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2. 

ABSTRACT. 

Rates of ion generation in prenixed and diffusion 

flames are investigated by the measurement of saturation 

currents. The variation of the saturation currents of 

premixed flames with final flame temperature and 

stoichionetric ratio is obtained. A porous disc burner 

is employed to give flat non-adiabatic flames with 

temperatures between about 1400 and 2100°K. 

Flames of four hydrocarbons (methane, ethane, 

propane, and ethylene) with air and with oxygen are studied. 

The effects of various additives on premixed and diffusion 

flames are determined. Additives used include alkali 

metals, bromine, carbon dioxide, hydrogen, and carbon 

monoxide. Chemiionization of the alkali metals does not 

appear to occur except in pure carbon monoxide diffusion 

flames. 

Effective activation energies of the rates of ion 

generation per unit area of premixed flames are determined. 

For lean and stoichiometric air flames an average value of 

210 kJ mom-1  (50 kcal mol-1) is obtained. 	It is found 

that flames with oxygen and rich non-luminous flames with 

air give higher activation energies and lower saturation 

.current densities. 

The rate of ionization above a rich luminous flame 
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due to thermal ionization of the carbon particles is 

measured and a value for the work function of 4.6 eV 

obtained. 

The conduction of charge to the electrodes is 

investigated. It is found that continuing ion generation 

occurs above the reaction zone of premixed flames and its 

rate is estimated. 

Hydrocarbon diffusion flames are found to give 

ionization efficiencies (i.e. yields in electrons per carbon 

atom) of the order of 5 x 107, using several different 

burners and a range of fuel flow rates. The ionization 

efficiency is found to be inversely proportional to the 

pressure. 

Results of other workers and those of the present 

study are compared. 	Several interesting conclusions 

concerning the mechanism of chemiionization are reached. 
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Nomenclature. 

a 	Distance from flame, electrode separation; 

Af flame area; 

Ap effective probe area; 

e 	electron charge; 

E electric field; 

Ea 	effective activation energy per mole; 

• flow; 

h height above burner surface; 

i 	current; 

p current to probe; 

it total flame current; 

j 	current density; 

J rate of generation of current per unit volume; 

Jt 	value of J at unit distance downstream of flame; 

k 	charge mobility; 

n 	density of charged particles of one sign; 

ne/nc number of electrons produced per carbon atom input ( = ionization efficiency); 

p 	pressure; 

R. 	gas constant per mole; 

Su 	burning velocity relative to cold reactants; 

T' temperature; 

Tf final flame temperature; 

TCO temperature when fuel has been oxidized to H2O and CO; 
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u 	gas velocity; 

V voltage; 

x 	distance; 

:•< recombination coefficient; 

permittivity = 8.85 x 1012  P m-1  for free space; 

a electron attachment frequency; 

yd  electron detachment frequency; 

P 	space charge density; 

0 	stoichiometric ration; 

Subscripts. 

positive ion; 

- negative particle; 

negative ion ; 

e electron; 

• saturation value. 
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PART I. INTRODUCTION. 

CHAPTER ONE. 

PHENOMENA. 

1.1. History. 

It has long been known that flames are capable 

of conducting electricity. 	Gilbert (1600) found that 

electrically charged bodies lose their ability to attract in 

the vicinity of a flame or on being heated with a flame. 

Watson (1747) demonstrated the conduction of electricity by 

flames. 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 mainly 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 towards the cathode. 	Brande (1814) 

confirmed that flames are deflected by electric fields and 

that the deflection is usually towards the cathode. 	It is 

now known that this phenomenon is 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 Flames. 

A large number of effects regarding flame 

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 

(Lawton & Weinberg, 1964). Also there is a maximum current 

which can be drawn before secondary ionization occurs, and 

which is termed the saturation current. 

Giese (1882) and Schuster (1890) put forward the 

concept that the conductivity of flames is clue 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, i,his 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 effect; 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 

remove 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 order. 

Since about 1900 many measurements have been 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 unseeded 

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 possible to obtain small currents 

from conductors placed in flames (Hankel, 1851). 	These 

currents result primarily from thermal (thermoelectric and 

caloraleotric)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 (Lawton, 1965), which 

causes a net flow of electrons to one electrode. Wilson 

(1931) showed that there is a potential gradient 

perpendicular to the flame f2ont due to the tendency of the 

electrons 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 caused 

in their vicinities and the resultant change in the rate of 

charge generation (Debiesse & Klein, 1964). 	In addition, 

the charge density and rate of charge generation vary through 

the flame. A potential difference can be produced also by 

differences in the gas composition at two electrodes 

(Debiesse et al, 1965), which may arise in part froi 

different rates of electron attachment. 

If one of the electrodes 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). 



1.4. Ionization in Flame Reaction Zones. 

Much work has been done recently investigating the 

amount of ionization in flames, its nature, and possible 

mechanisms. 	It has been found tnat ionization greatly 	in 

excess of equilibrium 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 neat the final flPme temperature 

and then decreases towards its equilibrium value (Calcote, 

1957). 	Ionization occurs also in the case of catalytic 

oxidation of hydrocarbons (Perkins et al 1963). 

All hydrocarbons and most other organic compounds 

give rise to ionization. Hydrogen, however, and compounds 

where the carbon is joined to oxygen by a double bona (eg. 

formaldehyde, carbon monoxide) do not (Sternberg et a1,1962). 

Hydrogen sulphide and carbon disulphide give negligible 

ionization with oxygen (Van Tiggelen, 1963) and with air 

(King, 1962). 	However, it has been reported that very 

small concentrations of carbon disulphide in hydrogen do 

give ionization which appears to oe inhibited at higher 

concentrations (McVIilliam, 1961). 

Most of the ionization takes place over a distance 

of at most 0.5 mm (Calcote, 1957; Wortberg, 1965) for near- 

limit flames at atmospheric pressure. 	The distance is 
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greater at lower pressures (Calcote, 1962). 	The time 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 a 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 a flame is placed 	anode 

between two electrodes between 

which a field is applied, as 	flame  

shown in the diagram, positive 	+ + + + + + 

ions are drawn towards the cathode 	cathode  

and negative charge towards the anode. 	The electric field 

acting on the resultant space charge gives an aerodynamic 

force on the flame, which re3ults 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 flames. 	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 mol-1  (Lawton & Weinberg, 

1964; Van Tiggelen, 1963; Calcote, 1963a). 	The maximum ion 

(King, 1958) and electron (Bulewicz & Padley, 1963) 

concentrations have been found to be proportional to the 

pressure. 

Maximum ion concentrations in hydrocarbon flames 

at atmospheric pressure are of the order of 1016 m-3 

(Wortberg, 1965) to 1019  m-3  (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 m2 (Lawton & Weinberg, 

1964), Lawton & 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 of 10-6 for premixed hydrocarbon/air 

flames (Calcote, 1965). 	The ionization efficiency 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 10-6 Faraday or 0.1 coulomb. 	One gram atom 

of carbon is equivalent to an energy input of approximately 

6 x 105  J, assuming that the fuel has a formula CnH2n• 

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

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

to 1.6 x 10-7 amp watt-1. 

1.7. Charge Recombination. 

The ion concentration downstream of hydrocarbon 

flames decays owing to recombimation. Near the reaction 

zone ion-electron recombination appears 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 10-13  m3s-1  (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+ C3H3, CHO+,  

OH, and C2H (Green, 1965; Van Tiggelen, 1963). 	Many 

other ions, both positive and negative, with molecular 

weights between 12 (Of) and about 65, are found, mostly in 
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small quantities (Van Tiggelen, 1963; Green & Sugden, 1963). 

Charge exchange occurs, so the ions found are not necessarily 

those initially produced. 	The main positive ion downstream 

of the flame is H
3
0+ (Green & Sugden, 1963). 	The main 

negative charges are OH and e . 	Ions containing carbon, 

such as C2H (Green, 1965) and C3
H
3 occur downstream of 

rich fleaes and tend to predominate. 

It is thought that the initial ions formed are 

probably CHOP  (Bulewicz & Padley, 1963) and possibly C3H3 

(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 these subsequently attach to give negative 

ions (Green, 1965). 	Some negative ions may be formed 

directly by chemiionization (Calcote, 1965). 

Survey papers on this subject have been tritten 

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 

CH(*) + 0 = CHO+ + e 

and possibly 

CH + C2H2 	C
3
H
3 

+ e 	(Fontijn et al, 1965). 
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Ionization 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 001
4 or C2C14 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,  NH3/02, and NO2/H2 (Van Tiggelen, 1963). 

The main positive ion in flames containing nitrogen 

compounds tends to be NO+. This is because NO has a 

comparatively low ionization potential. Van Tiggelen 

states that NO is definitely a 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 

ionization 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 
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finally decided, but much progress has been made. 

1.9. Utility of Flame 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 equal numbers and 

high concentrations (ca. 1020  ions m-3). 	However, since 

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 (Arrhenius, 1891). 

