difficulty of accuratc}y calibrating the.source at lower
temperatures.\ Measurenents &% Jlower temperatures (uﬁ to
about 182OOK) were therefore made by the thermocouple method.
At higher temperatures the thermocouple method is less
reliable owing to the high radiation correction. At very
high temperatures the thermocouple melts and the sodium line
method nust be used,

Measurements taken to compare temperatures given by
the thgrmocouple method, th, and by the sodium reversal

method, TNa’ for air flames gave the following results:

MMéuﬁﬂw

| Tuel i ' i
(Twel oy o 05 |
i.. - -,_.___...x-:_.____'_.__._..4...-_.__F..._.:.._.:'..,......-.-. T i
' @ 1,04 0,91 1,02 !
S PO
; !

 Tyos OK | 1826 1620 1825 |
b e e e e e ]
| !

| Dyor OK | 1810 1817 1810 |
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These results show that for lean and stoichiometric
flames the tempgratures given by the two methods arc in
very good agrecnent.
The following results for rich flames are given

in the order in which they were obtaired:

Run 1, C}I4/air, g = 1.3.

Tygr K | 1754 179

i
!
et
f 0 : !
# K i 1762 1717;

These results for rich flames show that the first
temperature measurement in each run obtained by the
thermocouple agrees with the sodium line ;eversal method
but that subsequent measurements are lower. Thus it seems
likely thatv the temperatures given by the thermocouple fox
rich hydrocarbon flemes is low as a result of carbon being
deposited on the thermocouple, which would increase the heat
loss by radiation, Carbon deposited on the thermocouvple
as a result of fluctuations in the composition of the gas
would not be burnt off in rich flames, These results show
that the thermocouple method is not suitable for rich

flames,
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9.4.4, Dxperimental Procedure.

For most of the results the temperature .was
measured for each flame, For others the temperature was
maasured for several flames at a rixed composition but
different burning velocities and & graph plotted of
temperature versus biurning velocity. Current measurements
were also taken for several flames at this composition and
different.burning velocities and their temperatures rgad off
the graph,. This was done partly for convenience and, for
very hot flames, because the borax had to be placed on the
disc, so that the temperature and current could not be
measured for each flame without washing the Qisc to remove
the borax after each temperature measurement, Plotting the
flame temperature versus the burning velocity also helped to
reduce the random errors ip the former, the latter being

measurable more accurately.

9,5, Sources of Error.
9.,5.,1, BErrors in Measuring the Curcent,

Any error in the microammeter read;ng would be
small., The microemmeter was accurate to 2%, Measurements
taken with an applied wvoltage but no flams showed that stray
currents were negligible. Measurements_taken with a flame

but no applied voltage showed that the current at zero
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voltage was also negligible and could be ignored, The
resistance of the microammeter was different for each rangec.
Readings were taken on different scales to veriﬁy that the
current was not reduced by the meter resistance. The
resistance from the upper electrode to earth and that from
the probe to the rest of_the upper electrode were also
re-measured periodically.

The flame area was *aken to be equal to the area
of the disc. The possible error due to this essumption is
estimated at 2%, The proportion of the total current which
goes to the probe is not constant (see Ch.VII) and was _
measured, using lean air flames, for each set of results.
The error in the saturation current densities derived from
probe current measurements due to inaccuracy of the estimated
probe areas was estimated at less than 5%,

I? the current potential curve does not have a
flat plgteau there is, %o that extent, no precise saturation
current., Premixed flames were found to give_flat plateaux,
as did most diffusion flames within about 10%, These
results indicate that the rate_of ion generation is not
directly affected by the field,

Whether ionization of impurities contributes
appreciably was checked by taking measurements on H2 and CO
flames. Such ionization was found to be negligible for

premixed flames,
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9,5.,2, Errors in Measuring the Pinal Flame Temperature,

Errors in the temperature measurement for premizxed
flames are the most serious inaccuracy since the gurrent
varies steeply with the flame temperature (see Ch.I).

_ The flame temperature varied across the discs,
An attempt_was made toAmeasure the temperature at a point
near the average value, The average error due to the
variation across the discs was egtimated at about 10 X,

The error in the thermocouple temperature due to
uncertainty in the radiation correction is thought to be of
the order of 10 K, That due to catalytic heating and
uncerteinty of the height at which the thermocouple gives
the correct flame temperature is probably of the same order.
The error due to inaccuracy of the assumed thermocouple
resistance and the voltagg drop eacross the microammeter is
estimated to be under 5 K,

The sodium line reversal method is thought to be
valid outside the reaction zone (Greig, 1965). Systematic
errors in the method are discussed by Gaydon & Wolfhard
(1960) and by Snellermen (1967) and may be up to 20 K,

The above estimates show that the total systematic
error in the temperature measurements is not greater than
25 K. Comparison of the results given above for
measurements taken on different occasions or by the two

methods indicete that it is less,
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9.5:3, ZErrors in Measuring Plow and Composition.

The purity of the hydrocarbon gases used was
approximately 95% or more in most‘cases, most of the
impurity being other hydrocarbons The gases were assumed
to be pure excep# in the case of methaie useq for some of
the measurements, which contained 14% of air.

The errors in the measured flows and stoichiometric
ratios are probably of the order of 29 and can be ignored
since the saturation current varies comparatively little

with composition,

9.,5.4. Discussion.

Systematic errors matter less when obtaining the
variation of current with temperature and celculating the
cffective activation energy, since if all the saturation
currents are wrong by a constant facto? the value obtained
for the activation energy is unaltered, Randon errors can
be reduced by teking large numbers of measurenents.

It has been estimated that the accuracy of the
current density neasurements is of the order pf‘S% and that
of the temperature of the order of 25 K or less. This shows
that the proposed method is suitable for investigating the
variation of saturation current anq that it is capable of

giving reasonably accurate results.



The random errors are difficult to predict and
their importance can best be estimated from the scatter of

the results.,
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PART III  RESULTS.

CHAPTER TEN.

PREMIXED FLAMES.

All the results in this chapter are for flames at
atmospheric pressure and were obtained with electrode
separations of about 15 mm,

Mixture strengths are given in terms of the

stoichiometric ratio, @, which is defined by

Cf/co

o} =

(Cf/co) for stoichiometric mixture
where Cpy C, are thg initial concentrations of fuel and
oxygen respectively.
Thus @ is unity for stoichiometric mixtures,
greater than one for mixtures containing excess fuel, and

less than one for mixtures containing excess oxygen

10,1, Air Flames,

Por lear air flames it was found that the ratio
of the probe saturation current, ip, to the total saturation
current, is, was approximately equal to the ratio of the
prcbe area to the flame area. The saturation current density
was therefore taken to be equal to i, divided by the flame
area, Af. For rich rlames, because of the surrounding

diffusion flame, the saturation current density was taken to
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“p

non-luminous flames

were plotted for all the flames.

Olp

o=

[~ %

divided by the c¢ffective probe area, A
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p’ where

= Ao X (ip/it for Jean air flames), The results for

e given in Table X(1).

Graphs of log j, versus 104/TfOK (Pigs. X(1- 11))

These graphs were straight

lines over the greater part of their length. The gradients

are given bhelow:
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| (159 0 -9 | g 1,05 g 0,69 |
AR L N S LR (1.7 100
| Cstg/ 5 0.69 :  -0.82 o | 1.61 . -1.59 %
- air ; 1,02 | -0,32 | | 183 f -2,50 |
f 127 -1 4 2.0 | 562 |
- ; 2.4 428

10.2, Oxygen Flames,

The ra’tio 2f the probe current to the total

current was not generally equal to AP/A70 for oxygen flames,

For richer flames (g

0.25 to 1.0) it was less., However,
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ip/it was found to be constant within +the experimental error
for eaoh composition over the range of burning velocities
studied. it was measureq because it was larger and therefore
subject to smaller errors, Where ip/it differed from AP/Af
by more than 10¢, the average value, (ip/it)av.ig given and
the saturation current density taken to be equal to

( ip/ 1)yl t/Ap .

Some hydrocarbon/oxygen flemes were noisy. Then
the upper electrode was lowered the noisze became louder and
the saturation current increased. Observation of the
saturation current on a cathode ray oscilloscope showed that
the current from noisy flames varied periodically. The
amplitude of this oscillation was of the order of 3% of the
mean current for quiet flames, 3% for nearly quiet flomes,
and up to 50¢ for the most noisy flames. Hydrogen added to
noisy flames made them quiet and reduced the satufation
current, Results for flames with hydrogen added lay on
straight lines whergas those for noisy flames gave higher
saturation currents, About 5% of hydrogen was therefore
added to some flames to make them quict. The final flame
temperatures were found to be unaffected by the addition of
this amount of hydrogen to noisy or quiet flames. Results
with hydrogen are shown on the graphs (Figs. X( 8- 10 )) by

x, those without by +. The results are given in Teble X(2).
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Graphs of log j, velsus 104/Tf°K for hydrocarbon
(/hydrogen)/oxygen flames are given in Figs.X(8 - 11). All
the graphs were approximately straight lines over most of

their length except that for propane/oxygen at g = 0.275.

The gradients are given below:

- Flame | § % E, " Ta(1og 3,)/a(10"/1,%1);
i | | ]
: | i i |
; ! ; ! _ |
i CH4/H2/O2 { 0.187 | 0 | 1.52 |
| | 0.187 | 3.4 ~1.69 |
; | : !
i z : :
! 10,30 5 0 | ~1.43 !
! I | ;
| | 0.30 | 4.9 ~1.57 |
: i i ’
f | 1,00 II 0 : -1,62
! ! ;
| | 1.51 1 0 g ~2.41
g............. --...................-,i~ ....___.___4_,,,,].‘._._.,__ - 4,.._".___;._‘...\.._— s e mes e e e ae s Am s e e n e e —— -;
CoHg/Hy/0, 1 0.152 } 0 | ~1.69 |
i 1
: % 0.262 | O ! -1,89 |
| I | : .
: 1 0.272 | 4.8 | ~1,31 ;
T S t . ..,___k__....;_“ e e e S
| L 0.275 i 5.1 | ~1.35 !
[ o e e e e e i S S e e e e
: i ' ‘ - 5
!,02H4/H2/02 0,155 i 0/2.9 i 1.55
| | 0.254 | 0/4.6 | ~1.43 2
| U SO S e

10.3. Hydrogen and Carbon Monoxide Flames.

The saturation currents of some flames of hydrogen,
carbon monoxide, and both these gases together, in which

chemi-ionization is thought to be absent, were measured to
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see if any ionization was obtained. The results are given

in Table X(3).

10,4, Effect of Composition on Burning Velocity.

The burning velocities of some methane flames were
measured to establish the dependence on composition, The

results are given in Table X(4).

10.5. Effect of Additives.
10.5.1., Carbon Dioxide,

Carbon dioxide was acdded to a number of premixed
hydrocarbon/air flames., In every case the final flame
temperature was increased and the saturation current was
decreased, Up to 15% of 002 was added, The saturstion
current was reduced by up to 40% compared with flames with
the same final temperature but wivhout 002 added.

The effect of adding carbon dioxide to a premixed
ethylene/oxygen flame (eee section 10.5.2) is illustrated
in Fig.X( 14 ), which shows that for this flame the
saturation current was increased.

About 12¢% of carbon dioxide added to premixed
hydrogen/air flames containing a little methane reduced the
temperature by 44 X in one case but reduced the current by
only 8%. In the other case the temperatiure was also

considerably reduced but is was increased,
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159, of carbon dioxide was added to a premixed

C0/air flame containing a small amount of methane. The
temperature decreased by 15 K, which corresponds to a
reduction of the saturation current of about 14%, assuming
an activation energy of 210 kJ mole_l. ~ The current was
reduced, however, by 38% from 0.37 to 0.23 pAa.

The above results indicate that carbon dioxide
reduces the saturation currents of premixed hydrocarbon/air
flames and CO/air flames containing a small amount of
hydrocarbon, but tends to increase it in the cases of flames

with oxygen and hydrogen/air flames containing a little

hydrocarbon,

10.5.2. Carbon Monoxide.

The effect of adding CO to a premixed ethylene/
oxygen flame is shown in Pig.X( 15), which shows ne/nC
calculated from the total saturation current. These results,
and those for the addition of 002, H2, and N2 shown in
Pigs.X( 14), ( 16), and ( 17), are for a series of premixed
ethylene/oxygen flames at a constant thermocouple reading
corresponding to a final flame temperature of about 15500K.
The oxygen flow was constant at 5.50 1 min~T.  When
additives were present the thermocouple temperature was

kept constant by reducing the ethylene flow rate.
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10.5.%. Hydrogen.

The resuvlt of adding hydrogen to & premixed
ethylene/oxygen flame (see section 10.,5.2) is shown in
Pig.X( 17). Results for other orygen flames containing

hydrogen are given in Table X(2).

10.5.4., Nitrogen.

Fig.X( 16) shows the effect of adding nitrogen to
a premixed ethylene/oxygen flame (see section 10.5.2).
Nitrogen added to premixed ethylene/air flames gave increases
in the saturation currents which corresponded approximately

to the increase in the final flame temperatures.

10.5.5. Bromine.

Results for premixed air flames are given below.
The burning velocity was constant at 0.034 m s~1,  The
third column gives the changes in the final flame
temperature regsulting from the addition of bromine and is
probably accurate vo about 20%. The fifth column shows the
change in the saturation current due vo the change in fleme
temperature, calculated assuming an activation energy of
210 kJ mol™ !, The sixth (last) column is the change in

the saturation current which must be due to the bromine.



5 Plame E a5 Br, Do i 1e i ies éélt due E iy, due|
; i | H f t |
; | t O : z !
i i i K | P i % % to T, | to'Br2 ‘
| | L | R
. .- .-V.-...-’ - ....' EEE LR TR .l : e - .?..._.._..-«-..
;Near 11m1t f O 38 ; +17 13,30 |- 2 1 +24 ! -21
; ! ! | ? [ '
10 5Hg/a1r 5 0,61 | +18 |3.08 | -16 | 426 | -33
[ - T e —fe . ; S DO N__ S S
| 1 i !
ICH4/8.1I' | 0.13 C+d 12,10 1415 1 45 1 410
, | | ‘ ! f '
f=c0.55 1 0.6 [ +5 12,28 | +10 ; +6 | +3
; , ! : ! : !
; | 0.27 | +11 12.38 [ +9 ! +15 . -5
I f ! : | ;
! : 0.46 P26 2,32 0 #13 1 +40  ,  -20

10.,5.6, Metallic Salts,

To determine whether the rate of chemiionization
in flames containing hydrocarbon is aliered by the addition
of metallic additives, and in particular whether chemi-
ionization of the metal occurs, small amounts of sodium and
lead salts were added to a premixed 00/02H4/air flame as
desqribed in Ch.IX, The results obtained are shown in
Fig.X(18 ).  Doubling the height of the upper electrode
from the flame approximately doubled the saturation current
due to sodium addition, which confirms that most of the

sodium added was not ionized.

10,6. Iyminous Flames.

Two ethylene/air flames having the same
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stoichiometric ratio (approximately 3.0) were investigated.
The probe saturation cgrrents, ip, at height h above the
flame are shown in Pig.X( 13).

The brightness temperature, Tbr’ at 6550 X of the
luminous region above the flame was measured by an optical
pyrometer. The optical vath length was approximately 40 mm.

Ap was 1.1 cm2. The results obtained are given below:

CSw T ] Ty ai/an |7,

| -1 | o o 5 -1 -3
(I8 I K YK mA m  Am 7
Y UL g B T
10,103 11784 | 1250 0.155 | 1.41|
i | : ; ? S
10.146 11880 1132 | 0.066 | 0,62

Samples of soot taken from ﬁhe two flames were
examined under an electron microscope. It was found that
most of the particles had & diameter of about 300 X. The
cooler flame yielded many more particles.

The yellow luminosity did not start for a distance
of about 7 mm above the flame, The results show that little
ionization occurred below this height.

It was found that the emissivity of the luminous
region above the flame per unit path length weas not altered
by an applied field. The variation of ip with voltage, V,
was measured for the cqoler flame with an electrode separation
of approximately 13 mm. Tr.e results, given below, show that

the saturation current had a well defined value (0.71 pA in



this case):

104 190 385 '“;go‘“"gso '"”9"78

0.016 0.026 O. 053 0.089 0. 143 'o' 179

T, volt % 1380 1670 1990 2900 4080 5910 7000
Gy PA 0T 05T 054 065 070 0.7 10

—— - - [ .‘

10.7. Summary,

The variation of sasturation current density Wﬁth
final flame temperature has been measured for lean premixed
flames of methane, ethane, propane and ethylene with air anad
with oxygen at several different stoichiometric ratios in
each case, Measurements were also taken for rich luminous
and non-luminous ethylene/air and methane/oxygen flames.

The saturation currents of flames of hydrogen and carbon
monoxide were also measured, and found to be low.

The saturation current densities of the non-luminous
flames increased with the final flame temperature and were
greater for flames with air than with oxygen, The highest
saturation currents were given by near stoichicmetric flanmes.,

Measurements were carried out to find the effect
of the addition of small prorortions of hydrogen, carbon
monoxide, bromine, nitrqgen, and carbon dioxide, The effects
obtained were not large. arbon dioxide reduvced the

gaturation currents of certain flames. Measurements were
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also made to determine the eff:¢t of the addition of sodium
and lead salts to carbon monoxide flames with and without
ethylene added. The saturation currents due to the metals
and the hydrocarbon were found to be additive.

The significance of these results will he discussed

further in Ch.XII.
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Tabie X(1).