This ionization le Tel can be boosted by chemiionization 

processes, 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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increased by the dissipation of electrical energy) at high 

temperatures (Chen of al, 1965) or by additives which 

catalyse the ionization or reduce the recombination 

coefficient. 	Halogens catalyse the ionization in flames 

containing alkali metals (Padley et al, 1961). 	Lead and 

some other metals increase theelectron concentration 

downstream of hydrocarbon/air flames. 	This latter effect 

appears to occur because charge transfer processes, such as 

H30+ + Pb = Pb+ + H2O + 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 CH3Br (Van 

Tiggelen, 1963). 	This may be due to the formation of heavy 

negative ions. 	Such ions would be likely to recombine less 

easily than the negative ions otherwise present. 

The efficiency of ionization attainable by seeding 

with metallic salts is much greater than that of chemi— 

ionization. 	Ionization of metal atoms can be nearly 100%, 

depending on the temperature and the metal used, whereas 

chemiionization gives about one ion pair per 106 carbon atoms. 

Moreover, tnermal ionization has the higher activation 

energy and so is relatively more important at high 

temperatures. 



28. 

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 chemiionization andthe time 

taken to attain the maximum concentration 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 applications and practical 

aspects of ionization in flames, some of which will now be 

considered. 

2.1. Detection and Measurement. 

Flame ionization de.cectors 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 hydrog3n flame produces 

virtually no ionization. The saturation current is 

proportional to the concentration of the organic compound 

over a very wide range. 	The use of these detectors nas 

been extensively investigated by Sternberg et al (1962). 

They detect hydrocarbons 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 inorganic 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 t6 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 conflagration or to measure flame velocity, and have 

been used t.) investigate flame spread in internal combustion 

engines (Knapp, 1964; Higashino, 1961). 	Karlovitz (1965) 

has used a probe to detect the position of the surfa,:e of 

turbulent flames. 

2.2. Ionization 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 600km3 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-

hydrodynamic (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 are therefore potentially more effecient 

than conventional methods. 	It is important however that 

there be sufficient ionization in the flame products. 	MHD 

requires macroscopically neutral 'gas with high electron 

concentrations to provide high electrical conductivities. 

EHD on the other hand requires high concentrations 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 el-rifts  can arise between electrodes in flames 

(Von Engel and Cozens, 1963) as a result of thermal or non- 

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 ionization could be used to 

neutralize static charges. 	Gilbert (1600) found that 

charged bodies can be discharged efficiently and rapidly in 

this way. 	In this connexion it is interesting to note that 

combustion products can retain some conductivity for several 

minutes (Thomson & Thonson1 1928). 

The ionization from hydrocarbons can be used to 

boost the initial ionization in flames seeded with suitable 

metallic salts to levels above 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. Effect of Electric Fields on Flames. 

Many possible applications of flame ionization 

depend on the effect of applied electric fields on the flames 

and flame products. 	These effects ar7 considered 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 (Guenault & 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 compared 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, -flame 

ionization is thought to be important in the inhibition of 

flames by halogenated hydrocarbons (Mills, 1968). 

2.4.2. Movement of Charged Particles. 

The application of electric fields to scooting 

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 

poseible 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 nas 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 turning 

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 field strengths and frequency. 

This effect might also 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, 1y64) 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 

also 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 (Nalinowsky & Malyar, 

1935). 

	

	This effect 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 mobility. Sind the negative 

charge is largely carried by electrons it has a higher 
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mobility than the positive charge and travels to the electrode 

quicker. 	There is therefore usually more positive than 

negative space charge present making te force on the positive 

space charge greater, giving a net force on the flame towards 

the cathode. 	The force obtailled and the resultant ionic 

wind depend on the applied potential, the charge mobilities, 

and the electrode configuration. 	The theory is discussed 

in detail by Lawton et al (1968). 

2.5. Maximum Practical Effects. 

For a plane flame between two electrodes parallel 

to it and between which a voltage is applied, it can be shown 

(Lawton (It Weinberg, 1964) that: 

i) maximum force due to wind effect = EEb2  N m
-2 

where Eb is the breakdown field, which is approximately 

3 x 106  V m-1  in air at NTP (Meak & Craggs, 1953); 

ii) maximum current density = 2 -FE
2k/b a A m-2 

where a is the distance in metres from the flame to the 

appropriate electrode (that at which breakdown first 

occurs), and Eb  and k are in SI units. 

Lawton & Weinberg (1964) also consider cylindrical and 

spherical configurations. 

Many applications of flame ionization, in 

particular chemical ones, require the drawfng 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 quenching distance, which is of the order of 	' 

millimetres or less at atmospheric pressure. 	The minimum 

separation for practical purposes would probably be about 

5 mm. The breakdown strength of the gas can be increased 

by certain additives, low tempe2atures near the electrodes, 

suitably designed electrodes with no sharp points, and 

increased pressure. 	The maximum space charge limited 

current density is approximately proportional to the pressure 

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 ionization are discussed in the next 

chapter. 
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CHAPTER THREE. 

SURVEY OF METHODS OF INVESTIGATING IONIZATION. 

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 and 

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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3.1.1. 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 drawn primarily from that region. The 

theory and use of probes in flames is discussed 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 probably 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 process. 	The 

recombination coefficient can be determined from the rate of 

decay of 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 (see 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 Pc Calcote, 1955). 	However, 
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ion concentrations obtained by probes for seeded flRmes 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): 

j+ 
kT, 

= n e( ) + 2nm+ 

2 
3 ( 1 +-
1 
. ndr2no 	d. 1n2L  )-1  

22   
(1) 

where /I+  = positive ion density; 

= current density at the probe surface; 

= mass of positive ion 

= 3.16 x 10'26 kg assuming a molecular weight of 19 

(that of H.304.); 

T+= positive ion temperature; 
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probe diameter = 0.1 mm; 

no = neutral molecule density; 

probe length; 

collision radius between ions and neutral 

molecules; 

Boltzmann's constent. 

The radius of the region from which the probe 

current is drawn, x, is given by: 

probe current = 

1 = n(x2  - 4d
2  )1Ja n2e'  assuming that the +  

rate of generation of positive charge per unit volume is 

equal to a n+2  e, the rate in equilibrium. 

Substituting for 4 from equation (1) gives 

x2 	= d4 ( 	cc n+2  e)-1  + -471d2  

kT 2 

-d2 	
11\-1 	

4 
d2 	 n+e 	'enm+

4. 
) (1 + 	ndr2no 1n2di con+e 

kT 1 	+ 	 7 .1  + 3 2nr 2no ln2L)-1 k 	approximately. 
CO

+ 	

-Tv 

For the specific experiment in question: 

T4.  = 1500°K, assuming T+  = Tfx, 

r = 1.8 x 10-10  m, 

oc = 1.1 x 10-13  m3s-1, 

= 0.05 m. 

Therefore x2 = 400 n+-1, 
X = 20n+-  
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n+ in the reaction none was of the order of 

1016 m-3. 	Taking this value gives x = 0.2 mm. 	Thus 

the resolution obtained by Wortberg is of the order of 

0.2 mm. 	It can be seen from his results that this 

resolution is probably sufficient, the half width of the 

ion concentration curve being about 1 mm. 

Measurements are easier at low presriures because 

the reaction zone is thicker. 	The reaction zone thickness 

is approximately inversely proportional to the pressure 

(Fristrom & Westenberg, 1955). 	The ion concentration is 

approximately proportional to the pressure (King, 1958), 

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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sensitivity: ion concentrations down to 1011 m 3 have been 

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, 1963a). 	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 place the spectrometer en-Grance 

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 Photometry. 

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 spectrum2  except at high energies (Hertzberg, 

1944). 	However, ions .nd electrons in electric discharges 

can alter the spectrum as a result of the Stark effect. 

Their concentration can be deduced from the magnitude 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 Waves and High Frequency Mathods. 

These involve the use of resonant circuits or 

microwaves. 	It 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 concen-Grations down to 
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3 x 1014 m 3 can be detected (Borgers, 1965). 	In general 

only poor spatial resolution can 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 distance 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 mast be kept sufficiently 

low to avoid any appreciable increase in the electron 

temperature. 

The use of the Faraday effect was considered. 

The rotation of the plane of polarization, A radians, is 

proportional to neH1, where ne 
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 H1 = 107 A, ne = 10
16 m-3, 



47. 

then 0 = 3 x 10-8 rad for light of wave length 6 x 10-7 m, 

9 = 8 x 10-2 rad for radiation of wave length 1 mm. 

These results show that the use of the Faraday 

effect to measure electron concentrations 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. 

3.1.5. 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 reaction 

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-1-1 at atmospheric pressure (see 

Ch. VIII). 

The conductivity 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 allowed 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 he calculated 

represents that of the preheat zon3 rather than that of the 

reaction zone (Van Wonterghem & Van Tiggelen, 1954). 

Bradley & Matthews (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 the ion generation zone is 

given by dn/dt = -Den2. Thus the ion concentration remains 

high for a distance of the order of uc,J1 n-1max  where u is the 

flow velocity ande the recombination coefficient, which is 

about 2 x 10-13  m3  8-1  (Calcote et al, 1965). 
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3.1.6. Wind Effect. 

The wind effect results from the action of the 

applied field on charge carriers within all the gas between 

the electrodes, as has been discussed in Ch. II, and not 

primarily from the action of the field on those of the 

reactiun 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 assumed in the past (Calcote, 1949, 1963a). 

3.1.7. Saturation Current Methods. 

The distribution of the saturation c,irrent density 

of a flame can be recorded by ion photography (Weinberg, 

1966a). 	The charge 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 also 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 flame from point to point. 

Its use to obtain actual values of the current would be 

approximate and cumbersome. The method has the disadvantage 

that it takes up to 15 minutes to obtain a 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 Iawton & Weinberg (1964). 	The 

method has been used also by Arrington et al ,(1965), Peeters 

& Van Tiggelen (1968), and, in connection 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 breakdown 

occur, giving a sudden increase in current. The current 

reaches the steady value when all the ions produced in the 

flame are 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 a 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 ionization 

process because it is found that the ionization occurs over 

a 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,cx . cc is not necessarily constant (Gaydon & 

Wolfhard, 1960). 

The saturation current density is given by the 

formula 

is 
	 cx n2 dx, 

where n is the positive ion concentration. 

If the rate of ion generation is constant, then, 

ignoring diffusion, 

dn/dt = J/e - 1c.n2, 

where J is the rate of generation of current per unit volume, 
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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 = 0 at t = 0 

t = 1 	In 1 + (er‹./JA n 
2(Je</e)2

A.  
	1 - (ec, /J)'-: n 

1 
For large values of t : n = (J/er‹)2  

J = n2xe 

n2 

For small values of t e n = Jt/e 

J = net 

n 

The time taken to reach equilibrium is of the order 

of ne/J = (c/n)-1, putting J = n2ex. . 	For longer times 

equation (2) can be used, and for shorter times equation 

Thus for high ion concentrations or comparatively slow 

changes J; n2. For low ion concentrations and fast 

changes 	n. 	In most cases the maximum rate of ion 

generation can be taken to be proportional to the square 

of the maximum ion concentration. 

(3). 

(2)  

(3)  
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CHAPTER FOUR. 

AIMS AND SCOPE OP PRESENT WORK. 

4.1. 	Reasons for the Investigation. 

As 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., a knowledge 

of the electron or ion concentrations. 	The prevailing ion 

concentration results from a balance between ion generation 

and ion recombination. Thus the more fundamental quantity 

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 
2. breakdown value, i-EkEbia. For these reasons it is 

important to obtain information on ionization in flames, in 

particular to know whether the saturation current is 

sufficient 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. Moreover, 

investigation of flare ionization and its mechanism by means 

of saturation current measurements may throw light on 

fundamental ionization processes end 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 nucleation and 

growth of soot particles in flames. 	In addition, flames 

are a convenient medium for measuring the reaction rates of 

ion reactions in general (Caloote, 1965). 

4.2. Aims 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 concerned, 

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 the technique is that because current 

measurements can be taken quickly, a 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 each side 

of the flame. 	This would tend to reduce the net space 

charge and might permit larger ion fluxes to be drawn from 

the flame without breakdown at the electrodes. Transient 

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 project. 

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 were investigated 

and saturation currents measured over a wide range of 

reactant composition and of final flame temperature. 

Measurements were mostly at atmospheric pressure, but some 

were 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 flameo 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, e6hane, 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 

quantities to some premixed hydrocarbon flames to see how 

these gases affect the saturation current. 	It was hoped 

to deduce from their effect whether the ionization occurred 

before or after the oxidation of carbon monoxide in the 

flame (see Ch. VII). 

Many premixed flames were burnt with oxygen instead 

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 range of fuel 

concentrations can be investigated. 

Carbon dioxide is produced in large concentrations 

by all hydrocarbon flames. This gas was therefore added 

to some flames to study its affect. 

Metallic salts were added to some flames to test 



59. 

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 affinities 

(Greitz, 1961), these substances were added to see if they 

also affect the flame ionization. 	If flame ionization is 

catalyzed by free electrons 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 andfinal 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 kinetics of the ionization 

process was also considered. 
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PART II. METHOD. 

CHAPTER FIVE. 

THE PRINCIPLE  OF THE STEADY STATE D.C. SATURATION 

CURRENT METHOD. 

5.1. Method. 

In the present work rates of ion generation were 

studied using the steady state d.c. saturation current method 

employed by Lawton & Weinberg (1964). 	In this technique 

the flame is situated between Iwo electrodes between which 

a d.c. field is applied and the maximum 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 

flame; 

ii) no electron emission from the electrodes occurs; 

iii). the total rate of ion generation in the flame and the 

saturation current are not altered by the field. 

5.2.1. Secondary Ionization. 

Secondary 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 appreciably for a small increase in 

applied potential. 

5.2.2. Electron Emission from the Electrode. 

Thermionic emission of electrons could occur from 

the electrodes if they were sufficiently hot. 	It has been 

suggested that electrons can be emitted also from coil.d 

electrodes in seeded flame products (Turcotte & Friedman, 

1965). 	It is unlikely that this cold cathode emis3ion 

occurs in unneeded flames. Moreover most saturation 

current measurements on premixed flames were taken with the 

burner negative, for the reasons given in Oh. VIII, in which 

case, because the 

is the anode, the 

emission from it. 

electron emission 

by the saturation 

burner, which was  

electrode immersed in the flame products 

current cannot be affected by electron 

If there were any appreciable amount of 

from either electrode this would be shown 

currents depending on the polarity of the 

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 

flames 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 acquire 

very much energy from the field. If there is any effect 

due to the field on the rate of ionization in the flame then 

the saturation current should vary with the field and 

polarity. 	Lawton & Weinberg (1964), using non—sooting 

premixed flames, found no such effect. 	The current reached 

a constant value beyond a certain potential. There is no 

conclusive evidence that electric fields have any chemical 

effect on flames, even after many experimental studies. 

The wind effect can be made negligible. 

Diffusion flpmes which are not fully stabilized 

(ie. flames the position of which is not fixed by a surface 

on which they burn, or aerodynamically) are more likely to 

be affected physically by a field induced wind (Payne & 

Weinberg, 1959; Nakamura, 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 saturation current is not greatly affected by 

the field polarity. 

If the current does not reach a completely flat 

plateau as the voltage is increased but continues to increase 

slowly until the onset of secondary ionization, then the 

current can be measured at fixed voltage intervals and the 

rate of ionization taken at the point where the current 

increases least for a given voltage increase. 

5.3. Ion Generation Above the Reaction Zone. 

If there is an appreciable rate of ion generation 

above the reaction zone then the saturation current will be 

a function of the electrode separation. 	This gives a means 

of studying rates of ion generation above the react-l_on zone. 

Ionization is likely to occur above the reaction zone of 

sooting flames. Appreciable ionization is less likely to 

occur above non—sooting flames. 	It was considered necessary 

nevertheless to check whether the saturation current varied 

with the electrode separation for the flames investigated. 



64. 

CHAPTER SiX. 

THE PRINCIPLE OF A.C. AND TRANSIENT D.C. EEASUREMENT  

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 was used by Lawton & Weinberg 

(1964) as discussed in the preceding chapter. Alternating 

fields would extract ions of each sign from the reaction zone 

into the gas on either side. 	The net space charge density 

would be low, so that it might be possible to draw any 

ion flux density at lower applied voltages. The current 

that can be drawn in the d.c. case is limited by the space 

charge built up on either side of the reaction zone. 	If a 

transient voltage is applied it will be possible to draw a 

large current initially 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 flames and 

to measure higher rates of ion generation than is possible 

by applying a constant d.c. field. 	It is also of interest 

to know what change if any is produced in the mean ion flux 

and ion distribution when an a.c. field is applied. 	For 

these reasons the theory of a.c. and transient fields was 

developed. 
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6.1. Alternating Currents. 

When considering alternating 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 electrodes can result 

from the capacitance and from ions moving backwards and 

forwards, as well as from the net movement of ions to the 

electrodes. 

6.1.1. Simplified Theories,. 

i). Thomson and Thorlson(1928) give a simplified 

theory for an a.c. field applied to a flame. 	They assumed 

that the electrons oscillate as a cloud of constant thickness 

about the reaction zone while the positive ions remain 

stationary. 

ii). The charges in a flame subject to an a.c. 
field can be considered to consist of two blocks of uniform 

ion density, n, and opposite charge oscillating in opposite 

directions about the reaction zone. 	Let the blocks extend 

distance 1 from the reaction zone at the maximum of each 

oscillation. 	Then 1 = 2 x 21-Erms  k/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 carriers of 

the opposite sign for 0.363 of the time. 	Recombination 

occurs during this time. The total rate of ion recombination 
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per unit area is therefore 0363 ,),(n21 = 1.03 ..- /12-Ermsk/w. 