Saturation current densities of non-luminous premixed
hydrocarbon/air flames,

Methane/air:

A = 13.2 onf, Ay = 1.3 em?, Ag/h, = 10.2.
;ﬂ;ﬂ?f,git,;js_g IEANR LT TR B YR
L%k g mwf %K o | omAw o
foo 6 15741 1. 23: 0,93 E 11,04 {18181 2,39 | 18.4
: 5 1602; 1,881 1,42 | E 11896 | 4.78 | 36.8
| | 16381 3,05! 2,31 | | 11924 | 5.7 | 43.9
| 1646} 3.38] 2,56 | | 11980 | 8,2 | 63
| 16711 4,05] 3,07 | 12000 i 8,95 | 69
0BT 15507 1987 149 | 12009 1 9,63 | T4
, ;1575 2.61; 1.98 4 ;2035 11,0 i 83
; 11628] 5.40 4.09 | | 12046 12,9 99 |
; 16670 7.87.5.96 | 12059 1 15,7 | 104 |
| 1713{12.0 | 9.1 | | 12061 14,8 | 114 |
; | 1767117.1 113.0 % 12079 16.1 | 124
; | 1818125.9 119.6 | | .‘M“,211?m118 0 1138
é 1 1833128.8 [21.8 | !1.25 11832 | 2.56 | 19.7 |
| | 1836129.1 22,0 ' | 11871 | 3.96 | 30,6
11861303 3.0 11891 | 4.47 | 34,4
| 1 1904 40,1 30.4 | 11926 | 7.05 | 54,1
| 11939150,0 32,8 ;| 1941 . 9.0 | 69
| E1963;54.8 41.5 0! 11960 {10.3 | 179 E
! | 2004 171,5 54,1 | 11982 ;14.2 | 109
| j2020i81 61,5 | | ‘2013 ‘18,9 | 145 |
. j20%9i90. e )

10,87 ;1681f" T 6.6

run 1988 52 0 )9 4 ;
028 91 9 bq 5

heck | 1837 27.6 120.9
!
!
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i g | Tfs | ip’ ‘ Jg? i 1go ; iﬁ E
o %r iph maw? o o
1.301 1792 | 1,06 . 8.2 . 15.8 | 14.9 |
11859 | 2,02 (15.6 | 26.3 13.0 |
g | 1909 © 3.35 125,8 ; 41,9 @ 12,5 |
119311 4.77 136.7 | 57.1 ) 12,0
11957 | 6,15 147.3 | 73 | 11.8|
11980 | 8.9 (66 92 . 10,7
2017 11.8 91 (121 10.7 !
1.39] 1752 | 0.37 | 2.84 | § |
1866 | 1,74 13.4 | | |
' 1913 © 3,3 25,4 | !
1942 | 4.8 37 | |
| 1969 | 6.43 44,5 !
i ' : . | . H
1,64% 1747 | 0.025] 0.19 _
118120035 [ 2.7 i

Ethane/air:

2
—_— rd
Af = 13%,2 cm

| g = 0.70 { g = 0.91 |
- o e e e et ot e s e s e e e e e i e e e |
h : . 1
iny i lt’ | sz : va 1t I dg» %
g pi | ml n~2 - % i mi m=e ;
P AU I NP e = e - et e |
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LB Toy iigy g g at i f(CZH ) | / cé n /n, “at
' 1' : -2 ! ‘ -1 i ~T1 o |
} o | qmi m i 1569° K; 1 min ~; x10 ! 1)69 K |
s | z z | | |

| ! ! mh w2 { } | x 10 =T
e e ot e i e e o ;-._. ..:-,_._.i' s %ﬂ . e e }. e l - ._.._.._.J]
0.50 1546 | 6.0 (3.2 | 3.8 | 0.5¢ |0.78 | 0,93 |
0,56 1548 i 6.9 | 3.7 i 4.3 | 0.515 10.95 | 1,03 |
; i

0.70 1554 1 9.6 | 5.1 | 5.8 | 0.48 | 1.41 % 1,51 E
0.80 1570 [13.7 1 7.3 | 7.2 | 0.46 12,10 | 2,09 !
0.85 1563 (12,0 ! 6.4 | 7.0 | 0.42 2,02 | 2.12 |
0,94 1589 {16.1 1 8.6 | 7.4 | 0.40 | 2.84  2.64 E
1.03 1611 116.1 10,2 ! 7.8 | 0,395 |3.41 | 3,00 |

jg and ne/nO at 1569°K were calculated taking g, end
the reaction rate to have effective activation energies of

210 kJ mole T, Ap was 18,8 om®.

Table X(2)

Saturation current densities of premixed hydrocarbon/hydrogen/

oxygen [lames,

Methene/hydrogen/oxygen:
; - C
Por # §AO.187: Lp = 18,3 em, ig = 1t/“f‘
2
A =1,
Lp . 3 em

For § = 0,30: ip/it = 0,050, jg = (ip/it)it/Ap.
For # = ¢ 1.0, ip/it = 0.027.

Por higher values of f, j = ip/iJG was taken.
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3 ! -2
P mAm
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1 0,21 1 0,12
; 0.37 1 0.20
i 0.50 |  0.27
0,79 | 0u3
.iw%f%§~_%~- 0.63_
} 0.16 | 0.09
E 0.42 i 0.23
1,04 ! C.57
. {.,.;__ B -_{___.__ ——
! 0.10 5 0.04
| 0.38 1 0.15
 0.78 |  0.30
E 1.54 ; 0.59
: 2.40 { 0.93
| 4,10 | 1.58
b Dbttt bnbey inaha
I 1.92 1 0.74
L3704 1,42
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In the case of near stoichiometric and rich methane/

oxygen flames, below, it was difficult to measure the

temperature accurately.

were estimated from graphs of the measured temperature, T

versus the burning velocity, S

The finel flame temperatures, T

u

f?

obs?
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f g f Su’ ?Tobs ng’ ?ii’ f ip ( js’ ;
! : ~1 1o, e Lo ' PR 8
0,991 0,062 |1896 | 1885 | 26.7 | 5.5 ]
10,99 | 0,079 | | 1935 52.9] | 11.0 |
11,00 0,083 11928 ! ; L
10.95: 0,103 11991 {2005 | 77 | 16.0 |
'1,00 0,122 {2082 2065 | 148 30,7 |
1,051 0,124 12066 ;2070 | 168 L35 |
{1.003 0.147 | 2140 | 192+ | 40+
U SO AU SN S S R
%1.455 0.072 {1918 | 1910 | 0,09 i 0.7
11,581 0,105 11941 | 1955 ! 07 1,3
1,50 0,104 11944 1960 | 0.24 @ 1.8 ]
11,50 | 0,130 12010 [ 2010 | - 0.46 | 3.5
;1.525 0.170 [2076 @ 2055 | | 0.65 | 5.0
1,501 0,189 52086 g g : |

s [T IO GUNIUR S SR S,
2,04 | 0.06%% | 1875 | 1870 | . 0.33 | 2.5 |
2,51 0.109" | 11900 | . 0,072 | 0.55!
2.05 | 0,116 1897 | i I
2, 081 0.131 ;1920 : . 0,052 | 0.40
'2 05} 0.168 11960 1955 i . 0.067 : 0,52

*, yellow luminosity above centre of flome,
+, slight yellow luminosity above flame.
"he mean values of @ for the above three sets of

results are 1,060, 1.51, 2.05.
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Ethene/hydrogen/oxygen:

For f = 0.152: A, = 13.2 en®, 3, = 1./A..

£

Tor ff = 0,262, 0,272: 4 = 1.5 cn?, i /1, = 0.071,

g = G/1g)ig/A,.

it i js :
: mA m-2§

i
i

0.01
0.05
. 0.114 ©  0.09 |
‘ . 0.24
0,39 |
0.80 ! 0.61 |
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1571 ¢ 0,50
11625 | 0.81

| 1677 ¢ 1.97

; § 1702 1 3.0

g g i 1743 6.0

Fan e ---__.;...,..._.._....-.L....._. - . e w e T
10,272 4.8 | 1478 45 1 0,21
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Propane/hydrogen/oxygen:
it/Af. _
2 L . : e \a
= 1.5 em“, 1p/1JG = 0.074, jg = (1p/1t)1t/Ap.

for g = 0.15, js

for @ = 0.275: Ap

A

. R T S R
; ! Ox | ! cm2 : 2!
N : B W

| ; mA_m—.
io;15~*§ 0 . 1487 | 0.22 1843 ? 0.12 !
i 1 1540 1 0,39 | 18,3 | 0,21
| . 1560 ; 0.58 | 18,3 = 0,32

18.3 | 0.44 |

i E . 1600 | 0.81
| 18,3 0.45 |

1614 | 0.83
1646 1 0.68 1 13,2 0.57
. 1663 - 1.32 | 18,3 0.72
| 1713 1.55 | 13,2 1 1,17

e S T e —_

|

i

|

|

I

%
; 2,9 : 1461 . 0.09 18.3 | 0,05,
| ; . 1487 ; 0.15 i 18,3 | 0.08:
! g i 1530 % 0.25 18.3 f 0.14
! ; . 1548 1 0,33 18.3 | 0.18 !
| ; . 1569 1 0.44 | 18.3 1 0.24

| | 1615 | 0.84 | 18,3 i 0.46 |
| . 1629 0.59 = 13. 0.45 ;
0.275 0 | 1453 | 1.53 0.76 -

f : 1541
i | 1598
f g . 1686
% | 1729
| | 1746
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0.93
1.8
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Ethylene/hydrogen/oxygen:

2

For # = 0.155: A, = 13.2 en”, J = i./A,.

2 . . . . . .
Tor @ = 0.254: Ap = 1,5 em”, lp/lt = 0,068, Jsz(lp/lt)lt/ﬁp'

o i% H2 g Tf; 5 it’ f js §

: | o} { { \ ~2!

:6.155 | 0 11349 | 0.01 | 0,01 !

; | | 1438 | 0.03 | 0.02 |

; ! 1492 § 0.09 | 0.07 i

2 ! , 1560 i 0.26 |  0.20 !

' | 1593 © 0.44 | 0.33 |

] | 1626 . 0.72 | 0.55 |

; | 1653 j 1.21 i 0,92 !

2.9 L1543 1 0.21 | 0.16 |

I | 1575 | 0.47 | 0.36 |

| i | 1620 | c.64 | 0.49 |

I 3 | 1635 | 1.16 | 0.83 |

0.254 ' 0  |1397 | 0.08 |  0.04 |

: | . 1488 | 0,17 ©  0.08 !

| | 11559 | 0.50 © 0.2 |

! ! ;1613 | 1.50 | 0.68 |

| E | 1663 | 2.95 . 1.33 |
| ; 1724 1 5.7 1 2.6
§ i | 1744 1 7.0 1 3.2

| 4.6 11526 | 0.54 | 0,25

| : i 1585 | 1.51 @  0.68

| § | 1662 1 3.1 1.4

| | 1725 | 6. 2.7 |
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Table X(3).

Saturation current densities of hydrogen and carbon monoxide
flames.

_ 2
Af = 13.2 cm

js at 2000 °K is calculated ossuming an activation energy of

239 kJ mo1”t (see section 12.5.1).
Calculated j, at 166'/°K = 0,063 x ig at 2000°K.

iFlame % 2/a1r 4 2/02 ‘00/0

AR F e A BB

| igs pA | 0,005 0.032 0,019 0,057 O. o3o; 0. 008. 1. 43
! | ] !

i |

' Te, OK | 1525 1732 1653 1811 1715 | 1649 ‘2398

| ! i | R !

1 ; | !

| dgs 2t [ 0.28 0.20  0.26 0,18  0.23 | 0,12 : C.1Y
i ' ] i i
| 2000°K | g : 5
i i ! l :
ETE N

iFlame ? H2/00/air : Co/alr

1__-

e i -t = mm e Ak e b Sem s i e e e b e e e e - - JE S R

s’ PA O 033 0.072  0.029 ; 0. 9 O 6 0.4 0. 72

-.........-.-- et o e e e S Ben s = T tes e e mtg sha A ba te e e et e m e e e e o el e e e

in, OK 1700 1796 1762 {2208 2038 2112 2160

. js ot , : ‘ -
'i ,0029_, . O¢25 '0015 f 0019 0035_ 0515 0020‘
}ZOOOOK; = '

N N T A

Small emounts of H, werc added to some of the C0/air flames

to stabilize them,



Table X(4).
Burning velocities of methane flames.,

Values marked with an asterisk are estimated by
interpolation.
Burning velocities for stoicniometric and rich

CH4/O2 flam=s are from valuecs given in Table X(2).

4

i'- g “CI'I.;-—-.M_.—- ' —8:4' —--‘.“8“.6-. 9.9 11.6 13.0 ;
1 i !
SRS I . e SO -

T K 1797 1797 1798 1706 1795

)
e |
i) tCH Jair 1 0.87 1.04 1.25 i
4 4 - S
ECH4/0? | 0.19 0.30 |
| G TS
T

u"
im 8" ;CH4/O2

1
]
e e e v o e - e I X

_._-._.¥ e et e o o _h e o T o e oo o o e 8 e o mn 1r P & B e A O W o > 4 o ot

f s 'CH4/a1r 0. 1)2 0.092  0.109
|
; 0.207* 0.205 0.190%  0.167* O, 15/

F 1o T Les 15 2.5

e e e e e e e e e e e e e e e e

Tf,?OK | 1960 1959 1960 195 1960

e e s e e e s o s e v e e o o v o s e e e e 2 o b mme e m e e e e e

Jair ! 0,165 0.z221

n s—1}CH4/02 ; 0.08¢ O 084* 0.090% o .104 O, 168
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104K/ T,

FIG.X(7).C2H4Iair
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(1) CHylH, 1O, . $=0.187
(2) CH /H,/O,. $=9,30
(3) C4H /H,/ 0, P=0,15
(4} CaH /H/0,, $=0,275
X with hydrogen

4 without hydrogen

o &

104k / 7,

F1G,
A (8).CH4/H2/02 AND C3H8/H2/ O
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(1) Cz_Hslqir. Ty = 1675 K

(2) C H fair T, = 1569K
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FIG. x (I12), VARIATION OF Js AND n_/n_ WITH @
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CHAPTER FLEVEN.

DIFFUSION FLAMES,

411 measurements are at atmospheric pressure
unless otherwise stated.

lcasurements were first made with flames on nozzles.
It was found that thce flames were deflected towards the
cathode and touched it for all but the lowest fuel flow rates.
When the cathode was a gauze the flame tended to burn on both
sides of it S0 that some of the saturation current might not
be colleccted, in alumipium sheet was used as the cathode
and a gauze as the anode, The electrodes were made lgrge
enough to prevent the flame extending beyond the edges. T4
was found that the saturation current did not dcpend much
on the eleectrode separation or the nozzle position. For
too great electrode separations breakdown tended to occur
before saturation.

- L+

|

0\
i

Fig.IX(1) - Experimental arrangement for the measurement
of saturation currents of flames on nogzzles.

P

Measurcments were also made on circular flames

produced by directing a jet of fuel vertically upwards
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against a horizontal plate, as described in Ch., VII. The
upper plate was nade the cathode. In addition measurements

werce obtained on flames on a porous disc,

upper
electrode
e ) (
/.1’ L - ;! \
e e o ¢ s o o Lo d i sC S « o a3 e L ] . .

Fig.XI(2) - Experimental arrangement for the measurement
of saturation currents of flames on porous discs.

11.1. Results for Methane,

Methane was found to be the easiest hydrocarbon on
which to take measuremcnts and was therefore studied most
extensively., It sooted least and the volume flowing for
any given flux of-carbon atoms was greater and therefore
easier to measurc, Results for methane/air diffusion flomes
on different burners are given in Table XI(1). The average
values over a wide range of fuel flow rates arc given below:

The results show that for a variety of flames over
a large range of fuel flow rates the saturation current is
approximately proportional to the fucl flow rate,. It was
observed that the saturation current per unit area of flame
is not constant, althcocugh the variation of fuecl flow rate

per unit area is small.
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| Burner '? i/t ; £/6
i | i pi per 1 min 15' 1 min™t m"zi
iBmmm jet } BT 4“ o "1536“""'"::
§ 8 mm id jet g 35 f 240 i
, i i
331 mm 1d jet % 28 § 140 %
éBatswing burner i 27 f 220 e
; { '

éPorous disc E 22 5 - i
i } § 1
Rrgrrercemer ] w1 wo |

is is thec saturation current, f the fuel flow rate, and

A the flame arca.

11,2. Results for Other Hydrocarbons.