This is equal to the total rate of ion generation. 

6.1.2. Effect of Space Charge. 

The above simplified theories do not take into 

account the space charge field due to the ions. 	This is 

often of the same order as the applied field. 	It tends to 

cause the ion cloud to spread out and it should be taken 

into account. 

If all the ions hate the same mobility, k, then 

the net ion flux at any point f, is equal to kE(n+  — 

edE/dx = (n+  n )e. 

Therefore sk EdE = ...—......,  ,,, 	dx, 

_ 1 6 17:_ d2E2 2 
e dx 

___7 

The ion oonoentrution decreases with distance from 

the flame due to recombinatIonr Also, while the ion 

concentration at the flula,J is high, that at the electrodes 

is low since the average ion concentration near the electrodes 

for a given field and ion flux must be of the same order as 

in the d.c. case as at no point in the cycle are ions of each 

sign present simultaneously there. As a result of the 

decrease in ion concentration the gas conductivity decreases 

and Ems  therefore increases with increasing distance from 
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the flame. The mean net ion flux is equal to 

Fic(2e)-1  (61 /dx). 	Thus an a.c. field causes an ion flux rms 
away from the flame. 

If there is no recombinution then the ion flux 

must be constant outside the flame (assuming ion generation 

occurs only in the flame). 	 ms dE 	/dx is then constant and r 
Ems  increases linearly with distance from the reaction zone, 

as in the doe. case. 

The case where the mobilities of the positive and 

negative charges, k+  and k_ respectively, are constant but 

not necessarily equal to each other will now be considered: 

positive ion current, 	= n+k+Ee, 

negative particle current, j_ = n_k_Ee . 

where n+,  n_ are the respective particle densities. 

Ion flux density, f = (j+ 	j_)/e 	(3), 

current density, j = j, i j_ 	(4). 

Therefore, 	= (ef + j) 	(5), 

j_ = i(ef 	j) 	(6). 

From Gauss' Law: 

EdE/dx = (n+  nje. 

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

k+ 

Therefore  

dE 	1 
dx 	6 E 

dE2 
dx .; (4/k+  - LA..) 	(7) 
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AA+  = d(8), from (4), dx 

(x:.n +  n -e 	(9). 
d2  E2 Therefore rms 	1 ) 
dx2 	E 

F 
k 	

dx , from (7) & (8), 
1 c+  

-2(kT1  + 1(1) 	n+n.-e/ 	from (9). 

A more general form of this equation was derived by Thomson 

& Thomson (1928) for the d o e. case. 

Substituting for 4, j_ in (7) from (5) and (6): 

dE2/dx = (,-1 + k-1)efb: 	(,-1 k:1)j/( 	(10). 

At higher frequencies and/or low ion densities, 

it is necessary to take into account the displacement 

current, giving 

	

dE2/dx = (kV' + k:1)ef/E + (kTi 	k:1)(j/6* 	dE/dt). 

= - 0, assuming that the field and current are the same on 

both sides of the flame, 

Therefore dE s  /dx = (k + k:1)elYt rm 

It has been assumed that k+,  k_ are constant. 	In 

most cases a large part of the negative charge is carried 

by electrons. k_ is then the resultant effective negative 

particle mobility, which is much greater than k+1 and varies 

with distance because of electron attachment. 



69. 

It is assumed above That the frequency of the a.c. 

field is much less than the collision frequency of the 

charges. Otherwise they will not have tine to attain their 

terminal velocities 	The collison frequency of electrons 

in flames is about 8 x 1010 1;s 	that o ions is believed to 

be of the order of 108 s-1 (Borgers, 1965). 	It is also 

assumed that the charges do not move far during each cycle 

and that n+I  n-  do not depart greatly from their mean value. 

Because the ion concentrations are higher with a.c. 

than with d.c. fields the results could be substantially 

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

6.1.3. Discussion. 

Ilternating fields can be used to spread the charge 

produced in a flame over a large volume. 	This process 

could be used to increase the number of ions present by 

reducing the rate of recombination, 	Since ion generation 

occurs mainly or only in the reaction zone, the use of 

alternating fields to draw ions out of flames could be used 

to investigate rates of recombination. 

The ion flux density at any point is given by: 

E (1 	1 ) 
(17+ 	K7 ) 	-- d rms x 

dB 

k C 

-1 	2 
from (11) 

when 	= k_ = k. 2e dxrms 
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In the d.c. case, 	f = ck+/(2e) (dE2/dx). 

The maximum ion flux that can be drawn is limited 

by the maximum field attainable without breakdown. Thus it 

can be seen thst a.c. fields do not in general permit the 

extraction of greater ion fluxes than d.c. fields. 	The 

average magnitude of the field is less than the maximum 

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. 	Transient Currents. 

6.2.1. Experimental Results. 

The transient current on suddenly applying or 

removing aa external field across a flame was observed on a 

cathode ray oscilloscope. 	The flame 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 106 ohm resistance). 

The current was observed by feeding the voltage drop across 

a 107 ohm resistance into the CRO 	A detailed trace was 

obtained. 	The trace when the field was removed was a series 

of decreasing peaks in alternate directions. 	The trace 

when the field was applied was less regular, 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 measurements. 	It was 

thought originally that the initial current, until the space 

charge built up, would be the saturation current, even for 

a low applied voltage, giving a convenient method of 

measuring the saturation current, which would not be subject 

to the breakdown limitation. An estimate of the quantities 

involved shows that the initial current is primarily due to 

the charge initially present in the flame (the equilibrium 

charge). 

The ion concentration downstream of the reaction 

zone is given by dn/dt = ocn2, where n is the concentration 

of ions of each sign. 	Integrating this gives the number 

of ion pairs per unit area in the distance in which the ion 

concentration halves to 1) 	lu 1n2. 	The minimum number 

of ion pairs per unit area is thus of the order of c‹. 1u 1n2, 

which, tubing u = 1 m s-1, 	= 	s-1. is 

approximately 1013 m 2. 	Wortberg (1965) found there to be 

approximately 3 x 1013  ion pairs per m2. The field 

necessary to extract these ions is equal to 3 x 1013 e/E 

which is 0.6 MV m-1  . 	Thus the field necessary to remove 

the equilibrium charge is approaching the same order as the 
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maximum field (3 MV m-1) which can be applied in the steady 

state case. 	The use of transient currents therefore does 

not appear to offer any very great advantage in overcoming 

the breakdown limitation. 	The method is more complicated 

than the steady state method. 	It would be further 

complicated by the short time periods involved and the 

capacitance between the electrodes. 	For these reasons the 

steady state current was used for all subsequent measurements. 

The transient current could be used to investigate 

the equilibrium charge or the mobilities of the charged 

species, but the method would be much more complicated than 

steady state measurements. 

It is interesting to coneider what current flows 

when the applied field is removed and the electrodes are both 

earthed. 	The average field between the electrodes is zero. 

Thus there is an external field due to image charges which 

has a value equal and opposite to the average space charge 

field. 	For example, if all the charge is close to one 

electrode it can be shown that the external field will be 

such as to drive the charge into that electrode. 

The flame can be considered as 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 space charge 
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outside the flnme. 	Some electrons will be drawn out of the 

flame leaving a positive space charge at the flame. 	The 

original positive space charge and that induced at the flame 

start to move in opposite directions. As the original 

charge travels to the electrode more space charge is induced 

at the flame and the process is repeated. 	A series of 

current peaks in opposite directions results. 	This was 

observed on the cathode ray oscilloscope. 

Consider a layer of space charge, with 

Ea 	a 	charge q per unit area, between two electrodes, 

+ + +  q 	as shown in the diagram. 	The fields, Ea, 

Eb 
	

Eb, are given by: 

Ea = Eb + q/E , from Gauss' Law, 

where a, b are the distances to the electrodes. 

Potential difference between the electrodes = aEa + bEb 

= 0 for no applied potential. 

Therefore a  = qb (a + b)-1A 	(12), 

Eb = qa (a + b) 1/E . 

The current density observed is “dE/dt) where E 

is the field at one electrode, given by equation (12). 	The 

observed current density is therefore equal to qv divided 

by the electrode separation, where v is the velocity of the 

charge. 	Thus the current recorded in transient measurements 

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

6.3. Summary. 

It has been shown that alternating current 

measurements and transient direct current measurements give 

little if any advantage over the steady state d.c. method 

for meaouring saturation current densities. For this 

reason all saturation current measureuents were taken using 

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

PLATES AID BURNERS. 

Flames are fast exotherwic reactions, which usually 

occur at high temperatures, although "cool flames" can occur 

with final temperatures between 200 and 4000C (Gaydon & 

Wolfhard, 1960). Flames can exist over a wide range of 

pressures (Fristrom & Westenberg. 1965) and compositions. 

The reaction zone of flames is a region of very 

high gradients of temperntare and composition and very rapid 

and intense chemical reaction, sometimes accompanied by 

marked disequilibrium (Weinberg, 1966b). 	This makes the 

detailed study of flame kinetics very difficult. For this 

reason and because for most practical purposes it is not 

necessary to understand flame mechanisms in detail, it is 

only recently that the st7,1,?ture of flames has been 

extensively studied, and 	processes involved are still 

only incompletely understood, 

Flames can be propagating or stationary, depending 

on whether the reactants are initially stationary or whether 

they flow from a burner at an appropriate velocity. 

This work is concerned with stationary flames of 

common gaseous fuels, with air or oxygen, mostly at 

atmospheric pressure. 	These flames are the easiest to 
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obtain and take measurements on and they include those types 

which are of most practical importance. 

Flames can be divided into two main classes, 

premixed flames and diffusion flares, depending on the 

initial state of mixing of the reactants. 	In premixed flames 

the reactants are initially perfectly mixed. 	In diffusion 

flames the reactants are initially separate and mix in the 

reaction zone. 	Flames intermediate between premixed flames 

and diffusion flames can be obtained (Fristrom & Westenberg, 

1965). 	Flames can be usefully subdivided according to 

whether the gas flow is laminar or turbulent. 

7.1. Premixed Flames, 

In premixed flames the reactants are mixed on a 

molecular scale before entering the front and the flame 

moves relative to the reactants. 	It consists of s. preheat 

zone, a reaction zone, and products. 	The flame speed is 

limited by the reaction rate and the transport processes 

and depends on the initial composition of the reactants and 

the final flame temperature. 

Most commonly used types of premixed flames are 

basically free burning and very nearly adiabatic. They 

have low heat loss and over most of their area are not 

close to any surface. 
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7.1.1. Flat Non-Adiabatic Premixed Flames. 

For the present work, flat non-adiabatic flames, 

stabilized by heat loss to the burner, were used. 	This 

type of premixed flame has often been used for experimental 

purposes (eg. Kaskan, 1957). 	The flame is stabilized, by 

heat loss to the burner surface, a short distance downstream 

of a flat porous plug through which the reactants pass 

(see Fig. VII (1)). 	The flame burns at that distance from 

the burner at which the burning velocity is equal to the 

flow velocity of the reactants. 	If the flame moves closer, 

the increase in the heat loss decreases 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 gases 

reaction zone 
preheat zone - 

	 - burner surface 

	 - porous plug 

Fig.VII(1). 

Flat non-adiabatic premixed 

downstream of a cooled plug were used 

for the reasons discussed below: 

i) 	the variation of the saturation 

flans stabilized 

for the present work 

current density, js„ 

with the final flame temperature, Tf, is needed to 
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obtain the effective activation energy of the 

ionization reaction, 	By the use of this type of flame, 

Tf can be altered independently of the reactant 

composition by varying the flow velocity. 	This 

method clearly is preferably to varying Tf  by dilution, 

since this alters the composition as well as Tf; 

ii) the saturation current density of adiabatic flames, if 

too high to measure directly by the saturation current 

method because of the breakdown limitation, can be 

obtained by extrapolating values for non-adiabatic 

flames; 

iii) the flame burns very close to the surface of the burner 

so that high current densities can be obtained before 

breakdown by utilising electron conduction in the hot 

products and ion conduction in the cold reactants; 

iv) the flames obtained by use of a suitable burner are 

flat and of reasonable size and uniform; 

v) the area of the flame is constant and easily determined; 

vi) the flame is easily stabilized a short distance from 

the burner. 	Its position is then fixed and known 

within narrow limits. 	The shape and position of the 

flame are not appreciably altered by the wind effect; 

vii) the reactants of these flat flames being premixed 

gases effectively avoids the presence of easily 
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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 room 

temperature. 	Since all the reactants pass through 

the flow system and the disc, solid 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 completely defined by the initial 

composition and the fin41 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 the 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 quenched 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 

quenching 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 the reactants are initially 

separate and have to mix in order to burn. The reactants 

diffuse into the reaction zone from opposite sides, 	Ihe 

rate of reaction is primarily diffusion limited. Diffusion 

flames are discussed by Gaydon & Wolfhard (1960, Oii.VI) and 

by Sternberg et al (1962), amongst others. 

The reaction occurs close to the stoichiometric 

surface between the reactants. 	This is the surface 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 passes 

through the reaction zone without being consumed. Before 

reaching the reaction zone, the fuel is preheated in the 

absence 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 

flames  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 is that 

on cylindrical 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 jet engines and 

gas turbines. 	It is possible to obtain flat diffusion 

flames, such as those given by the Parker & Uolfhard burner 

(Wolfhard & Parker, 1949), and flat counIer-flow diffusion 
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flames (Pandya & Weinberg, 1963). 	Plat flames 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 (ICinbara & Nakamura, 1955; Place & Weinberg, 1966; 

Pejack & Jones, 1968) most saturation current measurements 

on flames have been on premixed flames (Lawton & Weinberg, 

1964). 	For this reason and because of their importance 

practically it was felt that measurements should be taken 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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7.2.1. Types of Diffusion Flame 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 "oatswing" 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 are 

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 consimption 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 jets; 

ii) because the flame is flat the electrode separation can 

be made small, permitting high currents to be drawn; 

iii) the flame being a single layer reduces the likelihood 

of breakdown and secondary ionization; 

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

v) the incident fuel and oxidant fluxes are known; 

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. 

7.2.2. 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 araa 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 and 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 



S6. 

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 a quartz nozzle using a flow system 

containing no copper. 

Hydrocarbon combustion appears to occur in two 

stages (Burgoyne & Hirsch, 1954; Friedman and Nugen, 1959; 

Scheller & McKnight, 1959), reaction Io H2O and CO, and then 

the oxidation of the CO to CO2' 	The temperature at which 

the first stage is substgntially complete will be designated 

T00  and the final flame temperature Tf. Carbon monoxide and 

hydrogen were added in small quantities to some premixed 

hydrocarbon flames in order to alter T00  and Tf  independently. 

The addition of CO might be expected to increase Tf  rithout 

affecting T00  appreciably, while by the substitution of 

hydrogen for carbon monoxide it is in principle possible to 

alter T00  without altering Tf. 	It is stated by Chase & 

Weinberg (1963) that the kinetics of a reaction occurring 

during the oxidation of the hydrocarbon to CO and H2O should 

depend on T00  and not Tf. Varying T00  and Tf  independently 

ought to show whether the ionization occurs at Tf  or T00. 

Small quantities 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 current from each 

flame to electrodes placed on either side. Although 

convection and diffusion occur to some extent, the charge 

is carried to the electrodes primarily by the field. 	It is 

thus necessary to investigate conduction to the electrodes 

in order to design a suitable system. 

Most potential applications of flame ionization 

depend on the behaviour of the charge in an electric field, 

i.e;. on the mobility. Where high currents are required it 

is necessary to have a high mobility in order to limit the 

voltage and power requirements and to avoid breakdown. 

Applications depending on the force exerted by the field on 

the gas give the maximum effect for a given current if the 

mobility is low. 	It is of interest therefore to know the 

behaviour of charges in the flame gases. 

It may be desired to measure the saturation current 

of part of a flame so as to investigate the variation with 

position in the flame of the saturation current per unit 

area, in order, for example, to avoid erlge effects or to 
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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 area of the flame 

from which the current flows to such a probe or the 

proportion of the total current collected. 	The lines of 

current flux will not generally be parallel, because 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 impurjties. 

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(kE + u) 

From Gauss' law, ne = ..idE/dx in the one-dimensional case. 

Therefore 	EkE' dE'/dx, 

where 
	7 I 
	

E + u/k 

0 at x = 0 for subsaturation, 
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whence E' = (2j/E. k)*  x* 

E = (2j/ 	x2  u/k 

V 	= 	(2/3) (2j/ E. k)*  a3/2 	ua/k. 

The last equation shows that a current can be 

obtained even at negative applied voltEigeL. 	This is the 

principle of the electrohydrodynamic generator. 

Ion mobilities in flames are of the order of 

0.0017 m2V-1 s-1 (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 1. The general equations 

giving the field in the steady state are then: 

kneE 

div E = ne/s 

div 1 = 0 

grad 0 

In principle these equations can be solved for any 

electrode configuration. 	In practice it is normally 

necessary to make simplifying assumptions. 

8.1.2. Divergence due to Space Charge. 

It 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 separation is les3 than half the 

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

of area A and radius r, subject to a field E and carrying a 

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

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

From Gauss' law, 	il.(AEz)/di, = neA 	(1) 

where z = distance along axis. 

i = kEzneA 	(2). 