Results for air diffusion flames of hydrocarbons
other'than methane on the batswing burner are given in Table
XI(2). Approximate values of is/(f nc), where n, is the
number of carbon atoms per fuel molecule, are givgn below:

ny = number of hydrogen atoms per fuel molecule.

| Fuel i CH4 2H6 OzHg  CpH,  CpH, |
e e e e e |
; !
C n../n 4 2. 2 1 !
% | 3 ! |
i.‘-.ﬁm»-.<...-.-.,.-_.._.......__' __________________________________________________ l
P iy w | |
i 1 30 41 44 45 60+ ,
|
! |

a8 S e i e . —— =t A 7k am it S S S o ¥ S Bt e e T e Mt b —— " TS MY M s s O R Gt by M o 8 T T e et s s -——
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These results show that thc number of electrons
produced per carbon atonm, ne/nc, is approximately the sane
for these gases, The average value of ne/nc is about
5 x107/,

A candle flame was also studicd, When the candle
lost 1,1 grams in five minutes, the current collected was
20 pi, Assuming the composition of the candle was CnHZn’
these results give 1 /(f n,) to be 55 ni per 1 minul, which
is of'the same order as the value obtained for hydrocarbon

gases,
11.%3. Counter-Flow Diffusion Flames,

Counter-flow diffusion flames seer the obvious
flames on which to measure saturation current for diffusion
flames since they are likely to be comparatively 1little
affected by the field, However, it was found that i /f
varied grcatly with the incident flow velocities of the fuel
and oxidant and it was rnot possible to obtain any constant
value for is/f‘ The results did not fall into any obvious
pattern., In most casecs is/f increased when the flux of the
reactants was increased, which indicates that thc variation
was not due to fuel escaping unburnt or burning beyond the
flanges of the burners at higher fuel fluxes. The size of
the flames obtained varied from 20 to 50 cm2 in most cases,
The increase of is/f may have resulted from greater

disequilibrium (sce scction 13.7.3).
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Results for counter-flow diffusion flames are shown
in Figs. X(3-5), in which is/f versus f is plotted for
methane flames with air and with oxygen at different electrode
separations. The results are represented by vertical lines,
which show the range of i,/f obtained by varying the oxidant
flow rate. The solid part of the lines represents oxidant
flows‘in excess of stoichiometric, the dotted part lower
flows. The horizontal line on each vertical line represents
the point at which the flows are in approximately

stoichiometric proportions.
11,4, Effect of Experimental Conditions.

The following results were obtained using the

arrangement shown in Pig.XI(2):

OH,/air: £ = 0,594 1 min~", i = 12 pA, i /% = 20.2 pA 1lmin,
CH4/02 : £ = 004351 min-i, i, = 1.9p4, is/f = 4.4 pA 1 min.
=1
f=0,337 1 min —, iy = 1.5p4,
is = l.1pA 'a! decreased
is = 2.0pA  'a' further decreased,

where a = electrode separation.

CH4/02, a = 17 mn, upper electrode pos1t1ve’

rf 1 min~t 0,24 0033 0.33  0.51

f

i

0.50  1.31  1.49 2.295
- :

{

LR e T ST P, 1., PR B ‘e fr . o e e . - — e &b ——

ig/f) ph 17 minl 2.1 4.0 4.0 4.5
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These results indicate that is/f is less constant
for oxygen flames than air flames.

The current obtained from diffusion flames did not
always increase to a steady value as the voltage was
increased. In some cases it reached a maximum value and
then decreased slightly., The saturation current was taken
to be the value to which the current tended at high voltages.
Although the flames were greatly affected by the field the
current was not much affected by increases in voltage once
the voltage was sufficient to draw the saturation current.

Measurements were made to find the effect of
changes 1in polarity and electrode separation on the
saturation current. A methane/air difiusion flame with a
constant Tlow rate of methane (85 ml min—l) was burnt on a

jet between horizontal electrodes as shown below:

flame - r———

Tig XI(6)

The upper electrode was a metal plate, the lower
one a porous disc with air passing through it. Thus when
the upper electrode was positive, the wind effect duc to
positive ions was opposed by the air flow and buoyancy.

The pressure was 614 mm Hg.
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The saturation current was 4.5 PA With the upper
electrode positive and 6 PA with 1t negative._ At a §ma11er
electrode separation saturation currents of 4.1 and 4.4 pA
respectively were obtained. These results show that the
variation of the saturation current with electrode separation
was not great. It was least with the upper electrode
positive. The variation with polarity was 33% at the larger
electrode separation but only 7% at the smaller separation.

The effect of the air flow from the lower disc was
investigated, The flame share depended on the methane flow
rate and whether there was a flow of air against the flame.
However, the current was not greatly affected by such an air

flow, as shown by the following results:s

53 83 117 160 l89 254

= et

f, ml min

- —— P T i R R i e el

1S/f, lno air flow from dlsc!ZO 2 28.9 32,0 30 6 25. 9 31. 5!
]

o s

'
!
[
r
!
|

;..,<____~- [P, . m e = ......._- S U s |

;pA 1 mln.alr flow from dise - 28 0 28.2 33 1 25 4 45. 4'

g e e e e e s - e ot —— o e T - S S b e i
__..............__..»__.._.h,__.._______.._.._.‘._..“,____.--....-..._____-‘.._.._..___

11,5 Effect of Pressure.

Measurements were made to find the variation with
pressure, p, of the saturation current from diffusion flames.
A methane/air diffusion flame was used. The experimental
arrangement was that shown in Pig XI(6). The upper plate
wes made the anode, since it has been shown that the
saturation_current is then less dependent on the electrode

separation. The following results were obbtained:



o, mm Hg T TI36 216 331 564 270 324 387 386 399 422 434‘
1
!-«.—--v.._....__..,...._.,_,_______1 . . — e e mam mm s wm B e Sy Sam e e e e S S e e l
£, ml min~ T | 135 132 133 65 60 130 58 59 67 140 61}
T S . S S|
i !
fls, uA ; 25 15 18 6.1 4.9 12 4.5 4.4 5.4 5.0 3.4
f.. - i e e e et I |
ip i/t %1072 ! *255 245 510 248 220 301 293 291 323 238 242}
@, e Hé—"“—"?ﬁkfbéé"égé_ééé 562 611 611 615 617 éié?

I

£, ml min " : 131 130 63 139 62 130 226 106 135 65

B S —. e e et e et o o o o ot i o e s+t e o]
!

7.2 5 6 3 8 5 9 3,1 6,0 10 6, 3 6.1 3, 2'

]
A A "_%_-“_"m“- e e e
ip.1 /€ X107 | 285 227 336 234 281 262 273 366 263 3oof

It will be seen that p.i /f is approximately
constant from 140 to 620 mm Hg. Its value is 27770 + 12% in
mn Hg ph 171 min. This result shows that the saturation
current is inversely proportional to the pressure,

The following results werc obtained with a methane/
oxygen Tlame using the arrangement showvmn in Fig XI(2). The

electrnde separation was 17 mm and the upper electrode was

positive,
;5}”Eﬁ“ﬁé"—“”?"“ibé““iéi""Iéé‘”é%é““%ié”'464 )47'"614""556'
a !

S B e

350 350 350 350 350 340 320 310 330;

|f, ml min ;
|
l e e . —————— - Y m_— e ——t At - P . —— et — - —

:18, pA '10.8 0.8 6.9 5.3 4. 0 3,3 1.6 1, 45 1. 3,
e e et e m """‘“I“"“"“"“““"“ e ea e e e e e e e e dem v 4w e = *-"—---'—"’]
lp i /f . 3320 44qo 3660 3690 3650 3950 2740 2820 3030

Lt O o e o e . — 2 0n St ot S e e A Sad bam oy e bin o S e A n % hmn os o s e dme s W oy e e ey e
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11.6, Effect of Additives.
11.6.1, Nitrogen.

The effect of adding nitrogen to some diffusion
flames with oxygen is shown below. The nitrogen was added
to the fuel. The percentage of nitrogen in the fuel and
that in the correspording stoichiometric mixture are given.
i) Methane/oxygen flame on disc:

The methane flow rate, f(CH4), before addition of

nitroegn was approximately 0.4 1 min™t

7Né in OF, 5 0 14.7 32.8 45.0 55.2 63.2 62.4 T4.4 T8.1 81.6

U S e e e e ot e

P - » o
iNNQ in st01ch19 0 5.4 14, O 21 4 29 1 )6 4 41,9 49,2 54, 3 59,6
'~mecr10 mlxture

i

|

|

-

i

!

" !
l18, PA l1 3 1 55 1 8 2 3 2 8 3 5 4. 4 6 1 7 .5 9. 1}
|

l

|

!

RS SR

4 /f(CH Do mlﬁp'B 5.9 4.5 5.8 7.1 8.8 11.4 15.8 19.9 21.9

4..._.-..—.—_-..._._.._.___._......._...._,.....«.<.....‘.4-._‘_.__..__.»...._...._._,<4.,.---.‘..--._.._..‘.,. .....

ii) Methane/oxygen flame on 3 mm id nozzle:

C.249 1 min~ ' of mcthane (before addition of nitrogen).

7N in methane 'i 0 42.0 58.5 74.0 82,8 a7. 3

et an b o ———— e g —a

l Y S
!
!
!—metrlc mixture |
|

|
{
|
|
!
|
]
]
!
-
1
|
{
l
|
'

i._....__._.‘H —— iy - - —— +. e = e s ———— e e e —— e p—— - — o an
i, ph 216 5 16,1 22 31 7 f?”,ﬁi_Y
1/2(08,), i 66 6 83 121 10 103
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iii) (H, + CH4)/02 flame on porous disc.
Hydrogen flow 0.975 1 min~ 1, methane Tlow 57 ml min™*
The background current with no methane was small

(about 0.03 pA) and has been allowed for.

*7N2 in fuel

ié"'é”éé'"b 70. 6’“75*9' 7ile 76 7

il

36.2 52.3 59.0 62 9 63.9 65.5 66 5

0N2 in st01ch10—
metric mlxture

————- e

ls’ pA

lA
1 /f(CH ), fmin‘_

':67“0 43 Jo 81 1.1 1. 4 1 5 1. 56

VU g U

1.2 7.4 14.5 19.3 24, 6 26.8 27. 8

f——*ﬂ~— FeeT

Note: stoichiometric methane/air contains 71.4% nitrogen;
stoichiometric hydrogen/air contains 55.3% nitrogen.
Some results for hydrocarbon/air flesmes with nitrogen added

are given in section 11.6,.4.
11.6.2. Hydrogen.

Hydrogen added to hydrocarbon diffusion flames was

found to reduce ig. Results for hydrogen addition to a

methane/air diffusion flame on a 3 mm id nozzle are given below:

The methane flow was constant and equal to 0,128 1 min T,

f]ow of H2, 1 min -1 | 0 0, 39 0.81 1. 2
%He i O 75 86o3 92 2
221202 P02 92
gy ph | 7.0 2 o 1.2 0.8
W — e ————— e . — - r - . . o — e e - —— e B

110—1 w1unout.0d4, pAf - O 1 0,2 0

l

|

!

|

{

-

{

VA i
=1
I

oA
'?S - 10,. w 5 7.0-7”L ?"—E“P“ 9 4
i /f(Ch pA/l mix 1; 55 15 To8 3.1
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11.6.3. Carbon Monoxide.
i) A flame of carbon monoxide plus methane in air was burnt
on a batswing burner. The carbon monoxide flow was 3,38

1 min™l,  With no methane a saturation current of 0.3 pA

was obtained, which was probably due to impurities from the

air.

m(CH ), ml min L i 10, 78 130 250 450 84ox
A A M_mﬁm__k_,_-_N"WN-“**_“n_w“*ﬂuuwmaﬂ;
iis'=is—0.3'}m iz.a 4.2 741271972971
lg T.ig T 0o 4 __pfe2 Fef TR 12T 9.7 2347 |
o'/ (CHy) " gy, | 57 5¢ 58 51 44 36

ii) Addition of CO to methane/air diffusion flames on a

batswing burner gave the following results:

;Flow of GO, 1 min™" ; 0 0.16 oO. 38 o. .74 1. 3 2, 3.4

20,0 0.1 0.1 0.5 ¢.25 0. 31
i
|
i

;i *ls Wlthout CP4, pa

1
[}
f
T S
|
!
|

T T e

| (wlth 128m1/min CHy ) 5.2 6.1 6.1 - 6.9 7.4

: 10’ P‘A" ] ] e e e e '

|‘ e o et e ko @ o b g tn S t S T P o o o S S e e o e e

(Ulth 835m1/m1n CH )324 2 24.6 25,7 25 7 26,6 27, 6 -
i

i
“'1 u-A.a , . !

Ql _ e e s

iji) Addition of CO to propane/air giffusion flames on a

batswing burner gave:

Plow of €O, 1 min™ ' 10 0.16 0,33 1.3 2.2 3.4;
F___ﬂ_____-m-___**~_____L~_ —- _N""m~__«;mwa._;__w~‘~»:

i10=1s without C. HB’ pA % - O O 0.1 0.15 0.25 0. 3%
_________________________________________________________________________ |

| '
i (with 61 ml min™t 03h8)12 5 20.0 19.2 16.1 16.7 18.3 |
: i

~1,s P& 5 e w;

;
! B i -

s A vt . e b o 4 e s e e e S e i h 4y S ¢ e S o mm e e
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The currents given by diffusion flames of hydrogen
and carbon monoxide with air are thought to be due to
impurities, in particular sodium, from the laboratory air.
The currcnts fluctuated and intermittent orange colouration
of the flame was visible,

It was found that *the addition of nitrogen,
hydrogen, or carbon monoxide to hydrocarbon diffusion flames

tended to reduce or eliminate sooting and yellow luminosity.
11.6.4, Carbon Dioxide.

The effect of the addition of carbon dioxide to
diffusion flames was compared to that of nitrogen.

i) Methane/air diffusion flame on batswing burner:

Methane flow 0.446 1 min~t

S ——
iPlew of W,, 1 min~! 0 0.38 0.711

I PA |
1, with 0,29 1 min~ L of CO, = 11.9 pA.
1

e ——

14,7 13.3 12,0

Estimated value of i, with 0.29 1 min — of Ny, = 13.7 uA.

ii) ©Propsne/air diffusion flame on batswing burner:

57 PA with 0342 1 m:‘Ln"1 of propane.

i
s
1

i

s of N

48 pA with 0,33 1 min™' of 00, or 0.65 1 min~
added.

2

iii) Hydrogen plus propane/air diffusion flame on batswing

burner:
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1.511 mir:'1 of nydrogcn, 61 ml min -1 of propsane.

|F10W of Noy l min -1 E O 0.7 1.2

-t b Ve p e o R e S G S S o i b Bron vt ] s s e sy e S e S e e e e

:Est. 1S é%<éiﬁdi flow of N2 .;““ 2 6 wd:éw . :

11.6.5. Bromine.

Flames were burnt on a circular matrix burner

illustrated below:

It was found that the shape and appearance of the
flames were little altered by the addition of bromine,
i) Methane/air flames:

no bromine added:
£, 1 min * . 0.25  0.37 0.47 O, 64 o. 69 0.84!

i
] e e e Jeom v e et e e
!i y PA i 3.6 6. 3 8.5 12,5  13.9  17.5.
b
i

14.2 17 3 18 1 19 7 20,2 20.8I

e —— —— — —

1 /f p 1 min_

....-._.-—.-__..__-—-.....*-._._..._-_._.,..- - e e ot - — e = = e e
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Methane plus 21% bromine:

- - .»...-_...__—.-.—-.—-o—---_-_—‘-—.-—-.,-.....‘...-...-—..-......—._._——.__.-.._————.-——2-_.._—-—-——-_-—.—-—.——-.4—..._“,

'Flow of CHy, £, 1 min 1,0 25 0,34 0.46 0, 57 0.69 0,80 0. 91«
| .

b e e e e e e e T e e = e ——— '

1 /T, pA 177 min ‘14 2 14.3 ls 4 17 4 18 8 17.6 20. 41
0.70 1 min~t of methane:

vFlow of CH4, £, 1 min~lig o 71 0.70 O. 69 0.66 0. 695

e e - s T . S o - o o e T Mae e i A e e = % = e e a  m o w— es

dg/f, ph 171 nin 20 717, 9 17.5 18,9 18.5,

0 0.8 1, 9 4 5 T, 3 10 21 |

!

|

|
. P | PN -1
i, p 2 6.3 6.2 6.0 5 9 5. 5 5.3 5. 3§
5 ] |

i

e R U et e e e

17 3 16.3 15.8 15 6 15.0 14.3 14, Q

ii) Propane/air flames:
Heavy sooting occurred,

No bromine added:

}§i65"5£'6;ﬁ*] £, 1minl 0,08 0.5 0.26

I

s’ P“

1 /(Bf), pf, 171 in

“EHG - ii"_‘_-—éé".“

i
T
i
| e
T
|
|

15.0 24,4 28,2}

o o m e et e b ——————

)
{
i
]
{
!
l
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Propane pius 22% bromine:

lFlow of C3H8, £, 1min~Y  0.08 0.15 0.26
!

|
|
e
'13, pa p 4.0 9.9 23 |
| e g ﬂ........,_._......’l._____--~~..__.-—-._-, — :..-.:
1g/(56), po 2™ min | 165 22,0 29.4 |
Propane flow, f, 0,263 1 min~1s
i;"g;' ”mwmhmmuw_“m,mm“u?Mmmauh ST éémg
|
[...._.._.-_.....-.-. en e e e e o i o e e o et e e F
'15' pA | T s s s |
T s
,1 /(32), PA 171 min | 28.3% 41.9 43,1 31.7

* extrapolated from results for propane/air.
The methane and propane flows above were measured

before the addition of bromine.
11.,6.6, Alkali Mctals,

Alkali metals were added to counter-flow diffusion
flames because the volume of gas at the final flame
temperature which is contained between the electrodes is
small in these flames, which reduces the amount of thermal
ionization and mekes it easier to measure the amount of
chemiionization. Also it is easier to introduce alkali
metals into these flames, The flames were burnt between two
horizontal porous:discs. 4 lean CO/air flame was burnt on
the lower disc. The fuel was introduced through the upper

disc and burnt in the products of the lean CO/zir flame.
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Alkali metals were introduced into the flame by_placing a
little of a salt of the metal 6n the lower disc. Somec was
volatilized by the premixed flame on the lower disc and
carried into the diffusion flame, as shown by the colouration
of the latter. The fuel emerging from the upper disc was
hydrogen or carbon monoxide to which a small amount of
hydrocarbon éould be added. The following results were
obtained for the saturation currents: |

i) Hydrogen + hydrocarbon/carbon monoxide + air:

Hydrogen flow from upper disc c. 1,65 1 min—l.

léaltlve ‘ i, microsmps.
| propene | 14.1 9.5 17.0 15.9 20.8 -
i methane % - - - - - 5,7%
| vorax . 12.8 17.0 14.8 - - 15,1
g K2603 E - - - 16 16 - i
é hydrocarbon | ;

| 30.7 27,0 32,2 32 34 23,9

plus alkali

ii), Carbon monoxide + hydrocarbon (or hydrogen)/carbon

monoxide + air.