Substituting for neA from (1): 

iL d(AEz)/dz = i/(kEz) 	(3). 

A = nr2 

therefore 	dA/dz = 2nrdr/dz 

= 2nrEr/Ez  

where Er is the radial field. 

From Gauss,  law, Er  = neA/(2nrE ) approximately. 

Therefore 	Ez dA/dz = neA/G 

Substituting for neA from (2) 

Ez  dA/dz = i/(EkEz) 	(4) 

AdEz/dz + EzdA/dz, 	from (3). 

Therefore A dEz/dz = 0. 

Therefore 	Ez 	constant 

and A 	Ao + iz/(EkEz
2  ) 	from (4). 

Thus for a narrow beam the field is constant and 

the area increases linearly with distance. 
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8.2. Currents to  Probes. 

In the cases envisaged in the present work it was 

thought that divergence might play a significant role. 

Because of the difficulty of obtaining mathematical solutions 

valid over the wide range of operations 	was considered 

necessary to carry out an experimental investigation. The 

burner was one electrode. Another electrode 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 vary and is not 

always equal to the ratio of the probe area to the flame 

area. 	The value varies with applied voltage, and electrode 

separation. 

Values of p/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 separations above 30 ma. 

The value of ip/it  ranged from about 0.26 to 0.40. 
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Some measurements were made with the burner 

negative since this is the easiest way to measure saturation 

currents. 	It was found that the probe current tended to go 

through a maximum when the voltage was near the minimum 

required to draw the saturation current. As the voltage 

was increased the probe current reached a maximum and then 

decreased to a steady value of up to about 30% lower than 

the maximum. When the electrode separation was increased 

with a constant applied voltage the probe current reached a 

maximum of up to twice its value for low separations before 

decreasing. 	The total current decreased continuously. 	The 

region of hot gas above the flame became narrower with 

height, as could be seen by placing a 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, whi3h would 

tend to cause the current to converge towards the probe at 

larger electrode separations. 

8.2.1. Effect 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 the 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 downstream. 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. It will be apparent 

from the results that a temperature difference of only 25 K 

would account for a 30% change in saturation current. In 

fact, the flnne on the hot matrix could be seen to burn 

closer to the surface at the centre. 	The higher current at the 

edge cf the matrix did not appear to be due to electron 

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 

p/it tended to a constant value at high applied voltages 

but was up to 50% lower at low voltages. 

The variation of ip/it  with the stoichiometric 

ratio, 0, was measured for ethylene/air. The value was 

approximately constant up to 0 = 1.1 and then fell. This 

fall was due to ionization occurring in the secondary flame 

formed by the excess fuel burning in the surrounding air. 

This adds to it  but not to ip. 



For ethylene/oxygen flames on a porous disc burner 

it was found that tp/it  was approximately equal to the ratio 

of the probe area to the flame area for very lean flames but 

that the value was up to about 50% lower for somewhat richer 

flames. The temperature and probe saturation current were 

measured across one flame (0 = 0,68, Tf  = 1500°K). 	The 

temperature at the edge was found to be about 20 K higher 

than at the centre, and the current about four times as great. 

The low value of p/It for less lean oxygen flames thus 

appears to be due to the saturation current density being 

much greater near the edge, which might result from dilution 

with the surrounding air and from a resultant increase in the 

final flame temperature. Dilution of a non-adiabatic 

oxygen flame 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 

overcome the space charge field and force the tubes of 

current to become more parallel. Measurements of the 

saturation current to the probe should be taken where 

possible at voltages at which the probe current has reached 

a constant value as the voltage is increased. 

The use of an insulating chimney as a collimator 
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to make the current more parallel was considered. 	In 

equilibrium the current must travel parallel to its 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 insulating 

apertures which would restrict the divergence of the current. 

Some measurements were made using an asbestos 

chimney around the flame gases between the electrodes. This 

arrangement gave a steadier probe current which was more 

uniform over a larger region. However, the use of a chimney 

was cumbersome. 	It was liable to conduct additional 

current between the electrodes. 	The improvement obtained 

was probably mainly due to reduced disturbance by draughts 

and reduced cooling of the gas above the flame, which could 

give a more uniform temperature distribution. 

The flow and temperature distribution can be made 

more uniform by the use of en 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 an electrode was constructed and was used for most of 

the subsequent measurements. 	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 thr,  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. 	It did not appear that the advantages to be gained 

made the use of a pilot 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 



97. 

current over that at higher voltages was reduced by about 

40%. To make the current parallel 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 contamineted, 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 used 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 

separation of 37 mm. 

The variation of the probe current with the probe 

voltage relative to the rest of the upper electrode was 

investigated by placing resistances in series with the probe, 

measuring the current and calculating the probe voltage. 

Measurements were taken with the burner negative and an 

electrode separation of 37 mm. 	It was found that i was 
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reduced by about 0.06 FA 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 10 6 i
P
R volts 

(where i is in microamps) therefore reduces the probe 

current by the fraction 6 x 10-8 R. Thus the reduction of 

the probe current due to the resistance of the microammeter 

(maximum resistance 2x104 ohms) was negligible. 

863. 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 experimental 

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 densities, these 

results cannot easily be applied to combustion products 

consisting of complex mixtures of gases at high temperatures 

and atmospheric pressure. Also, the gases downstream of a 

flame are 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 increases 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). Further downstream some 

electrons attach to give negative ions. 	The ion—ion 

recombination coefficient is probably several times the 

ion—electron recombination coefficient (Gaydon & Wolfhard, 

1960). 	Thus it is likely that an important process of 

electron loss in the flame products is electron attachment 

followed by ion—ion recombination (King, 1962). 	Ion—

electron 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 been 
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investigated by Williams (1962) and King (1962). 

Both found the decay to be first order. 	Positive ion 

recombination is second order (King, 1962). 

When the burner 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. 	Por 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 tl-e 

variation of field strength than by microwave or resonance 

methods. 

8.3.1. Theory of Electron Attachment. 

Assuming a one—dimensional system, the absence of 

positive ions, negligible flow velocity and diffusion, first 

order kinetics for the electron attachment and detachment, 

and given that the electron attachment frequency, Va, and the 

frequency of electron detachment,'• d, do not vary with 



101. 

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

E2 (E2) . -11_ t 	 d(E2)  

dx2 	e ̀ a 1- vd) 	(Mre  k1  	dx ( 5 ) 

where x = distance from burner, E = field, 
=1 a+ Vd  From (5), 	d( e)  = --3-1  

dx 	E 	saki + yal:e  

2.1 d(E2)  -1  = 	12 	1  k. a  + Idke 
E 	dx 	1a + ''jd 

= constant 

= current density. 

at large x. 

Therefore 

(6) 

k_ is called the aegative particle mobility by comparison 

with the case where there are particles of only one mobility, 

k, present, when 

k = j/(neE) 

= j ( EdE/dx)-1  since d2b/dx = 4tne 

= 	2j ( Ed(E2)/dx)-1 
	

( 7 ) 

From (6), 

ai k. + Väke ) 	( ."-)a ▪ .%)d)k. 

Therefore -) k k. - 	1 = 
`'d 	k - k. e 1 

= n /n. e 1 (8 ). 
The results can be analysed approximately by 

assuming that all the space charge is due to negative ions 

(because ke1  /k. = 102 to 103, so that comparatively small 

quantities of electrons can give rise to dominant currents), 
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when: 
dE eni = 	dx from Gauss' law, 

whoreni  . is the negative ion concentration. 

ji  = enikiE 
	

(9), 
where ji is the negative ion current density. 

Therefore 	ji = 

je = 

k.  1 dx   

d(E2)  
ski dx 

j 	ji 

(10). 

where je  is the electron current density. 

ne 
je 
Eke 

giving ne, the electron concentration. 

die = — 
dx 	dx 

net rate of electron loss 

— .1)ane + dn. 

from which -0a' %)d can be estimated. 

Solutions for ))d = 0 have been worked out by 

Lawton (1963). 

8.3.2. Experimental Results. 

(12), 

In order to investigate negative conduction, a 

potential difference, V, was applied across a lean premixed 

ethylene/air flame at atmospheric pressure stabilized above 
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the surface of a rectangular matrix burner of area 20 cm2, 

as described in Oh IX. 	The burner was made the cathode. 

The distance, a, between the burner and the upper electrode 

was varied by one centimetre intervals and the current, it, 

measured as a function of voltage at each position. From 

this data the field E and the charge density p can be obtained. 

Graphs of i, 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 a is equal to the field, E. 	Graphs of E2 versus 

distance from the burner, x, are given in Fig.VIII(2) for 

various values of it. 

The graphs of E2 versus x at constant it give: 

dE2/dx = 1.16 x 1010 V2 m-3 at it  = 4 11A, 

dE2/dx = 2.8 x 1010 V2 m-3 at it  =10 1.1A. 