4 e e e im el e ks s mems e m im mem o s e eimm o h st e el e e e weee me e s wme

fadTeve i Fiow o 0 from

! nicroamps. upper disc. ;
e e T TERET TR
!
!

' methane 5.8 | 21.1 1,51 1 min™*
! i
i borax 26 | 26 :
l : - i
26,5 | 37.3 |

e e e g —

iboth

}
|
!
i
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! additive —“{;: ~ 7 Flow of CO % from,
oo JBiCTOBIDS | uDDex disC. |
;borax : 26_‘ * i . ;
Eborax + 30 ml min~! CH, ; 23,2 5 1,51 1 min~t !
éborax + 200 ml min " CH, | 25,5 | |
200 ml min™t oH, 6.6 § :
A ]
gborax ' | 11,1 E 0.84 1 min™t :
%borax + 0,41 1 min ! H, | 8.4 | |
Borax + 0,85 1 min™" I, | 8.5 x
Mprax i 10, 5_“>.j |

|

11.7 Ionization Due to Pyrolysis.

Methane was passed into the hot products of a rich
premixed hydrogen/zir flame on a porous disc burner. In
one cage the methane was passed through the upper clectrode
into the f£lame products. In the other it was injccted
through a hypodermic needle.

i) Methane passed through upper electrode.

An earthed gauze with a hole of area 4 cm2 was
inserted between the burner and the upper electrode in order
to exclude the current from the secondary flame in the
surrounding air by measuring the current from the central
portion only of the column of hot gases aboye the flame,

The current obtained was very low (0,02 FA)‘ The current due

to the methane burning in the surrounding air was 5,1 P
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ii) Methane injected through hypodermic needle.
The matrix upper electrode with an insulated probe
at the centre was used, The end of the needle was placed

under the probe andAthe current, i to the probe measured,

-p?
A current of 0,1 to Q,Z pﬁ wags obtained, depending on the
height of the needle, _ The methane injected produced a
faint blue colouration. The current given by combgstion of
the methane was 7 to 9 PA in air and J w4 in oxygen,

The results show that the saturation current due

to pyrolysis of methane was less than 3% of that given when

the fuel burns in air.
11.8. Reversed Diffusion Flanme,

The injection of 0.52 1 min~t of oxygen into excess
methone gave a saturation current to a probe above of.11 pﬁ.
This oxygen flow is equivalent to the combustion of 0,26
1 min™t of methane, giving is/f(CH4) = 42.3. The excess
methane burnt in thc surrounding air. The saturation
current was 51 pﬂ vithout and 45 pi with oxygen injection.
For a higher nmethane flow rate the saturation current was

80 pA without and 70 ps with oxygen.
11.9., Summary.

The saturation currents of diffusion flames in air

of several hydrocarbons have been measurea over a range of
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fuel flow rates, mostly using & batswing burner.
Measurements were also taken with methene flames on a
variety of different burners to investiggte the effect of
different flow patterns and flame shapes, The effect on
flame saturation currents of changing the electrode
separation and field polarity, and of forced convection were
shown to be not very great except in the case of counter-flow
diffusion flames., It was shown that most hydrocarbon/air
diffusion flames give similar values of né/no although there
is some small variation between different burners and
different hydrocarbons.

Measurcments were taken to find the effect of
various additives: nitrogen, hydrogen, carbon monoxide,
carbon dioxide, bromine, and alkali metals., The grcatest
effect was given by hydrogen, which reduced the saturation
current by a factor of tiventy. The ionization duc to alkali
metels and hydrocarbon in a hydrogen diffusion flame was
shown to be additive. In carbon monoxide diffusion flames
the ionization of alkali metals was reduced by the addition
of hydrocarbons or hydrogen.,

_Some measurements were taken on diffusion flames
in oxygen. The ionization efficiency for these Tlames was
lower, in most cases, thhan for flames in air. However, it

varicd markedly with the flow conditions and type of burner.
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The effect of injecting hydrocarboh into fhe hot products
of a rich premixed flame was also investigated and found to
be negligible,

The effect of pressure on the saturation currents

of mcthane diffusion flames in air and in oxygen was

investigated, It was found that the product of the pressure

and the ratio of the saturation current to the fuel flow rate

is constant, showing that the saturation current is
inversely proportion to the pressure.
These conclusions will be discussced further in

chapter XIII.
Table XI(1).

Saturation currents of methane/air diffusion flames,

o . v —————— T Y R e e o e e

| Burner Z T i 1gs ; is/f’ £ A, i

5 type ; 1 min—lg RA gPA 171 minE cm® il win™t m
1 ! . | ! . e
Botswing | 0.265 | 11 | 415 Mi—' 11 m{ 240

% i 0,51 | 20 L 39 | 26 | 210
L0096 1 37 36 68 1 140

[ 172 51 . 29,5 | el | 210

% | 2.0 f 67 i 28 E 99 % 240

| 334 8L | 26 | 119 | 260

| 4.0 ! 25 \ 153 | 260

100

£/4
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Table XI(1) continued,
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Table XI(2)

Saturation currents of hydrocarbon diffusion flames in air
on batswing burner.

Ethane

Blow, f 1 min~t 0. 093 0,15 0.28 o 49 0. 65 0. 84

{

R . - e e

1y, ph eI e 3 50 e, 9
PR, - v e e e S J_— -
1/(28), ph 17 min 143 50 43 35 38 40 |

I
|
I
1
f
i
i d
) . NP

Propane

e e e e tm e -iv»--_-..._..r_-._.-.. B e LI B e I L

FloW, f, 1 min O 061 O 14 O 26 0.42 o0, 55 0,69 0. 9%

-

I1S, FA . 12 5 22 34 52.5 7T1.5 88.5 118}
: -

|

|

IBT}QE&B“ pa 1t 15”}”éé 52 4 43 44 43 43

Ethylene

Flow, £, 1 min 2 0. 078 0.14 0.26 0. 33 0.64 0.95,

! ! |
e e e e e -\
tgp leo e e Es s il

l

H /(2f), uA 1 min | | 38.5 45 48 5 41 5 39 58

Acetylene

Heavy sooting and the build—up of carbon tended to occur,

e mes e e HTR e R e S e e o e s T W S = e e mas me h S o P

»Flow, f, 1 min -1 i1 0,078 O 15 0. 26 O.47q
e : |

10 19 42 72 !

;s’P‘A

. ‘ o | i
ltﬁffgfl_Jgif;“wwwn : 64 63 81 77 |

-_'._._ —

Results for methane zre given in Table XI(1).
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501

g/ 1,
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PART TV, DISCUSSION.

CHATTER TWELVE,

PREMIXED FLAMES.

Experimental results for the saturatiop current
densitics of promixed flames ore given in Ch X. These
results can be employed for procticnl purposes where it is
necessary to Imow the moximun current which can be drawn
per unit areo of hydroecarbon flames, The results will
now be gonsidered and discussed from & number of points

of wvicw,

12.1 Comparison of Hydrocarbon Flames.,

The results show that the saturation currents of
hydrocarbon flames with air and with oxygen fall on o
series of well defined curves, For a given composition,
the saturation current density, js, ig determined by the
final flame temperature, Tf. The scturation current
density increases rapidly as temperature inecreoses, the
rote of inerease of Jg being of the order of 2005 per 100
K. For a given value of Tf, the saturgtion current
density veries comparatively little with stoichiometric
ratio, @, for lean flcomes; when @ is increased by
increasing the initial fuel concentrotion, js reaches o

noximum at about ¢ = 1 ond then decreases sherply for rich
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nmixtures. The number of ion pairs produced per carbon
aton increases with g for lean hydrocarbon/cir flaomes by o
larger factor thon js docs, as is shovn by the results for
cthane/2ir ot 1.6A75°K and ethylene/air at 1569°K,  The
increase of js with @ for lean air flames being
comparatively smcll appears to be largely due to the fall
in the fuel throughput required to keep th¢ temperature
constant as the nmixturc strength increcases, The scatter
of the results on the graphs indicotes that the average
rondon cerror of the results is about 10%, This
corresponds to o temperature change of cbout 10 K, The
results obtained for lean hydrocarbon/air flomes ore in
rcasonable agreement with those of Lawton (1963).

The results show that for flames with the sane
stoichiometric ratio and final flame temperature, propane
and ethone/eir gove similar saturation current densities,
E@hylene/air goave velues higher by a foctor of the order of
1.5, Mbthane[air gave values lower by a factor of the
order of three,

Propone/oxygen and ethylene/oxygen geve similar
saturation current densities. Ethane/oxygen gave volues
about 40% lower., Mecthane/oxygen gove values lower by o
factor of the order of five,

Lean methrie, cthylenc, and cthane/air flames gove
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gaturation current densities of the order of 20 to 25 times

those given by flames with the same initial fuel
concentration gnd final flame temperature but with oxygen
instead of eoir. TLean propane/air gave values of thc order
of 15 ﬁimes those for the corresponding propane/oxygen
flomes. These fagtors were a little lower at higher final
flome temperatures.

The results for methane show that stoichiometrie
flomes with air gove higher saturation current densitics
(by o factor of about four) than stoichiometrie flones with
oxygen with the same final flame temperatures.

The burning velocities of hydrocarbon/air flanes
arec lower then those of oxygen flames with the.same initial
fuel concentration and {final flame temperature, Table
X(4) shows that for stoichiometric nethane/air it is cbout
half as great, The number of ion pairs produced per carbon
atort in the fuel is therefore greater in air flomes by o

factor of the order of up to fifty.
12.2. Hydrogen and Carbon Monoxide Flanes,

Saturation currents of flames of hydrogen and
carbon monoxide with air and with oxygen are shown in Table
x(3). The saturcation current densities are equivalcent to

. 2 . -

about 0.21 mA m~° ot 2000°K or 0.013 mA m 2 at 1667°%K.

The soturation current densities of hydrocorbon/cir floncs



252.
ot 2000°F ore of the order of 150 rA m™2,  Those of the
hydrocarbon/oxygen flames teken were from 0,2 mh "2 at
1667°K, These results confirm that the saturation currents
of floames of hydrogen and carbon nonoxide arc much lower
than those of hydrocarbon flames, That flames containing
hydfogen and carbon monoxide together give low ionization
indicetes that the ionization in hydrocarbon flames occurs
during or as a regult of the breakdovn and oxidation of the
hydrocarbon to CO, The low saturation currents obtained
with hydrogen and carbon monoxide flames confirm that the
ionization duc to inpurities is too small to affcet the
neasurcments on hydrocarbon flanes. The saturation current
given by hydrogen flames is equivalent to 7 ppm of propane,
2

sincc 3% of propanc in hydrogen/air et 1667°K gives 9 mA m

(Iewton & Veinberg, 1964).
12,3 Effect of Additives,

12.3.1. Addition.of Nitrogen, Carbon Dioxide, Carbon
Monoxidc.
The observation that saturation current dcnsities
of hydrocarbon/air flaomes are of the order of twenty tinmes
those of oxygen flames with the same initial fuel
concentration and fincl fleme temperatures indicateg that
excess oxygen can decrcase retes of chemiionization,
Dilution with large amounts of other inert sdditives wquld be

expected to have an effect similar to thot of nitrogen.,
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Figs. X(14)to (16) show the cffect of small
additions of nitrogen, carbon dioxide, and carbon monoxide
to 2 premixed ethylene/oxygen flane. Small omounts of
nitrogen and carbon dioxide (5 to 30%) gove a moderate
increase (up to 50%) in Jg compared with the flome at the
some stoichiometyic ratio and final flame temperature
without cdditive, The addition of 5 to 22% of carbon
monoxide incrcased ne/hC by 20 to 40%.

The saturction current densities of ethylene/nir
flomes diluted with nitrogen were approxinetely equ-l to
those of the undiluted flcomes with the same fincl flome
temperature nnd stoichiometric ratio. On the other hand,
corbon dioxide added to hydrocarbon/cir flomes in
concentrations of up to 15% decreascd the saturation current
density although it increased the final flome temperature,
The saturation current densities with 002 added were about
40% less than for flames with the some final flame
tenperature ond stoichiometric ratio and without 002 added,
Carbon dioxide thus appears to have an apprecicble chegical
effect inhibiting ionizotion in hydrocarbon/cir flames.

The results for carbon dioxide added to carbon monoxide and
hydrogen/cir flomes contrining small amounts of methaone
indicote that carbon dioxide has an inhibiting effect on the
ionization in the former but thet it increases the cmount of

ionization in the latter, This effect mey be due to
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inhibition of the oxidation of hydroccrbons by 002 (see
Rutherford & Pells, 1966), thereby giving more opportunity
for ionization to occur,

Since the products of hydrogen flomes do not
contoin 002 it is to be expected that any effect of carbon
dioxidg addition on these flames would be particularly

marked,
12.3.2. Addition of Hydrogen.

The effect of hydrogen addition to hydrocarbon/
oxygen flomes is illustrated by the results given in Table
X(2) ond Pig X(17). Flomes of 02H4/02 ond <3'3}18/H2/o2
(which contained up to 30% of H,) gave siniler saturation
current densities as flomes without hydrogen but with the
some stoichiometric ratio (including H, os fucl) and finnl
flame temper&ture, provided the flames were gquiet ond
stable, Hydrogen addition inecreased the soturation current
density of CH4/02 end, to a lesser extent, CoH./0,. This
incrcase appears to be due to the fact thot these flames are
relotively poor ion sources, so that the addition of'H2 can

give flomes in which more of the hydrocarbon ionizes.
12,3.,3, Addition of Bromine,

The results for the addition of bromine to premixed
air flomes show that the changes in the saturation current

attributable to the addition of bromine were of the order of
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20%. Thus the effect of bromine is small, Smoll
additions of bromine gove & small increose in jB and
larger cdditions (up to about $%) a net decrease. The

effect of bromine is further discussed in section 12.8.
12.3.,4, Addition of Metollic Salts.

The ionization of metallic additives downstream
of flomes is greater in the presence of hydrocorbons. The
concentrations of the ions of many metals, including lead,
have been found to reach several times the equilibrium
value (Sugden & Knwestubb, 1956), Alkali metols hove been
found to ionize more ropidly in the presence of hydro-
carbons (Hoyhurst & Sugden, 1966). It has been suggested
that these effecets are due to charge tronsfer (Padley &
Sugden, 1962)., In the present investigation into the
addition of sodium and lecd salts to a carbon monoxide/air
flame contoining o small proportion of ethylene the results
show that the saturation current is approximately equel to
the sun of that due to the metal ond thaet due to the
hydrocarbon, This indicates that no apprecicble chenmi-
ionizotion of these metals occurs aos ¢ result of the
cddition of hydrocerbon to premixed flomes ond thnt the
high ion concentrations observed must be crused by changes
in recombination rates due to charge transfer processes,

such as
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Pb + H0" = H,0 + H + Pb*

the atonic ion resulting in greatly reduced r;tes of
reconbination downstrean of the reaction zone. The present
results also show that the addition of sodium and lead dq
not affeet the scturation current due to the hydrocarbon,

Lead wos added in the presence of sodium so thot
the presence of the lead in the flame could be readily
detected from the current given by the sodiun, The
soturation current due to the lecd and sodiunm together was
0.7 pA, most of which must have been duc to the sodium_since
godium ionizes more readily (Sugden & Knewstubb, 1956),
Less thon holf the sodium woas ionized, so that the saturation
current if oll the sodiun hnd been ionized would hove been
greater thon 1.4 pa, The greatest saturation current
obtoined was 14 pA, The number of sodiun-atons was
thercfore greater thon one tenth of the number of ions.
The nolar concentration of the lead selt was ten times thoat
of the sodium (scc Ch IX), The number of lead atoms wos
therefore greoter thon the maximum number of ioms, The
saturction currents of sceded flomes with hydrocarbon were
3 to 14 pA, Any additional current due to cyemiionization
of the lead must have been leass than about 0.3 ¥A, Which is
2% of the noxinun current, oand therefore less thon 0,02

ion prirs per lecd aton,



237«

Petrol contnins sbout 0.1% of lead of 7 x 1072
lead otons per garbon aton (Richardson et 2l, 1963). The
production of 0,02 ion poirs per lead cton as & result of
chemiionization would give 1.4 x 10-6 ion pairs per coarbon
aton. It is shown below thot adiobotic stoichionmetric
hydrocarbon/air flomes give about 7 x 107 ion poirs per
carbon atom. The addition thet can be given by chemi-
ionizotion of the lead therefore oppecrs to be small, which
suggests that the cetion of lead as on antiknock does not

result from its influence on the number of ions produced,.
12.40 I\TOisy Flﬂmes:

Some hydrocarbon/oxygen flames were noisy. Propane
gove this effect most casily. The phenorienon woas observed
clso by nglu (1959) and is probably due to the flame
vibrating. If the flame noves closcr to the disc the heat
loss inerecasesg, which reduces the flome temperature ond
the burning velocity, cousing the flnme to be carried
dovmstrean away from the disc. The flome temperature then
begins to rise ogain and the burning velocity increases.

I+ is thus possible for the flenme to oscillate about its
necn position,

The addition of hydrogen to noisy flcmes mode them
quiet, which was found to reduce the saturation current

2lthough the nmeasurcd finnl flame temperntures were not
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reduced, The higher scturation currents from noisy flomes
appears to be due to the periodic veriction of the
temperaturce, which makes the saturation current higher thaon
thet corresponding to the mean temperoture becocuse the

saturation current does not vary lineorly with Tf.
12,5, Effcet of Final Flame Temperature,

Like most chemicel reactions, ionigotion in flameg
has o global activation cnergy (Lewton & Weinberg, 1964),
The saturcotion current density is given by an Arrhenius
equation of the form j = KT? exp (—Ea/RTf) wherce K, n are
constonts., This equation gives d(In js)/d(l/T) = -Ea/k -
nT, which is approximotely equal to -Ea/k. Figs. X(1) to
(12) show log j, versus 104/Tf °K for hydrocarbon/oir cnd
hydrocnrbon/oxygen flomes, These grophs are nostly
stroight lines,'which confirms the above relationship ond
thet n is sncll. In the casc of sonme oxygen flomes it wos
necessary to toke mixtures containing hyérogen in order to
obtain straight lines, The foact thnt streight graphs were
obtoined over large ranges of T“ chows thot the soturcation
current density was not much auffected by quenching of active

speeics on the porous diec.
12.,5.1. Effective Activation Fnergies.

y
Velues of a(log js)/d(io*K/Tf) ore given in Ch X.
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The average volues of the activation energy from
the ebove results, excluding rich fleonmes of stoichiometrice

rotio obove 1.1, ore:

E 210 kJ mol™ T (50 keal mol"l) for hydrocarbon/air,

&

Ba

294 kJ mol™t (70 keel mol™l) for hydrocarbon/hydrogen
oxygen.

Lawton & Weinberg (1964) obtoined an average volue
for hydrocarbon/sir of 205 kJ mol-l. Thus the average
vaelue of Ea for hydrocarbon/air flomes is in good agreement
with that of Iawton & Weinberg and the values obtoined by
other workers (Van Tiggelen, 1963; Colcote, 1963a).

Rich flomes goave higher values of E&. It appears
thot the necsured saturation current demsity varied more
ropidly with final flome temperaturc for rich flomes
because ot low temperotures some of the ionizable
constitucnts (unburnt or partially burnt fuel) ecscaped
whereas ot higher temperatures they did not. The fact
thoat ionizable constituents possed through the fleone wes
shown by the occurrcnce of ionization in the secondory flome
with the surrounding oir. This ilonizntion in the secondary
flame increased the totcl current but not the probe current,
so thnt the ratio of the total current to the probe current
wos grecter ot lower values of Tf thon the ratio of the
flome arca to the cffeative prohe area, as shown by the

results for mcthone/2ir ot # = 1.30 and propone/oir at @
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= 1,27, The products of moderately rich hydrocorbon flomes
are usunlly 002, CO, and H,0, which should not give further
ionizotion, The results show that, at low tcmperature,
equilibriun is not attained in the primory flome.

12,5.2. Alternctive Methods of Calculating the Activation

Energy.

The activation energies given cbove are colcul-~ted
fron the saturation current density. An octivation encrgy
could bc obtained for the variation of the ionization
efficiency, ne/nc, with final flone temperature. The
veriction of the burning velocity, Su’ with the finol flone
temperature (Kaskan, 1957) is cbout half the variction of
the saturation current density, js. At constant
conposition ne/nC is proportioncl to js/Su. The vorioction
of ne/nC with temperature is therefore about heolf thot of
js andthe activation energy for ne/nC cbout hnlf +that
calculated fronm js, giving a value in good agreement with
those obtoined by Hond & Kistiakowsky (1962} in shock tube
studies cnd by Peters & Van Tiggelen (1968),

The rote of ionization per unit volume is equal to
the saturation current density divided by the thickness of
the ionizotion zone, Von Tiggelen (1963) hrs colculated
activation energics for the ionizntion recction toking into

account chonges in a "fleme thickness" based on the theory
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of fl-me propogotion.

The variction of the reaction zone thickness can be
estinoted by assuning that the temperature gradient, ar/dx,
is constant. The £flonme thickness is then proportional to
(dT/dx)-l. Tor lenn Planmes, the rete of heat release in
the reaction zone is GcfH per unit arco where G is the noss
flux density, Ce the initial fuel concentration, ond H is
the calorific volue of the fuel, If 2ll the recction
occurs near Tf then the temperature ot the_beginning of the
renction zone is opproximately equal to Tf. Since gos
then enters and lecves the recction zone ot approximately
the scme temperature there is.little net heat loss fronm
the reaction zone by convection and moet of the hent loss
must be by conduction, The heat flux density due to
conduction is egual to -k dT/dx, giving

k aT/dx = GopH,
Therefore Fflore thickness ¢ (dT/dx)-1
o (Gep) ™t
= (fuel flow rate per unit are;%
e Su"1 ot constant composition,

Thus sinple thermal flome theory gives the flome
thickness to be inversely proportional to the fuel flow
rate, anq, at constant composition, to the burning
velocity. Tlrme thcecory based on the diffusion of reodicals

(Geydon & Wolfhard, 1949) also gives thc rcaction zone
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thickness to be approximntely inversely proportional to
the burning velocity. If the burning velocity incretoses
with tempercture ot half the rate the saturation current
density does, then the effcetive activation energy of the
rote of ionizotion per unit volume is 1.5 times thot of the
saturation current density.

The reoction zone thickness of flames is difficult
to estimote ond the distonce over which ionization occurs
is not necessorily equal to the recction zone thickness
(sec Ch III). It is therefore easicr ond more reliable to
toke activation energies calculated from the soturotion
current QOnsity since the latter quantity can be mecsured
directly.

The activotion energy calculated from the
saturation current density is not necessnrily more
fundamgntal then that calculated from the lonization
efficicney or the ionizotion per unit volune, However,
the scturntion current density is the quantity required for
moeny proctical purposes ond it can be nmeasurcd directly ond
ecsily. For thig reason activoation energies colculoted
fron js arec given,

12,6, Moximum Scturction Current Densities ond Ionizotion
Efficiencies,.

Saturation current densities ~nd ionization
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efficiencies increcse with final flone temperqture and ore
also o noximum for near stoichiometric flomes, The
meximum value of these quantities must #herefore be given
by necr stoichiometric cdiabatic flomes, Estinated
moximum values of the soturation current densities and
ionizotion efficiencies, calculated from the doto given,
cre presented in the following table, The volues at o
single temperature (2069°K) are aolso given for the purpose

of conparison,

-, Puelinair cﬂ[”é’/‘uir ¥
oMy OoHg Ogg CoH, T /0, i Oy
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; g © 1.06 10,96 [1.13 [1.14 1,00 §
hna' °x % 2491 | 2500 ;2505 |2630 | 3049 | 2373 f
s, me ™t 0.3 0.40 0.39 %0,68 328269
Jgr 4872 T 10,913 1,68 [1.50 5.7L 0,34 ;
:,ne/nC x 10% * i 6.7 8.4 :7.0 :12.4 1.9 § ;
Ejs' A" *:Mi 1.27 1,52 | 1,01 3.0 11,1 '1 43
ng/ng x 10° FERIREN T :6.8 2.5 9.1 g

e e e R vy ....................-....-....«._.‘...--_..-._‘_.. - . e emtmim e et m ek e i e e e o e n
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*, colculated toking the average values of L, (210 kJ mol-1

for oir flomes, 294 kJ mol™l for oxygen flomes, 239 kJ mol™"

for hydrogen/air flames containing hydrocarbon). *¥,
calculated tecking the observed values of Ea given in the

first part of the toble.

T represents the finel flome temperature and Su

ad
the corresponding burning velocity. The soturction current
density for the hydrogen/propene/nir flome is tcoken from
Lowton & Veinberg (1964). TFor methone/oxygen ond hydrogen/
air the colceulated acdiocbatic final flonme temperoture for

the stoichiometric mixtures hove been token from Goydon &
Wolfhard (1960) ond the burning velocities from Lewis & von
Elbe (1961), PFor hydrocarbon/air flames the values for the
mixtures of maximun burning velocity cre taken. The values
of Su and the initicl fuel concentration are from Perry
(1963) ond those for T,q from Gerstein et al (1951).

The estimotes of J, and ne/hC for adicbatic flcmes
are approximate since a comparctively lorge error Would
result from o small error in the vnlue of E, token. The
estimaotes were obtained by teking oaverage activotion energies
or those observed for cach mixture. The voriction of jS
with @ ot constant Tf woas ignored. _The two.sets of volues
obtoined differ by factors between 1,3 ond 1.8,.the correct

values probably lying between the two estimates.,
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As shown in Ch VIII, the saturction current
donsities requireq to obtain maximum proacticol effects ore
of the order of 0,25 to 2.5 A m™ 2. The above estimates of
the meximunm saturation current densities of hydrocarbon
flomes show that it is possible to obtain saturction current
densitics of this magnitude. In most cases, however, the
saturction current densities are much lower then 2,5 4 m-2,
when the maximum current density which con be drown, ond
the naximum practical effect obtainable where this depends
on the current density, becomes linmited by the flane
saturation current.

In cases where the flame saturation current is too
low, it can be increcsed by making the flome tupbulent,
which increases its surfnce aree, or by seeding.

Additional ionization con be produced clso by ionigzing

rodiction (Longevin, 1903), electricol discharges

(Schuster, 1887), or by the use of lasers.
12.7. Temperature At Which Ipnization Occurs.

The combustion of hydrocarbons appecrs to occur in
two stoges (sce Ch VII): oxidotion to CO ~nd H,0 followed
by the oxidation of the CO to 002. These two stoges tepd
to occur successively (Westenberg & Fristron, 1961). It is
of interest to know ot which stage in the combustion

recction the ionizotion occurs.
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It is not to be expected thot the ionization occurs
in the preheat zone since the rate of ionizntion is nmuch
lower ot low temperatures, Hydrogen added to hydrocarbon/
oxygen flomes probably burns ecrly in the flome, which
would alter the temperature distribution in the prehcat zone,
The soturction current density was unaltered in most coses,
which suggests thot the ionizotion does not occur in the
preheat zone., Shock tube studies (Gardiner, 1961) show
thot chemiluminescence, which oppecrs to be associnted with
chemiionizetion (see scetion 12.,10.2), does not occur
before ignition,

I+ is thought that ionization in flones results
from renctions involving radicals, The neoximum rate of
radical produvction in flames occurs duripg the oxidation +to
CO and Hy0 (Fristrom & Westenberg, 1965)., Fewer rodicels
are produced during the oxidation of the CO, Moreovey,
the combustion of CO does not normolly give ionizotion.
Thus, it night be expected that the ionization would occur
during the oxidetion of the fuel to CO and H20.

The rote of any reaction occurring during the
oxidation to CO and H20 should be a function of the
temperature at which that stoge is completed, TGO’ ond not
of the final fleme temperature (Chase & Weinberg, 1963).

If the reaction occurs throughout the recction zone o mean

temperature should be trken (Van Tiggelen, 1963), However,
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it appears that most of the ionization occurs near the final
flane temperature, This hypothesis is supported by the

following evidence.
12.7.1. Experinental IEvidence.

i) Flame troverses.

Measurements of the variation of positive ion
concentrations with position (Wortberg, 1965; Bradley &
Motthews, 1967) show thot the maximum concentration occurs
near the final flome tenperoture.

ii) Variation of jg with T4 and T

Whether the ionization occurs at TCO or CI.‘.f can be
investigoted by varying these temperotures independently.,
Tao and T con be varied independently by cltering the
conposition of the regctants, in perticular by edding ond
subtroeting CO and H2. The addition of CO increases the
heat release between TCO and Tf but not that up to TCO'
Hydrogen increqses the heat release up to TCO but not thot
fron TCO to Tf. It is sinpler oand nmore rcliable to vary
TCO while keeping T constant since the latter con be casily
neasured, Flomes with equal values of Tf but differcent
rcactont compositions generally hove different volues of
Teo*

For o set of ethylenc/oxygen flomes contoining up

to 21.7% of CO the numbers of ion pairs produced per carbon
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aton in the ethylene werc 20 to 40% higher thon those for
flames of the sane finel tempercture ond stoichiometric
rotio without CO. The chenge in mbo resulting fron the
addition of CO can be estimated by calculating the change
in the heat rcleasce during the CO to 002 gstoge and assuning
that 211 the heat released by any mass of ges goes into
raising the tenperature of that mass of gos, The increase
in the gos temperature from TCO to Tf is theg equel to the
heat release divided by the thermal copacity. The heat
relcoase during.the oxidation of flomc goses is approximetely
31 d mol-l. ‘Thesg figures give the decrease in TCO to
have been up to 1300 X, Thus, although the addition of
carbon rionoxide increased ne/nc, the calculcted value of
TCO was greatly decreased.

When hydrogen was added to hydrocarbon/oxygen
flomes the saturction current densities were sinmiler to
those of flomes of the same tenperature ond stoicbiometric
ratio but without hydrogen. 1In a typicol case 4.58% of
hydrogen was added to ethylene/oxygen and the ethylene
concentration reduced by 0.75%. The decrease in_the.
proportion of CO produced wos thus 2 x 0.0075 = 0,015,
giving the increasc in TCO to be about 140 K, The
activation energies, with respect to TCO’ of the.saturation
current densities of hydrocarbon/air flaes are about 48

3 mol™t (Lowton & Weinberg, 1964), TDoking oo tO be
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1000°K, an increase in Tao of 140 K should increase the
scturation current dgnsity by o factor of obout two if js
is o func?ion of TCO‘ The overage chonge in js was nuch
leso thoen this.

The cbove results show thaot when hydrogen and
corbon nmonoxide, particularly the latter, are added to
hydrocarbon flomes ond Tf kept constant the chonge in the
rate of ionizotion is snnll and does not corrcspond to the
cclculoted change in TCO’ which suggests thot the rote of
ionigzation depends on Tf and not on TCO’ in which case the
ionization must occur near Tf.

In hydrogen flemes contoining snell concentrations
of added hydrocarbon TCO end Tp are nearly equel, so thot
the cetivation energies obtained toking T, or TCO ere the
sane, This cctivation energy is nearly eguol to that
cclculated for hydrocorbon flames toking Tf but nmuch greater
thoan that ccleculated taking Tao (Iewton & Weinberg, 1964).
It seems reasonable to assune that the activation energies
in both types of flame hove similar volues, suggesting once
more that those calculated taking Tf are correct and the
ionigeation occurs near Tf.

The results show that, for flames with equal finel
fleme temperatures, the scturction current densities and
ne/nc increase with incretsing stoichiometric rotio to o

noxinun near @ = 1, and then decrecse, The heat releose
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ond therefore the temperature rise fronm TCO to Tf is
grectest for stoichiometric flomes ond TCO therefore least.
The fact thot the rate of ionizotion is greatest for
stoichiometrig flonmes would indicate agoin thot it does not
depend on TCO‘

Until the combustion reaction ncors completign
there is exccess oxygen aveilable, even in rich flomes. It
is only near completion that rich and lecn flcrmes differ in
nature, The fecet that the rate of ionizotion is o maximun
for near stoichionetric flames therefore suggests that the

ionizotion occurs during the latter stages of the combustion.
12,7.2. Digcussion,

It hos been assuned that the temperature rise fronm

TOO to Tf

thernal capocity of the gos. This is true only if the two

is equal to the heat release divided by the

stoges of the combustion are completely separcte and no heot

produced in the second stage is conducted upstrean to the

first, Mecsurenents show thot the temperature gradient

does not becone zero after the first stoge before the

gsecond (Fristron et ol, 1953) and thot the oxidation to CO

and Hy,0 ond that to CO, overlap (Westenberg & Fristrom,_1961)
A typicol hydrocarbon/oxygep flonme contoined 7.8%

of ethylene, which gives 15.6% of CO. If the oxidation to

H20 ond CO ond thoet of the CO were sepoerate, the difference



252.

between T,, ond T, would be 1400 K. It hes been found
(Westenberg & Fristron, 1961) that the overage temperoture
at which the oxidation to CO and H20 oceur is not nore than
about 250 K below the final flame tenpercture, Thus it is
clear thot (Tf - TCO) cannot be equal to the heat released
by the oxidation of the CO divided by the thermal capacity
of the gos. The regions in which the qxidation to CO ond
Hzo ond that of CO to 002 occur overlop. I'or nmony
purposes the retcction zones of flomes can be considered os
well gixed homogeneous reactors (Van Tiggselen & Feugier,
1965).

It has been shown that the ionization in flanmes
occurs near the final flone temperature, It does not
necessarily occur a8 o result of the lost step, ie. the _
oxidation of CO, which does not nornclly give ionization.
Since the rate of ionization would tend to occur near Tf
even if the reactants producing ilonizotion are species
occurring in larger concentrations ecrlier in the flane,
Thot ionizable conponents con survive into the burnt goses
is shown by the fact that some ionizotion occurs downstreom
of flomes, o8 described in Ch VIII, and thot the combustion
of the products of rich flomes in the surrounding a%r_cqn
give further ionizotion, as discussed in Section 12.5.1.
Since 2ll the steps of the combustion occur throughout the

reaction zone to some extent it is possible for the
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ionigotion to be given by one of the initial oxidation
recctiosn occurring towards the end of +the rcactiqn zone
ot a tenperature necr the finnl flane temperaturec.