Substituting these results into equation (7) gave 

k = 0.039 and 0.0405 m2 V-1 s-1 respectively. 	These values 

are in close agreement, which indicates that the results are 

reliable. 	Thus k_ is about 0.040 m2 V-1 s-1. 	King (1962) 

obtained an order of magnitude value of 0.1 m2 V-1 s-1. 

This higher value of k_ may have 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 tl-,at all or most of the 

negative charge from the flame is formed initially as 

electrons. 	d(E2)/dx was much lower 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 

has 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, 1931; King, 1962). 	Van Tiggelen (1963) 

takes a value of 0.25 m2 V-1 s-1. 	It should be remembered, 

however, that the electron mobility depends on the 

magnitude of the applied field (Meek & Craggs, 1963) and on 

the temperature. 

The negative ion mobility should have about the 

same value as the positive ion mobility, for which a value 

of 0.00175 m2 V-1 s-1 was obtained (see below). Evaluating 

equation (8) taking ke  = 2500, ki  = 0.00175, k_ = 0.040 
m2 v-1 e-1 gives the ratio of the electron to negative ion 

concentration, ne/ni, to be 0.18. 
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8.3.5. Evidence of Ion Generation Above Flames. 

As x increases ji  increases and, from equation (10), 

d(E2)/dx must increase. 	Therefore, when x is less than an 

arbitrary value, h, 

d(E2) x (d(E2))  
dx 	F ` dx ixtrh 

E 	h- 2 	1 x2 (d22))x=h  

2 
7 	x 

	
(1...) 

h `dx/x=h 

giving 

(13) 

Putting x = h in equation (13) gives 

E 	h dE/dx at any point. 	(14) 

The intercept, E0, on the E axis of the tangent to 

the graph of E versus x is given by 

Eo = E - x dE/dx. 

Therefore, from equation (14), 

Eo), 	0 	 (13 ) 

It 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 E axis. 	It thus 

appears that the field does not start to increase appreciably 

for some distance from the flame. 	This effect may be due 

to the presence of some positive ions which neutralize the 

neg'tive space charge. Whether any positive ions are 

present could be checked using a Langmuir probe. 



108. 

It is unlikely that many positive ions are carried 

downstream of the flame by the flow velocity. 	The field 

near the flame was about 3 kV m 1. 	The positive ion 

mobility in flames is normally about 0.0017 n2  V-1  s-1  (see 

below) in which case a flan; velocity of 5 m s-1  would be 

required. 	The actual flow velocity was not more than about 

1 m s-1, 	However, ions or charged particles of 

exceptionally low mobility might perhaps be carried 

downstream. 	The average mobility downstream 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 10 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 saturation current can be checked by 

varying the electrode separation. 
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It is shown below that ionization does occur 

downstream of some flames investigated. Estimates are 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 validity of the 

assumption that all charge originates 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 the flame and a probe in the centre of the upper 

electrode could greatly reduce the current to the probe when 

the burner was negative. 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 a 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 still cool 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 filame,lt. 	The average reduction of the probe 

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

platinum wire gave the smallest 

of the order of 30%. 

The effect of various  

current reduction, which was 

substances on a platinum wire 

were tried. 	Large reductions in the probe current were 

given by starch (75%), a handled wire, ammonium nitrate (90%, 

but short lived), Fe304  (80%), sodium chloride (80% short 

lived), POC1
3' 

and methyl red (short lived). 	Pb02, MgO, 

Zn, Br2, sulphur, carbon, and ammonia solution did not appear 

to affect the probe current appreciably. 	In some cases 

this may have been due to their being driven off or 

destroyed before the wire could be positioned and the effect 

observed. 

A nichrome wire on the burner reduced the probe 

current by about two-thirds. An attempt 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 gauze with 



a stiall hole in it was placed in front of the probe in the 

upper electrode to obtain higher spatial resolution of the 

current density distribution. A nicraloy wire of about 

0.2 mm diameter was placed on the burner and the current 

distribution scanned by moving the upper electrode 

horizontally. 	It was found that the current density above 

the wire was reduced by over 90% over a distance of more 

than 20 mm. 

The electrode separations used in these experiments 

were about 50 mm. 	The 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 electron 

emission occurred from the wires. All wires were insulated 

when held above the flame. 	The probe and upper electrode 

were earthed. Any emission would have tended to increase 

the current. 

When a wire of radius r in a field E 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 overleaf. 	These form a shadow, initially about 

2nr wide, above the wire, which no ions travelling along 



, 	
"
 

1 4
-
 

 
- 

p
li

lg
  
I

D
U

J
S

1
X

3
  

m 

2 vr 

112. 

SHADOW Du E To WI RE 

the external field lines can enter. A 2 thou. nichrome 

wire gave a 960 reduction of current over 20 mm, a 20 thou. 

nicraloy wire a 900 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 may 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 

effective. 	It might be due to catalysis, leading to the 
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formation of stable negative ions. 

If the charges in the gas have. a range of 

mobilities with fraction fi of the current density being 

carried by charges of mobility ki  where i = 1,29 	 . n 

then the effective mobility, k, is given by: 

jf. 
space charge =„-- Ek. 

j/(kE), 

giving 	1 	< fi = 	 (16) 
ki  

For example, if 99% of the ions have mobility 10-3  

and 1,f, haNe mobility 10-6  then k = 0.091 x 10-3. 	Thus the 

effective mobility can be greatly reduced by small 

pr(dportions of ions of very low mobility. 

The root mean square distance any substance travels 

by diffusion in time t is equal to (2Dt)2, 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 4 m2  s-1. 	Thus anything 

emanating from a wire could spread over a distance of about 

10 mm by the time it reached the upper electrode. 	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 a small increase in the 

probe current could be produced in this way. 	The efZect 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 burner negative. 

8.3.7. Currents To Wires. 

Some effects described by Waroux (1964) were 

investigated. The current from an unoxidised positive 

copper 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 

connected with the heating up of the wire and the subsequent 

decrease with its oxidation. Experiments were carried out 

using 26 gauge copper wire. 	The current Increase of up to 

about 400% obtained at a 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 oxidized wire was up to 

double that to a 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 suggests 

that the decrease in current was due to a back e.m.f. For 

example, electrons emitted thermionically from the wire may 

form a sheath. 

The currents, measured using a microammeter, to 

initially unoxidized 26 gauge copper wires about 13 mm long 

in series with a megohm resistance are given below: 

Applied voltage, V 33 98 212 ,  

Initial current, pA. 0.9 2.4 4.5i 
• $ 

Maximum current, FA 1.2 3.8 7.4i 

Subsequent current, 12A.. I 1.0 2.6 5.1 

The current maxima were less marked than they would 

otherwise have been, because of the megohm resistance, which 

was placed in series with the wire to protent 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. Potitive Conduction. 

8.4.1. Positive Ion Mobility. 

Current voltage characteristics wore obtained with 

the burner positive for several values of the electrode 

separation, a, to obtain the positive ion mobility, k+. 

For subsaturation (j less than js) 

E2 = 2jx/E.k+  

giving 	k+ = (8/9)ja3  V-2  E -1  

= (8/9) r-1 
 
a3dj/dV2 
	

(17). 
Measurements of current versus voltage were made 

for several different flames on the porous disc burner. 

The burner was positive. 	The electrode separation was 10 

mm and the flame area 19.8 cm2 	The following resu2ts were 

obtained: 

0.04 	1.0 	6.0 	; 11.0;16.01 
i... j. . 	.. _. ....1 . ..... 

0.13 to 0.45! 0.7+0.03 ! 2.6+0.05 4.3 15.8 - 	i  
i 

ca.0.40 i 	0.33 1 0.34 i 0.30 
-• 	-. 

, volt2 x104 

it, • 
•._ .• 

di„../dV2, uA V"'"2 

These results confirm that the current at low 

voltages is much greater than if it  were proportional to V2. 

Substituting into equation (17) the valuc of dj/dV2  = 104  to 

16 x 104 volt2  gives the positive ion mobility to be 0.00175 

m2 V-1 s-1. 
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King (1962) and Wilson (1931) give the positive ion 

mobility to be about 1 to 2 x 10-4  m2 V-1 s-1. 	However, 

this does not appear to be correct for ions in flame products. 

The predominant positive flame ion is H30+  (Green & Sugden, 

1963). 	The mobility of this ion at N.T.P. is about 3 x10+4  
2 -1 -1 m V s 	(see Mitchell & Ridler, 1934). 	Simple kinetic 

theory, assuming the molecules and ions to act as solid 

spheres, gives the mobility to be proportional to T*. 	The 

temperature of the flames used was about 1600°K, giving a 

mobility of about 7 x 10-4 m2 V-1 s-1. More precise 

kinetic theory, taking into account dipole interactions, gives 

= constant (Langevin, 1905), where 	is the density of 

the gas. kr) tends to vary comparatively little with 

temperature (Massey & Burhop, 1952). 	The assumption that 

is constant gives k u T giving k = 0.00164 m2 V-1 s-1 at 

the flame temperatures. 	This value is in good agreement 

with the value of 0.00175 obtained above. 