To investigote the nechenisn of ionizetion in flanes
it is necessary tq establish at what temperature the
ionization occurs, This is known to be necr the final
flone temperature. It is not, however, necessary to
determine the precise position 2t which the ionization
occurs ond the saturation current density method of
neasurerients can be used despite the foct that it does not

give any spoticl resolution.,
12,8, Ionization ond Flame Propagation.

Ionizotion appecrs to be o side recction (Hond &
Kistickowsky, 1962) not closely connccted with the noin
flane propagotion recctions, Electric fields heve not been
found to have ony chemical effect on the propagotion on
non-gooting flaomes (sce Ch II), Other evidence thot
ionizetion is not closely connected with flame propogction
includes:

1) Effect of Initinl Oxygen Concentration

Ag shown by Table X(4), the burning velocities of
prenixed 2ir flomes ore not very nuch lower then those of
oxygen flomes with the scme initial fuel concentration and

finol flone tenperature, Replzocenent of port of the oxygen
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by nitrogen in an ethylene/oxygen mixture reduces +the
burning velocity comparatieely little (Linnett & Hoore,
1949) vrovided excese oxygen is present. In the present
study it was shown thot the substitution of sir for oxygen
inereases the saturation current density of premixed flanes
by o factor of the order of twenty. The substitution of
air for oxygen reduces the burning velocity but morkedly
incrcoses the soturation current density, which shows that
the ionization process is not closely connected with the
flome propogation,

The replocenent of oxygen by cir in the case of
diffusion flomes inereased the saturation currents in most
cases, ip spite of the nmuch lower tenmperatures of the flomes
with oir, Diffusion flanes are discussed nmore fully in
Ch XIII. _

ii) Effect of Bronine,

Hologens hove a marked inhibitory effect on _
combustion (Roser et 2l, 1959; Ibiricu & Goydon, 1964).
Bronine hod no systenotic effeet on the saturation currents
of diffusion flanes (sece Ch XI). The soturation current
densities of premixed flomes with bromine were between 10¢
and 33 more thon those of flames without bronine with the
scne values of @ and To.

The fact that the ionization in flames does not

appear to be closely commected with the propegoation process
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indicates thet the species which control the rate.of
propagation do not control the rate of ionization, The

noin propagation reactions are thought to be

H + 02 = 0H + O,

OH + H, = H,0 + H,

0 + H2 = OH + H,
hydrocorbon + 0 (or 0,) = CO + H, and/or H,0,
CO + OH = 002 + H,

The H radiccl appears to be the nost inportant in
determining the recction rate (Gaydon & Wolfhard, 1949;
Tonford & Peose, 1947; Padley & Sugden, 1959)., Bronmine is
believed to act as on inhibitor by combining with rodiecals,
priwarily H (Wise & Roser, 1963). Thus it appeors thet -

the H radical does not toke part in the ionization process.
12.9, Mechonisn of Ionization.

Possible mechonisms of ionization in flames are
discussed by Cnlcote (1957). It has been suggested thot
thernal ionization is responsible. However, nost spccies
occurring in flomes have very high iqnization rotenticls and
would not give detectable ionization, The only easily
ionizoble species likely to occur in flones in sufficient
concentration to give apprecicble ionization is solid carbon.
The theory that ionizotion in flames is due to the thernmal

ionization of corbon is supported by Perkins et ol (1962),
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However, lenn hydrogen flomes containing small concentrations
of hydrocarbon, which would not be expected to give solid
carbon, give ionization. Rich flames, which should contoin
more solid corbon thon stoichiometric ones, give less
ionization. If ionization in flanmes is due to the thermal
ionization of carbon, the activation energy should be equal
to the work function of carbon, which is about 4.4 eV or

427 kJ mole-1

, which is nuch greater thon the obserqu
activation energy for lean and stoichiometric flaomes,

Thus thernal ionization of solid carbon does not appear to
be the mechanism of ionization in premixed flames, except
perhaps in very_rich ones, which hove activation energies
(sece Section 12,5.1) up to cnd exceeding the work function
of ecarbon,

Recently it hos been suggested thot ionizotion in
flcives night be duc to secondary ionization by energetic
electrons (Von IEngel & Cozens, 1965), as occurs in the cose
of argon ot high temperatures (Petschek & Byron, 1957).
This nechonism would be feasible if the electron temperature
were much higher than the gos temperature, which does not
appecr to be thg cose in 211 prenixed flomes (Trovers &
Willions, 1965), In corbon nmonoxide flames, however, the
electron temperature is considerebly h@gher than the flome
tenperature (Bradley & Matthews, 1967), The fact that the

current density reaches o steady velue as the field is



257«
increosed is further evidence that it is unlikely thot the
ionizotion is coused by electrons. Othcerwise it is
probable thot the current density would cither decrease os
o rcsult of the removel of electrons or incregse as a result
of the field increcsing the electron energies,

The cddition of substances of high electron
affinity to flames greotly reduces the clectron concentration
(King, 1962). _ Bronine has & high electron affinity
(Creitz, 1961), The foet that the addition of bronmine to
prenixed and diffusion flomes did not narkedly reduce the
scturation current confirms that secondary ionization by
electrons is not on inportont mechanisn of flame ionization.

The rcsults for premixed fleones sceded with sodiun
show that the saturation currents due to the sodium and the
hydrocorbon were additive, Thot due to the hydrocarbon
wag not increased by electrons drown from the ionized sodium.
That due to the sodium wos not altered by positive igns fron
the recction zone or by chonges of the applied field.,

The most probable mechonisn of ionization in
hydrocorbon flaomes is chemiionization, which is now

discussed.
12,10, Chemniionization.

Various nechanisns have been proposed to account

for ionization in fleames containing hydrocarbons which fall
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under the general heading of chemiionizotion. Cheni~
ionization is non-equilibrium ionization resulting from the
utilization of chcmical.energy before thermalizeotion
(Sternberg ot al, 1962), Ione are produced in o narrow
region in the flame reaction zone (Calcote, 1957) in
concentrations usually for in excess of the equilibriun
valuve, o8 is shown by the fact that the ion concentration
decreases above the reaction gone,

Choniionizotion in systens other_than flomes has
been investigated by Fontijn et al (1965), Sinee such
systens ore less complex than the average flame there is _
norc likelihood of the procegses involved being elucidated,

I+ has been shown in the present work that the
effective cctivation energy of the saturation current
densities for lean hydrocarbon/air flanes is 2}0 kJ 1:101"1
end for hydrocorbon/oxygen flames 294 &J mol T, Hylrogen/
air flones containing hydrocarbon give 239 kJ D01~1
(Lawton & Weinberg, 1964). These results could be
interpreted as suggestipg that there is nore than onec
nnechanisiz of ionization, The different activation cnergies
obtoained would then be cxplained by there boing two or nore
lonization reactions of differing activation energics,

which renction predoninttes depending on the flone.
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12,10.,1. Possible Reoaction Schemes.

It appears that most of the negative charge in
flomes is formed initially as electrons (see Ch VIII), in
which cose the ionizetion reaction cannot utilize the
electron attochment energy by producing negative ions

directly by renctions such as

M + OH* = M + OH

suggested by Tverdokhelbov (1956).
Fontijn et 8l (1965) give the nost likely

ionization recctions to be:

¥ -~
cal®) + 0 = cmot + o7,
- + -
CH* + CoH, = 02H3 + e,
or, in ethylene flones,
* =
cH* + 02H4 03H5 + e

—suggesting that CHO+, CéH;, and CsH; could all be primary
ions,

Possible'ionization reactions with Cé*) ore given
by Calcote (1962).

The hypothesis that CH(*) is an ion precursor in
prenixed flcmes is probably correct. It exists in the
excited state in concentroations much higher thon the
equilibriun value (Goydon, 1957). The concentration of

CH¥ hcs been found in shock tube studies to inecrensc with
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the sanme tine constont as the ion concentrotion (Glasgs et 2l,
1965). This radical, together with 03, is not thoughtlto
be closely comnected with the flame propogotion process.
Nor does ionizotion appear to be,

Replacing air by oxygen, increcsing the oxygen
concentration by o foctor of 4.8, reduced the saturation
current dengities of premixed flames by a factor of the
order of 20, This effect is so large that it appears that
it must be due, portly ot least, to competition by the
oxygen for_a species toking part in the rcoaction leading to
ionization, This species nay be CH, eg.

CH + O2 = CO + OQOH,
Oxygen is_u well ¥nown free radicel scavenger (Fontijn et
ol, 1965).

I+t hos been shown in the present work thot the
saturation currents of hydrocarbon flcones are o moxinum for
opproxinntely estoichiometric flomes (sec Ch X) ond thot
fuel injected into the hot products of o flame (see Ch XI)
gives negligible ionization, Thege focts suggest that the
reaction leading to ionization are between components fron
the fuel and from the oxidant. The soturction current is
proportional to the concentretion of hydrocarbon added for
prenixed (Lowton & Weinberg, 1964) and diffusion (Stermberg
et ol, 1962) hydrogen/air flanes, showing thot onec
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participant_in the ionization reaction comes frormm the
hydrocarbon,

The present results for the dddition of ethylene
t0 o premixed CO/air flome (Fig X(15)) show that the
saturation current is proportional to the square of the
hydroecarbon concentration, which indicates thot in this
flome two reactonts toking part in the reactions lecding to
ionization have to be supplied by the hydrocarbon, one of
which is already present in hydrogen flones. , This
recctant, or renctants, must contain hydrogen. However,
a8 shown above, the H radical does not appenr to contribute
to the ionization,

OH may contribute to ionization in f£lones by giving
CH by the recction

¢, + OH = CO + QH*
a8 suggested by Goydon & Wolfhard (1960),
snothor possible mechanism for the production of
CH is dehydrogenotion, such as by the recction
CH, + OH = CH _, + Hy0
There is 2 close parallelity between the rote of
ionizotion in‘flanes ond the concentration of OH (Kinbara
& Noda, 196-9), which mokes it likely thot OH takes port in
the reactions leading to ionization, CH produced by OH _
could give ionization by one of the recections given above.

Pron the work of Ferguson (1957) it appears that
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02(*) is produccd py polymerization, &s it nust be in flones
contoining methone., Its concentration would therefore be
expected to depend on o power of the fgel concentration
higher than the first (Bulewicz, 1967). It is difficult
to see how ionization in hydrogen flames, which is
proportional to the hydrocarbon concentration, con be
relateq to 02, although this mechanism nmight occur in other

flanes.
12,10.,2. Role of Excited Species.

Chemiionization and chemiluminescence hove been
shown to have the same time and temperature dependence
(Hond & Kistiokowsky, 1962). It has been shown in the
present study that the flomes which give nost cheni-
ionization are those which give most chemiluminescence:
diffusion flames (sec Ch XIII) give comparatively snell
saturation currents and give little chemiluminescence
(Goydon & Wolfhard, 1960); diffusion flcmes with air give
higher saturation currents than those with oxygen and give
norc chemiluminescence., Thue flames which give cheni-
ionizotion give abnormal electronic excitation, wherets
flomes which do not give ionization, such os H22 co, CSZ’
and HCOH, tend not to (Gaydon & Wolfhard, 1951), These
results indicate that there is a connection between chemi-

luninescence ond chemiionization, as is to be expected since
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both are forms of electronic excitation.

The question grises as to whether the ion
precursors are excited. Miller (1967), Bulewicz (1967) and
Arrington et al (1965) all question whether the excited
rodicnl CH¥ can be responsible for ionization in flomes,
Unexcited CH has been detected in flames (Gaydon, Spokes &
van Suchtelen, 1960). In the present study it was found
that 002 rcduces the snturation currents of premixed cnd
diffusion flames of hydrocarbon/air and of premixed ¢o/cir
flames containing small amounts of hydrocarbon. The
saturction currents of premixed and diffusion flomes of
hydrogen/air containing small amounts of hydrocarbon and of
prenixed hydrocarbon/oxygen flames were increased, 002
quenches excited species (Fontijn et al, 1965). Therefore
it is likely thot thce ionization is produced by unexcited
species in those flames the saturation currents of which
are not reduced by CO2 addition and by excited specigs in
those flrmes where the saturation current is reduced. In
particular, premixed CO flames containing hydrocarbon, the
saturction currents of which are reduced by 002 addition,
are known to give morc disequilibrium than H, flomes
containing hydrocarbon (Bradley & Matthews, 1967), the
saturation currcnts of which are not reduced by 002 eddition,

It has been found that the concentration of c’BH;
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in flomes is reduced by the addition of 002 (Galcote et 21,
1965), which suggests that this ion mey be produced by the
excited rodicol CH¥, The proportion of the ionization due
to CsH; hos been found to increase with hydrocorbon
concentration (Green & Sugden, 1963). The present rcesults
are consistent with o high proportion of the primory ions
formed in hydrocarbon/air flames being CBH; and this ion
being produced by CH¥, while most of those in the other
flames cre CHOY produced by unexcited CH, I+ is to be
expected that CsH; would constitute a higher proportion of
the ions formed in cir flames than in oxygen flames, in
which species contoining several carbon atons would

tend to be rapidly oxidized.

It hes been suggested that the ionization produced
during the oxidation of phosphorus results from ultra-
violet chemiluminescence, This theory does not appear to
be correct (Moyer & Muller, 1904). Similarly, the
ionizotion in hydrocarbon flames is unlikely to be coused
by rodiation from the recction zone since most of the

ionizotion occurs over o narrow region,
12,11, Sooting Mlames.

Very rich non-sooting flames grve very low
saturction current densities. However, os shown by the

resultes for methanc/oxygen, sooting flomes, thot is fl-mes
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above which yellow luminosity occurred, gove higher
saturation currents., Fig X(13) shows the variation of
snturaﬁion current with height above two rich ethylene/oir
flaomes, Yellow luminosity commenced cbout 7 mnm above the
burner. The results show that the soturation current
density was very small for electrode seporoctions of less
than about 5 mm ond increased with electrode separation,
showing that ionizcotion 6ccurred in the gos above the flonme,
It appears thot this ionization is associcted with the
sooting and probably.results from thermionic emission from
the carbon porticles,

The ethylenc floames gave the following results:

?'FiﬂQi”fidﬁé“£éﬁﬁéfd%ﬁre, Tf, OK"‘ | 1784 Il 1880,
; e 1
‘ . ) ] i
, Brlghtness tonperature at 6550 2, Tbr, g 1250 ; 1132'
l». — . mm am e s P L e e e i s e camima E .

? Ionlzatlon "bove flﬁme, Jdy, A m"3 §1.41 { O 62;

The optical path 1ength through the flame, d, was
approximately 40 mn.
The cnissivity, e, , at wave length 2 is given by

exp(he/( )\ka)-l)
T exp(He/( ~KL,_)-1)

= exp(-(hc/(.Kk)(T;% - Tgl)) epproximately
(1)

since, bectuse the soot particles cre smell, their

tenperature coan be taken to be equnl to the gnes temperature.
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Electron microgrophs taken in the present work showed that
the radius of the soot particles, r, was of the order of
150 R, which is much less than + . Thercfore the fornulo
given by Thring (1965), which is based on the Mie theory of
scattering, can be used, giving

33 4

e = x volume of soo0t per unit volune (2)

A

x surface arec of soot per unit
volume (3)

ol o
yki >

where the numericecl constant is token to be equal to thot
determined ot a similar wave length of 5000 X.

Substituting for e, in (2) from (1) and toking the
experimentel volues, gives the propo?tion of #he carbon in
the fuel converted into socot to be 0.4% and 0.0s% in the
cooler and hotter flames respectively. These flomes sooted
comperctively lightly. Since up to o few per cent of the
carbon in the fuel can be released in prenixed hydrocarbon
flones (Thring, 1965) the values obtcoined ore rensonable.,

From the Dushrion (1923) equation:

2

J = AT exp(~-/(XT)) x surface crea of soot

per unit volune (4)
where ~£ is the work function for the emission of electrons
from the soot.

Substituting for e in (3) from (1), dividing by
(4), ~nd substituting the experimentol results gives two

sirultoneous equations, which give %= 4,62 eV,  This value
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is close to that for graphite (4.4 eV).

If the randon error in the mecsured temperatures
(Tf ond Tbr) is 5 K, then the work function obtoined is
accurcte to within about 10%.

It has been assuned thot the surfoce of the carbon
poarticles enits e;ectrons in accordance with the sone law
as planc surfoces. The increase in the potenticl of o
particlg due to the emigsion of electrons is equal to
e/re= 0,1 volt per clectron. This increase in potential

has been ignored.
12,12, Catalytic Oxidation.

Ionization occurs during the coatalytic oxidation
of hydrocarbons at heated surfaces (Perkins et al, 1963),
This ionization hos been studied by passing air contgining
snall concentrations of hydrocarbons over o filament, The
ionization efficiency is near its maximum when the filament
tempercture is about 1043°K, when the number of ion pairs:
produced per carbon atom oxidized is about 7 x 10™° o
3 x 19-6, depending on the hydrocarbon used (Woods et o1,
1965), Woods et 2l used filament temperctures up to
1293 °K.

It is shown in Section 12,6 thot the ionigntion
efficiency for adiabatic paraffin/air flcmes at obout

2500°K is of the order of 7 x 10~°. The effective
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activation energy for ne/nc is approxinctely 105 kJ mol_l,

allowing fo? the variction of the burning velocity with
tenperature, The ionization efficiency for combustion ot
1043°K end 1293°K should therefore be of the order of

6 x 1072 and 6 x 107° respectively. Thus cotalytic
oxidotion in most coases gives greater ionization efficiencies
thon gos phase combustion would at the strne tcemperatures.
Catolytic oxidation nlso differs from combustion in other
respects, The ionization efficiency is very dependent on
the hydrocarbon structure, The ionizotion currcnt depends
on the field polarity, presumably as a result of the
reaction being heterogeneous. As the tempgrnture is
inercased the yield recches a moaximum value, This nmoxinum
noy be due to a greater proportion of the oxidation

occurring in the gos phase,
12,13, Anclysis of Ion Concentration Meosurcnents.

The rote of ion generation through o flome coan be
ccleulated from the ion concentration, n, The ion flux ot
any point is equal to (nu - D dn/dx) where u is the flow
velocity and D the diffusion coefficient. The rote of
ion generntion, J/e, ie equal to the rote of recombinntion
plus the rate of increose of the ion flux with distance,
giving

rote of ion generntion = xn® + (d/dx)(nu - D an/dx)
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.2 dn _ o d®n du . .
oxn” +u = D = t1ngx 1on poirs per unit

volume per unit tine.
Rotes of ion generation were colculated from the

results of Wortberg (1965). The following rssults (in ion

poirs x 1018 =3 1) were obtained ot 1nterv~ls of 0. 37 mri,
‘w<n2 } 0.1 0, 5 2.0 6.5 32.4 31 5 7.2 3 4 1. 9.
u dn/dx 5 0.6 1.1 2.1 4.4 1.7 1. 5 -4,5 -1, 9 -1 4‘

i
foo
- - e e
1
!
i
l

D dzn/dx x-o 4 ~o. 6 -1, 7 6.1 7 9 21.8 5. 3 -1, 9 -0. 5

n du/dx I 0.1 0,1 0.2 0.4 0.9 0.8 0.1 0 O
'J/e low 1_;__ 2.5 5.2 42.9 52,5 ~2,5 0.4 0 |
0an2 1.3 o,a
é-D d2n/dx2§ - -0,2!
an/ax, - 0.2
h duv/dx | 0 o |
nduax 00 0.
gle = 0]

These results show that necrly all the ionization
occurs in a resgion of width under 1 mm necr the region of
maxinun ion concentrutlon, which is also the region of
noxinum heot release rate and where the temperature reaches
the finnl flonme tenperoture. The presence of ions upstreon
of the region of maximum ion concentration is largely due
to diffusion.

The soturation current is given by

2]

= ¢! an dx.

-0

Jg
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The sun of the values of cdnz is about 8.8 x 1019

8 ~, giving . . .
1.6 x10719 x 8.8 x 1012 x 0.00037

5.2 x 1072 A m"2,

Ig

The final flape temperature wos 1500°K and the
stoichiometric ratio 0.513, The measured_saturation current
density of a lean methane/air flame (F = 0.6) with o final
tenpercture of 1574°K wos 0.93 mA n=e (Ch X). From this
value, the saturation current density.of Wortberg'ts flome
could be estimated, when a value of 0,5 mA m-2 was obtained.
Thus the saturation current density calculoted from the
neasured ion concentrations is about ten times that obt~ined
from direct measurenents.

Colcote (1957) gives the maximunm nole freetion of
positive ions in a propone/zir flame (& = 0,84, T, = 1535°K)
to be 1.1 x 10-7, which is equivalent to on ion concentration
of about 6 x 1917 m'3. The ionization zone thickness wos of
the order of 0,1 mm, giving the saturation current density to
be 600 ma m-2,_takingfx.to ve 10713 0’ §71,  The mecsured
value at g = 0,69, Tp = 1535°K wos 4 ma n=2 (Ch X), which is
less thon the coleulated value by a factor of 150. |

The neasurenents of Wortberg give o saturation
current density neorer to the meosured volue than the earlier
neasurenents given by Calcote. The soturation current

density colculated from the ion concentrations given by
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Wortberg is nevertheless too high by a foetor of ten. The
nost probable recson for the discrepancy is to be found in
the uncertointy associnted with the use of probes,
espec%ally ot pressurss of the order of atmospheric ond
above, another reason nay be that the recombination
coefficient is less in the renction zone than the volue
taken,_which wes obtaoined from measurenents downstreom of
fleomes, In the reaction zone a higher proportion of the
negcotive charge is in the form of electrons, which moy hove
2 lower recombinction coefficient with positive ions thaon
negntive ions do (Gaydon & Wolfhard, 1960)., These results
show that the cnlculation of ion production rotes from ion

concentrations is unreliable.
12,14, Sumnery.

Saturation cur;ent neasurencnts hoave been made on o
wide variety of flaomes., It was shown how the saturation
current vories with temperature and stoichiometric ratio.
Values of the saturction current densities given by different
hydrocarbons and by flrmes with air and with oxygen were
conpared. Effects observed due to additives‘and the
substitution of oxygen for air were discussed, Iffecective
activetion energies for the saturatiqn current densitics
were obtnained for different nixtures, Estimates were nade

of the maximum saturation current densities ond ionization
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efficiencics obtainable. It wos shown that the former ore

approximately 1 to 10 A m
7 x 10~

2 and the lotter of the order of

6 for stoichiometric flomes of the gases token.,

From the results of the present work on prenixed

flomes it appeors thot:

a)

b)

c)

a)

e)

£)

g)

h)

1)

the ionizotion occurs near the finel fleme temperatures
the ionization is not directly connected with the flane
propagation process;

cheniionization of metellic additives does not occur
in the flones:

the ionizotion is unlikely to result from electron
collision;

the ionization is unlikely to result from the thermel
ionization of flrme carbon except in very rich
luninous flanes;

in thesg the work function of fl-me corbon was deduced
to be 4.6 eV, which is close to that of graphite;

the ionizotion in non-~luminous flomes probobly results
from chemiionization;

the H radicel probably does not pley oan important port
in the ionizotion recction:

the ionization is probebly given by CH(*), which is
pogsibly produced by OH., A likely reaction scheme is
the production of CH by
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C, + OH = CO + CH (gaydon & Weolfhard, 1960)
or by dehydrogenction, followed by
CH+0 = CHOT +¢7;
and possibly, in addition, in hydrocarbon/air flomes ond
€0/cir flonmes with hydrocarbon added,
— + -.
CH* + 02H2 = C3H3 + e
j) oxygen inhibits the ionizotion renction by competition
for recctive species, e.g.



CHAPTER THIRTEEN.

DIFFUSION FLAMES.

13,1, Variation with Fuel Flow Rate.

o The results obtained for diffusion flames are given
in Ch.XI. The values in Tahles XI(1) and (2) show that the
saturation currents obtained from hydrocarbon/air diffusion
flames on a variety of burners were proportional to the
hydrocarbon flow rate over large ranges of variation of the
latter. The results for methane/air flames given in Table
XI(1) show that the ratio of the saturation ourreﬁt to the
fuel flow rate was similar for all the burners used although
the fﬁel throughputs per unit area of flame differed, which
shows that the saturation current is primarily a function of
the Tuel flow rate ard not of the flawe area. Data given
in Table X(2) for flames of several hydrocarbons on & batswing
burner are summarized in Table XIII(1) below.

Table XIII(1)

Saturation currents of diffusion flames in air on a
batswing burner.

B e I - - ————— . e o . e RO

i Tuel | Range of Iuel Saturatlon cﬁrrenb (pA) ! Aver%ve n /n

§ Eflows(l/mln) i Fuel flow (I/min]  x 10 ﬁ
CH, 1 1,7 -44 '“'"}iEE””””“f”MSET“”ﬂ
CoHg | 0,1 - 0,84 | 78 + 8 : 545 |
‘03H8 | 0,26~ 0,92 | 130 + 1 | 6.1 i
G H, E 0,08-(0,64 E 87 + 10 g 6,1 i
CoH, | 0.08- 0,47 | 140 + 12 ! 9.9 |
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Tor the candle flame ne/nO = 7.7 % 1Q-7.

The results confirm that the saturation currents of
hydrocarbon diffusion flames are proportional to the fuel flow
rate, giving and approximately constant value of the

ionization efficiency, n,/n_, for each fuel. The value of

O’

ne/nC is similar for different hydrocerbons.
13.2, Counter~Flow Diffusion Flame.

The results for counter-flow methane diffusion
flames show that although the ratio of the saturation current
to the fuel flow rate is of the same order as for the other
burners considered it varies very much with the fuel and
oxidan# flow rates, particularly in the case of flames with
oxygen, Because of these variations, counter-flow diffusion
flares do noﬁ appear suitable for saturation current

measurencnts,
13,3, Effect of Additives.
13,3,1, Addition of Witrogen,

Resvlts given for the addition of nitrogen to two
methane/oxygen flemes show that the effect of the nitrogen is
to increase the saturation current markedly, Methane/oxygen
flames witihiout nitrogen added gave lower ionization
efficiencies in most cases than methane/air flames. Methane/

oxygen flameg at reduced pressure gave ionigation efficiencies
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lower thar those for methane/air flames by a factor of about
eight. These results show that whereas ne/nc for oxygen
diffusion flames is less on average than for air it varies
over a wide range with the burner and the flow conditions, as
is confirmed by the results obtained using counter-flow
diffusion flames.

The effect of the addition of nitrogen to a hydrogen/
oxygen difrusion flgme containing a little methene was
particularly marked, The increase in the saturation
current was of the order of twenty fold. An incrcase was
obtained also in the case of a hydroggn/air flame containing
a little propane (see section 11.6.4).

The addition of nitrogen to hydrocarbon/air Iflames
tended to decrease the saturation current,

?hg result for propane plus nitrogen given in .
section 11.6,4 (615 nitrogen, iy = 48 ph, propane flow, I,
= 0.42 1 min™t, i /3f = 38.1 pA min 177) is in satisfactory
agreement wiﬁh that of Pejack & Jones (1968). Thgir flame
contained 81,5% nitrogen. The propane flow was 0.5 1 m:i.n"1
and the saturation current about 35 pA, both per 100 mn

width of burner, giving is/3f = 23,3 pA min 171,
13.%.2, Addition of Hydrogen,

The addition of hydrogen to hydrocarbon/air flemes

reduced the saturetion current. The resulits for the addition



277

of hydrogen to a methane flame on s 3 mm i.d, nozzle show
that »the ratio of the saturation current to the fuel flow

wasg reduced from 55 to 3.1 yA per litre of methane per minute.
Similarly, a hydrogen/propane/air flame (section 11,6.4) gave
a lower saturationvcurrent per unit flow of propane than pure
propqne/air flames,

The results given in Table XIII(1) together with
that for the candle flame are given below arranged in order
of increasing nH/nc where nH/nc is the ratio of the numbgr of
hydrogen atoms to the number of carbon atoms in the fuel.

nH/nc for the candle would be 2 assuming the formula to be

(CH,), .

e ————— iy e — e - . [ T

i Fuel ;02H2 candle 02H4 Cé%gwuvggﬁémvwcggj
| ng/n, x100 9.9 7.7 6.1 6.1 5.5 3.8

These results show that burning a fuel containing
more hydrogen reduces ne/nc. Thus burning a hydrocarbon
containing more hydrogen appears to be equivalent to adding
hydrogen to the fuel, as if the fueli decomposed before
ionization.

The reduction of the saturation current of
diffusion flames by the addition of hydrogen may be due to
the hydrocarbon having less opportunity to mix with the

oxygen., The hydrogen would tend to diffuse ahead of the
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hydrocarbon and burn first, The initial oxidation of the
hydrocarbon would be 1arge1y by OH. Oxidation by OH is not
likely to give much ionization since the émount of ionization
depends on the energy released by the oxidation process

(Bulewicz, 1967).
13.3.3. Addition of Carbon Monoxide.

The effect on ne/nC of the addition of carbon monoxide
in concentrations of up to 94% to hydrocarbon/air flames on a
batswing burner was not large. For methane/air, ne/nC was
increased by 14% at one methane flow rate and by 32% at a
lower methane flow rate. For propane/air, ne/nC was
increased by up to 46%, These increases are probably due
to not all the fuel being burnt whexn no carbon monoxide was
present, or to higher combustion efficiencies resulting from
a reduction in the amount of soot produced. The results show
that CO addition does not markedly affect the ionization of
hydrocerbons in diffusion flames,

The results show that for the addition of methane
to a carbon monoxide/air flame in concentrations of 1 to 7%
the saturation current was proportional to the methane flow
rate, which shows that the ionization of the methane was pot
affected by disequilibrium in the flame (see section 13.3.5)
for methane concentrations of over 1¢, That the saturation

current is proportional to the methane concentration suggests
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that it due to one component already present in the carbon
monoxide flame and one component from the methane, probably
CH(*) (see Ch XII). 1In the case of a premixed CO/air flame
containing 02H4 it appeaxrs that both components nust. be
supplied by the hydiocarbon (3ee Ch XII), which indicates

that the reaction in premixed flames is faster.
13.3.4. Addition of Carbon Dioxide.

It was found that the addition of carbon dioxide to
hydrocarbon/air difrfusion flames decrecased the saturation
currents more than the addition of an equal flow of nitrogen.
Flames with carbon dioxide added would have 2 lower
temperature than those with nitrogen owing to the higher
specific heat of the Tformer. Howcver, as shown below, the
gsaturation currents of diffusion f£lames do not appear to
depend markedly on the tenperature, It thus seems that
carbon dioxide has a chemirel effect inhibiting ionization,
This inhibition may be due %o the quenching of an excited
ion precursor (see Ch XII).

Carbon dioxide added to a hydrogen/air diffusion
flame with small hydrocarbon addition had approximately the
same effect as nitrogen, Which indicates that both act as
inert diluents and that the ionization in this fleme is not
due to excited spceies, This conclusion is supported by the

fact that there is little cunnection between chemiionization



280,

and chemiluminescence in hydrogen flames containing

hydrocarbons (Ackman, 1968).
13.3.5. Addition of Bromine.

The results show that, as in the case of premixed
flames, bromine does not have any marked effect on the
saturation currgnt of diffusion flames, the average change
being about 10%, The effect of bromine is further
discussed in Ch XII. In particular, the results indicate
that the H radical, the concentration of which appears to be
affected by bromine, is not important in the ionization
process, and that secondary ionization by energetic electrons

does not occur in hydrocarbon/air flames,
13,3.,6. Addition of Alkali Metal Salts,

The results for the addition of alkali metal salts
and/or hydrocarbon to a hydrogen/air diffusion f}ame show
that the total current is approximately additive. The
saturation current with hydrocarbon and alkali salt addgd
was approximately the sum of that due to each by itself.
Alkali metals have been found to ionige more rapidly in the
presence of hydrocarbons (see Ch XII). The results show
that no appreciable chemiionization of the alkali metals
(sodium, potassium) occurred in the hydrogen/hydrocarbon/

air diffusion flames,
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The saturation currents of carbon monoxide/air
diffusion flames seeded with sodium (borax) were reduceq by
the addition of small quantities of hydrogen or methane,

The addition of larger quantities of methane gave saturation
currents much smaller than the total of the current Witp
methane but no borax and that with borax but no methane.
These results show that the addition of hydrogen or hydrogen
compounds reduces the_ionization of sodium in carbon monoxide
/air diffusion flames., Carbon monoxide flames are in
marked disequilibrium,. In particular the electron
temperature in the reaction zone of carbon monoxide flanes,
but not in hydrogen flames, is much higher than the flame
temperature (Bradley & Matthews, 1967). I+ thus appears
that hydrogen, which catalyses the oxidation of carbon
monoxide, reduces the dise¢uilibrium in carbon monoxide
flames, The reduction of the saturation currents of seeded
carbon monoxide flames on the addition of hydrogen shows that
in flames without hydrogen chemiionization of the sodium
occurs.

The chemiionization of sodium in unseeded carbon
monoxide/air diffusion flames may result from secondary
ionization of the sodium hy emergetic electrons in accordance
with the mechanism proposed by von Bngel & Cozens (1965).
Energetic electrons could be produced by inelastic
collisions with excited species; such as by the reaction

2

¥*
002 + e = 002 + e .
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Alternatively,_excited gspecies might cause

ionization directly, e.g.
c0," + Na = 00, + Na¥ + ¢,

From the results it appears that hydrogen short
circuits the production of the excited species. Thus it
seems that von Engel & Cozens' mechanism may be important
in seeded carbon monoxide/air diffusion flames but not in

flames containing hydrogen or hydrocarbons,
13.4, Iffect of Pressure.

The results for a series of methane/air diffusion
flames on a nozzle and a series of methane/oxygen flames on
a disc show that in each case the products of the pressure
and the ratio of the saturation current to the fuel flow
rate was approximately constant. This demonstrates that
the saturation currents of diffusion flames are inversely

proportional to pressure,
13.5. Effect of Temperature.

It has been shown that methane/oxygen diffusion
flames give saturation currents lower, on average, than do
methene/air flames. The addition of nitrogen to diffusion
flames in oxygen of methane and of hydrogen containing a
small proportion of methane initially gave a marked increase
in the saturation current. The adiabatic flame
temperature of methane/oxygen flames is about 500 K higher

than that of methane/air flames, This temperature
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difference would increase the saturation current of a
premixed flame by a factor of the order of 60 at constant
composition (see Ch XII), On the other hand, premixed
adiabatic stoichiometric methane/air gives a somewhat higher
value of ne/nC than a premixed adiabatic stoichiometric
methane/oxygen flamg, despite the higher temperature of the
latter (see Ch XII),

Ibiricu & Gaydon (1964) using a counter-flow
diffusion flame found that the temperature was reduced by
the addition of inhibitors (including CHSBr) and by higher
incident oxidant flow rates. The results of the present
study show that the addition of bromine to diffusion flames
does not systematically affect the saturation currents, while
increasing the oxidant flow rate to counter-flow_diffgsion
flames increases the saturation current in most cases.

Thus it appears that the saturation currents Qf diffusion

flames do not depend on the flame temperature.
13,6, Accuracy of the Results.

The scatter of the results indicates that the
random error was of the order of 10%, which is probably
largely due to the effect of turbulence and distortion of
the flames.

Diffusion flames were affected by the field and
tended to be attracted to the cathode, particularly in the

case of flames on nozzles, In addition, electric fields
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affect the size and concentration of solid carbon in flames
(Place & Weinberg, 1966), which would alter the amount of
thermal iopization of the carbon and also the combustion
efficiency, However, it was found that the current from
flames increased to a steady value as the voltage was
increaged, This steady value was equal to or only slightly
less than the maximum value and was not altered greatly by
changes in the electrode separation or in the polarity. A
wide range of burners gave similar results although the
amount of quenching wvaried. It thus seems that quenching
ig unimportant and that diffusion flames have characteristic
saturation currents.

Hydrogen and carbon monoxide diffusion flames
without hydrocarbon added gave small saturation gurren?s
which are thought to be due to impurities from the air.

This current, io, was recorded when taking measurements on
flames containing these gases. A hydrogen flame with oxygen
from a cylinder gave a lower background current (section
11,6.1) than hydrogen and.carbon monoxide flames burning in
the open air (sections 11.6.2 and 3).

Values of io for pure hydrogen and carbon monoxide
flames burning in the open air are given below together with
estimated saturation currents, is’ of flames of methane

with the same throughput.
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These magnitudes show that the currents due to
impurities are much less than the gaturation cqrrents of a
hydrocarbon/air flame with the same throughput. The effect
of impurities from the air can therefore be ignored in the
case of hydrocarbon flames,

The ionization efficiencies given by diffusion
flames used in gas chromatography are of the same order as
thosc obtained in the present study (Sternberg, 1963). The

flames used in gas chromatography are dilued and small,
13 7. Discussion.
13.7. 1. Mechanism of Ionization.

The addition of nitrogen and carbon monoxide +to
diffusion flames reduced or eliminated the sooting and
yellow luminosity but gave higher saturation currents. The
increase in the saturation current resulting from the addition
of nitrogen was despite the reduction of the flame
temperature resulting, which was of the order of up to 500 K.
In addition, the saturation currents of unseeded diffusion

flames do not appear to be greatly affected by polarity or
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electric field strength (Place & Weinberg, 1966), Flectric
fields alter the size and concentration of carbon particles
in flames. It is thus unlikely that the thermal ionization
of carbon paerticles constitutes a large proportion of the
saturation current in hydrocarbon diffusion flames, though
it probably contributes to it.

Although it is probable that most of the
ionization in flames is due to chemiionization (see Ch XII),
the fact that the saturation current of diffusion flames
does not increase with the flame temperature indicates that
the rate of ionization, like the rate of combustion, is

limited by the rate of diffusion and mixing of the reactants,
13,7.2. Comparison of Premixed and Diffusion Flames.

Ionization in diffusion flames @iffers in & number
of respects from that in premixed flames. The most obvious
is that the saturation currents of premixed flames increase
steeply with temperature whereas those of diffusion flames
appear to be independent of temperature. The second
important difference is that premixed flames can give somewhat
higher ionization efficiencies. ne/nC for stoichiometric
ediabatic premixed hydroqarbon/air flames is of the order
of 7 % 107° (see Ch XII), That for hydrocarbon/air
diffusion flames is of +the order of 5 x 10 '.

Ionization in premixed flames is thought to be due

¥*
to CH( ) and other radicals containing hydrogen (see Ch XII).
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This does not appear to be the case for diffusion
flames, Chemiionization can occur in diffusion flames
containing no hydrogen (Gallaway et al, 1964). Moreover,
2,2 dimethylbutane (C(CH3)302H5), in which one carbon atom is
not initially joined to a hydrogen atom, gives a very
similar ionization efficiency (ne/nc), when added to a
suitable diffusion flame, as n-heptane and other hydrocarbons
(Ackman, 1968), However, the main mechanism of ionization
in most diffusion flames is probably similar to thet in

premixed flanes.
13.7.3. Effect of Premixing and Disequilibrium.

In an ideal diffusion flame the reaction takes
place in a thin zone in which there is chemical equilibrium,
the reactant concentrations are zero and the temperaturg is
equal to the stoichiometric adiabatic flame temperature.

In practice the reaction rate is partially chemically limited
and there is some premixing of the reactants. The
temperatures of hydrocarbon/air diffusion flames are below
the ediabatic flame temperature (Ibiricu & Gaydon, 1964;
Pandya & Weinberg, 1964), On the other hand, the
temperature of a hydrocarbon/oxygen diffusion flame has been
found to be near the stoichiometric flame temperature
(Wolfhard & Parker, 1949), The temperature of counter-flow
diffusion flames is less at high incident oxidant flow rates

(Ibiricu & Gaydon, 1964), which shows that the amount of
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premixing is greater, presumably as a result of faster
mixing due to the steeper concentration gredients, so that
the rate of mixing tends to exceed the rote of reaction.

There is comperatively little chemical
disequilibrium in diffusion flames since th¢ reaction is
diffusion limited and takes place gradually., There is
more disequilibrium in flames with air then with oxygen
because the dilution with nitrogen decreases the rate of
chemical reaction. Spectroscopic studics confirm that
t:ere is more disequilibrium in premixed flames than in
diffusion flames and that there is more discquilibrium in
diffusion flames with air than with oxygen (Gaydon &
Wolfhard, 1960), It appears also that there is more
disequilibrium in hydrocarbon diffusion flames than ?n'
diffusion flames with hydrogen added (see section 13.3.4).
Thus the flamcs having most disequilibrium are those giving
most ionization, which is to be expected, since ionization
is & disequilibrium phenomenon. In particuvlar, it has
been shown in the present investigation that diffusion
flames tend to give lower values of ne/nc then premixed
flames,

Reduction of pressure has been shown to increase
the saturation currents of diffusion flames, and, as is

well known, diffusion flames tend towcrds a premixed stote
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at low pressurc (Geydon & Wolfhard, 1960). Thus the
higher saturation currents of diffusion flomes at low
pressurces may be duc to the increasce in the mean free poth
giving greatcr mixing. Another possible cxplanation is
that the roate of a competing reactiop to the ionization
reaction is reduced at low pressures. The amount of
Quenching of excited species would be reduced ond it is
possible thot an excited species is an ion precursor (sece
Ch XII),

The saturation currents of counter-flow diffusion
flamees arc grcater at smaller electrode separations, when
the concentration gradients are greater, increasing the
rate of diffusion iqto the flame and giving o grcoter
degree of premixing.

It hos been shown that the amount of ionizotion
in diffusion flomes is greater in those flames with o
greater degree of mixing, in particular flames 2t low
pressure, diluted flomes, and counter-flow diffusion flomes
with smnll clectrode seperations. More ionigation occurs
in the premixed rcgion at the base of diffusion flgmes on
nozzles than further up (Kinbara & Nakamurs, 1955), It
thus seems that thc ionizotion in hydrocarbon diffusion
flomes occurs principally where the fuel and oxidont mix,
The reactant concentration in this zone is greater in

flrmes with o greater degree of premixing, giving higher
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saturation currents. The results for premixed flomes show
thot the maximum rate of ionization occurs when the fuel
and oxidant.are present in approximately stoichiometric
proportions, It thercfore seems unlikely thot chemi-

ionization occurs in the pyrolysis zone of diffusion flames.
13.7.4+ Maximum Current Densities Obtainable,

The results obtained show that the sdaturction
current densities given by diffusion flomes are of the
order of 3 to 20 mA m™2, These volues are lcss thon the
maximum spoce charge-limited saturction current density
(see Ch VIII) so that the maximum current which con be
drawn without secgndary ionization is limited by the rote
of ion gencrotion,

Turbulent diffusion flomes would enaoble larger
flame arcas, ond hcnce largersaturation currents, to be
obtoined, They have the advantage for practicel purposes

thot they con give combustion, and therefore ionizotion,

throughout o large volume.
13.8, Summ&r‘y.

The rcsults obtoined in the present study for
diffusion flomes have been anclysed.  Veolues of n/n, hove
been obtained and shown to be of the same order (obout
5 }clo—7 at atmospheric p;essure) for 2ll the hydrocorbon/air

diffusion flames studiced,
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It wos shown thet the effect of temperature on the
saturation currents of diffusion flomes appears to be smoll,
It was 2lso found thot the ionization efficiency, n./n,,
is inversely proportional to the pressure,

The effcets of the addition of hydrogen, bromine,
corbon dioxide, and carbon monoxide werc considered. As
in the cose of premixed flames the addition of bromine_and
corbon dioxide aoppearcd to have little chcmical.effoct.

The latter gove a small reduction in somc coses, The
effects of bromine ond carbon dioxide are discussed in
Ch XIT, Carbon monoxide also had little effect.
Hydrogen gove lower saturation currentes, which is.thought
to be duc to competition for the availcble oxygen.

The ioqization of alkeli metals in diffusion flomes
wo.s considered. This ionization appears to be thernal
cxcept in the case of carbon monoxide fleomes, in.which Some
chemiionization of the sodium was found to occur, It wos
concluded that secondary ionization by energe?ic elcectrons
is probably unimportent in hydrocorbon fleomes,

It wos shown that diffusion flomes voary in the
extent of mixing and that factors which increasc the degree
of nixing ond disequilibrium, in peorticular dilution and
reduced pressure, tend to increcse n,/n,. Thermal _
ionization of flame carbon was shown to be unimportant,

It is suggested thot ionization in diffusion flomes occurs
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in the zone where the fuel and oxidant mix ond thot, os
in prcemixed flemes, it is primarily duc to chemi-

ionizotion.
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CHAPTER FOURTEEN,

SUMMARY .

Total rotes of ion generation in'flames heove been
neasured by the saturation current method. ~Hydrocarbon
flomes with air end with oxygen were studied, Fecetors
affecting the saturation current, including temperature_nnd
the effect of additives ond diluents, were investigoted,

In addition, the conduction of charge in the flome products
hos been studied,

Conduction to the electrodes wos investigated in
order to test the validity of the saturation current density
method used, It was found that ion generotion occurred
above non-~luminous premixed flrmes but that the cmount was
too smoll to affect the validity of the saturction current
method, as appliced to ionization in the reaction zone. A
possible exception occurs in the case of oxygen flanes which
give very low soturction current densities, However, in
such & ccge the variction of js with electrode separntion
provides o valuoble means of determining the rate of
ionization in the products,

It wos shown that carc had to be token when using a
probe/guard ring configuration in order to obtain the
sacturation current from part of o flone., The proportion

of the current going to 2 probe was not clways equal to the
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rotio of the flome arca - in particulor the current could
be influenced by inmpurities or foreign bodies in the flome
goses., _Field strengths and choarge nmobilitics were
neasured, It was shown that the scturction current method,
if used with care, is capable of giving velid results of
abgolute rotes of ion generation.

The saturation currents of a lorge number of flones
were neasurcd. Prenixed and diffusion flcmes of '
hydrocarbons with air acnd with oxygen werc studied, The
effects of various additives and diluents Were.determined.
Additives investigoted were nitrogen, hydrogen, corbon
monoxide, corbon dioxide, bronmine, and metollic sclts.

Some neasurenents were tcken olso on flones of hydrogen ond
carbon mopoxide with and without hydrocarbon and other
additives,

The variction of the saturction currents of premixed
Tlenes with finel ﬁlame temperature and stoichionmetric
rotio was neasured, Values of the ceffective activation

energics were ccleuleted, These were about 210 kJ role™t

1 for lean

for lean hydrocarbon/air flomes and 294 kJ mol~
hydrocarbon/oxygen flomes. The rate of ionizotion ond the
soot porticle size and concentration above two luminous
flomes were measuyed and o value of'the work funection of

flome corbon of 4,6 eV was obtained,
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I% was found that diffusion flames of different
hydrocorbons in o2ir ot cmbient pressure on severnl burners
gove sinilor ionizotion efficiencies, the value being about
5 x 10—7._ Some measurcments were token also ot reduced
pressures., The ionization efficiency‘was found to be
inversely proportional to the pressurc.

Premixed hydrocarbon flames with air gove higher
saturation current densities (by a factor of the order of
twenty) thon flames with oxygen with the same initiol
hydrocarbon concentrotion and final flane temperature,

Thus the cffect of dilution with nitrogen is to incrense
the scturation current. This was occcounted for in terms
of competition by oxygen for precursors in the cheni-
ionizotion process, The addition of nitrogen to diffusion
flonmes in oxygen wos also found to incrense the saturation
currcnt, It wos suggested that the increase in cheni-
ionizrtion due to dilution results from o greater degree

of disequilibriun.

Carbon monoxide and bromine were found to hove
little_systematic effect on ne/nc for premixed or diffusion
flones., Hydrogen wos found to have little effect on the
saturction currcnts_of premixed flrmes but decrecsed those
of diffusion flaomes. crbon dioxide reduced the saturation

currcnts of some premixed and diffusion flnmes, which is
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thought to be due to quenching of execitation. The effect
of hydrogen and carbon nonoxide in prenixed flaones
indicates t@at the jonizotion occurs near the final fleone
tenperature.

The results obtnined indicate that H is not
importont in the ionizotion process but that OH cnd CH
probobly cre.

The ionizotion due to metallic additives ond smoll
concentrotions of hydrocarbon in a premixed carbon monoxide
/eir flome ond o hydrogen/air diffusion flome were found
to be additive, showing theot no chemiionization of the
netals occurred due to recction of the hydrocorbon. The
odditionel ionizotion due to lead in o premixed carbon
nonoxide/cir fleome contoining hydrocorbon wos very smoll,
This result suggests thaot the high ion concentration found
dowvmstrean of flones contoining hydrocorbon and sceded
with metals such os lead is due to reduced recombination

rates following chorge tronsfer, e.g.

Pb 4+ H'30+ = T+ H + H,0

The soturation current of o corbon monoxide/nir
diffusion flame seeded with sodium was reduced by the
addition of hydrogen or hydrocarbon, showing that enhonced
ionizntion of the sodiunm did occur in this flone.

Probable recctions are
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COZ + Na = Nat + e,
')% . - * -~
or 002 + e 002 + e*—,
- + - -~
Na + e¥~ = Na + e + e

Secondary ionizotion by energetic electrons
appears to be unimportant in hydrocarbon flomes becouse of
the existence of well defined saturation currents, the
absence of chemiionization of or due to sodium in ﬁhese
flomes, and the snnllness of the effect of bronine,

Saturation currents of free burning flones were
estimcted, It wos shown thot the soturction current
densities of diffusion flames ond most prenixed flcomes ore
lower thon the naxinunm current densitices which can be drown
without secondary ionization, so that the moxinunm current
which can be drown from flames for practiccl purposes is
limited by the flame soturotion current, though this
limitotion can be overcome by increcsing the flame area
per unit orca of electrode (e.z. by the use of turbulent
fleones), or by seeding with ecsily ionizoble nmoterials.,

The results obtoined give rates of ionization for a voriety
of different flames ond encble o flone giving the required
saturation current to be selected.

The nechanism of ionization hos been considered
and several conclusions reached, The noin mechonisn of

ionization in diffusion flames and non-~luminous premixed
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flomes is thought to be chemiionization. Results of the
present study cnd those of other workers werc compored.

The nost likely ionization renction appecrs to be

CH + 0 = CHO + e,
and possibly olso,
* _ + -
CH + 02H2 = 03H3 + e

in sone flanes,
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APPENDIX,

Congider the electric field downstreon of o flane
in the presence of negative ions and electrons, allowing
for clecetron attochment ond detachnent.

Gauss's Low gives

¢dB/dx = e (n; +n) (1).
j = ¢eE (kini + k.n) (2).
. ki
Therefore n, = e-ii—ﬁ - E; ny (3),
a8 _ - —_—
end €& T omse (1 ki/ke) T3 k, B (4).

(d/dx)(kiniE) = rote of increcse of ion flux density
= Yne - Ygny -
Substituting for n, fron equotion (3),

A j \) ‘J k'
-(\ii}-z (kiniE ) = ..__..e R _—a"E' -— ni ( vd + {_",k ‘1__ ) .
L e
Therefore dE  _ J vy _ | : _ dny
n'_f ax - e kikeﬁi ni( \d/ki + }a/ke ) - a"—x.“

Multiplying by ( 1 ~ ki/ke)e,

n,e(l-k;/k_)(dE/dx + Vo /ey + »h/ke)+E(d/dx)(nie(l—ki/ke))

j‘ﬁn
E,E_T (1 - k;/k.).

Fronm eguations (1) and (2),

_ . -1
n,e (1 - ki/ke) = & dE/dx - J(keE).



309,

Therefore
. ax Vd R j)a .
k"eli‘-) (& * E, * ke) + B 3x dx (- TEE )
= ‘J‘E 2 (1 - %,/ ).
X, l?i‘ i/ e
Thercefore
at _ _j fabo} vya . Va PR L i 4E
{3 'k'-lﬁe WEE + X, "X, + S EE YEE &

Exponding and rearranging:
p &F Va | Vo ,
( ) E-JET + ("“E" + e ————;LT ( \) + )

Therefore

d’ZSE"") _ 2j o Yo o Ya , a(E?
E 3 T odkk (Yo + W) - (_k 5, ) dx
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