It does not appear that electron emission occurred 

from the upper electrode when the burner was positive (although 

it has been suggested that electrons can bo produced in the 

vicinity of cool electrodes in seeded flames (Turcotte & 

Friedman, 1965), since the current ceased immediately the 

flame was extinguished. Moreover, similar currents were 

obtained using either the hot matrix upper electrode, which 
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was not cooled, or the water cooled upper electrode. 

8.4.2. Further Evidence of Ion Generation Above Flames. 

The above results show that the current with the 

burner at a positive voltage of 20 V and an electrode 

separation of 10 mm was about 0.3 }IA oz. 0.15 mad m-2. Taking 

the maximum field to be 4 kV m 1 and assuming only positive 

charge was present, Gauss' law gives the total charge present 

to have been 3 x10'8 coulomb m-2. 	To give the observed 

current this charge would have required a velocity of 50 m s-1 

which is much greater than the flow velocity andthe probable 

drift velocity duo to the field. 	Thus it does not appear 

that the current at low positive voltages is carried solely 

by positive ions travelling from the reaction 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 

expected is that ion generation continues above the flame, 

since positive ions formed near the upper electrode would 

have less distance to travel. 

8.5. Ion Generation Above Flames. 

It has been suggested that some ion generation 

occurs above hydrocarbon flames. This was investigated by 

two methods as discussed below: by measureinent 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 electrode separation. 

8.5.1. Current with Low Positive Voltage on Burner. 

If positive ions are formed in the vicinity of the 

upper electrode, at the rate of J/e per unit volume, a 

sheath of thickness z would be formed in which all the 

positive ions generated 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. 

F:dE/dx = space charge density 

= 	j (x)/(k+E) 

= Jx/(k+E). 

Therefore, integrating and taking E = 0 at x = 0 since the 

current below the sheath is carried by negative charge of 

infinite mobility, 

	

E2 	= (31 F. k+ ) X2  

Therefore integrating,  

	

V 	(JR k+)2 z2  . 

Therefore 
	

k+114  E 1/4 	J-1/4  

Hence the total current density, j = Jz 	. 

= 	k 11/4  17 -1/.1.12.11 J3/4 
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Thus J 	= 	(4/k+  c )-1/3  (j
//14)4/3 
	

(18). 
Graphs of j versus V2  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 a means of determining the rate of ionization above 

the flames. 

The flame represented by the middle curve in Fig. 

VIII(3) was an ethylene/air flame. At 14 V thetotal current 

was 0.2 FA. 	The current to a probe of area 5.8 cm2 was 

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 m2 17-1 s-1.  

This value will be assumed in all the following calculations. 

The rate of current generation, 3, which occurred near the 

upper electrode is thus given by 

= (4 x 0.60175)-1/3  (6.2 x 10-5  x 14)4/3  from (17) 

= 10 mA m-3. 

For another flame the current to thn upper 

electrode at an electrode separation of 10 mm and at 21.8 V 

was about 0.307 pA, which gives the rate of ionization, J, 

10 mm  above the flame to have been 14 mA m-3. 
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The current measured must come from a zone of 

thickness j/J, which was about 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 flames, 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 Fig.VIII(4) were obtained for the variation with 

electrode separation, a, of the current to an upper electrode. 

The burner was at a positive voltage of 21.8 V. 	These 

results give 

i ac a-1.48 

From (18)J 	.4/3 . 

Therefore 	J 34 a-197, which shows the rate of ionization 

above the flame is approximately inversely proportional to 

the square of the height above the flame. 	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 flame 
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saturation current density. Results are given below: 

Probe area = 5.8 cm, electrode separation = 10 mm. 

Lean C2H4/02 

;Saturation current to probe, (ip)s, FA 

Current to probe with burner at +10V, (i ) 
P +' 1111- _ 	. 	. 	. 

Lean C2H4/air 

0.55 2.7 7.0 14.0 16.0 

0.019 0'037 0.05 0.07 0.085 

0.15 6.5 10.0 14,i5 20.5 

0.013 0.06 0.05 0.065 0.09 

2.2 2.5 4.3 7.5 17.5 

0.034 0.039 0.037 0.065 0.08 

p 
)s  , 12,1 ' 0.24 

;(ip)+, pl 	0.014 

Rich C2H4/air 

;0. )
s i 

uA 	0.15 

) 	p.A i 0.010 

Lean 02H4/C0/air 

) 	PA ; 2.0 

(i ) p PA 0.033 

These results show that flames with different 

compositions but the same saturation current density give 

similar values of J. 	
(iP)+ 

tends to increase as (i ) 
P s 

increases. 	(i
P
)
+ 
varied over a much smaller range (0.01 to 

0.09 pA) than (ip)s  (from 0.15 to 20 pA). 	It is not to be 

expected that there would be an exact relationship between 



0.20 0.31 0.50 1.2 1.6 3.9 9.0 

0.031 0.029 0.031 0.055 0e, 048 0.060 0.064 

0.70 

0.070! 

02H4/02  

'is,  PA ; 

. 
4, 11A 	; i 

co/c2H4/o2  
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(i
P
)
+ 
and (i

P  )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 electrode varies. 

The fact that (iP)+ varied over a factor of about 

ten is further evidence that it is due to ionization 

occurring above the flame. 	If ionization occurred only in 

the reaction zone, the current at subsaturation voltages 

should be independent of the saturation current. 

Results are given below for some oxygen flames: 

Flame area = 18 cm2 

electrode separation = 10 mm. 

CH4/02 

Total saturation current, is, pL 	0.08 	0.18  
• 

!Total current with burner at 10 V,i4.,pA 	0.039 	0.043f 
. 	! 
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The values of i+ all lie within a range of 0.029 

to 0.070 pA. 	There is a tendency for 1+  to increase with is. 

If 0.18 of the current at low voltages goes to a 

probe of area 5.8 cm2, as found for air flames, then the 

effective area of the column of flame gases is 5.8/0.18 = 

32 cm2. • Assuming this area and taking 	= 0.029 pA, which 

correslionds to is  = 0.31 pit for ethylene/oxygen, gives, by 

substitution in (10), volume rate of ionisation above flame, 

J = 1.2 mA m-3. 	The rate of ionization per unit distance 

interval above the flame is then 0.0032 m2 x 1.2 mA m-3 = 

3.8 TIA m-1, which should be observable. 

8.5.4. Variation of Saturation Current with Electrode 

Separation. 

Measurements taken of the saturation currents of a 

methane/oxygen and two ethylene/oxygen flames showed clearly 

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 

obtained. 

For a lean ethylene/oxygen flame the saturation 

current was 0.24 pA for an electrode separation of 6 mm and 

0.314 pA at 25 rm. Assuming the rate of ionization to be 

proportional to h-2 and integrating gives the rate of 

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

5 pA m
-1, which is in good agreement with the value 
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of 3.8 pA m 1 calculated 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 11A) within the 

experimental error both with the burner positive and negative, 

which shows that it is unlikely that cold cathode emission 

occurred. 

8.5.5. Estimation of Ionization Zone Thickness. 

The current density to a probe in a plane electrode 

for ethylene/air flares with the burner at +10 V was about 

0.04 and 0.1 mA m-2 when the saturation current density was 

1 and 10 mA m-2 respectively. 	These values correspond to 

J = 6 and 15 mA 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, 

J = J' h-2 

where J' is the value of J at unit height. 

J 
js Vh-2  dh 

h1 

= J' h1
-1 	 (19) 

Contribution to js between h = h1 and h = h2 
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= J' (h1-1 	h2-1). 	(20) 

Thus if js = 1 mA m
-2 J' = 0.6 11A m 3 at h = 1 m, 

then h1  = 0.6 mm and 500 of the ionization occurs over 0.6 mm. 

If js  = 10 mA m 2, J' = 1.5 FAA m 3  then h1  = 0.15 mm and 50% 

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 than 

js. 	Thus the proportion f of the ionization occurring 

beyond an arbitrary given height above the flame is greatest 

for flames with low saturation current densities. 

The distance over which 50% of the ionization occurs 

gives a measure of the ionization zone thickness. Equations 

(19) and (20) show that this distance is of the order of 

P/js. 	The above figures, which are based on average 

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, Effect of Ion Generation Above Flames. 

If 50% of the ionization occurs in 0.3 mm then h1 = 

0.3 mm. 	The saturation current density at h2  = 10 mm is 

then 97% of that at h2  =CP , which confirms that for a 

typical flame with a ty-Acal electrode separation the 

saturation current density Treasured is near the maximum 

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

accuracy of the saturation current method for most flames. 

dn/dt =- N: n2 + J/e 

= - n2  + (J'/e) h 2  

= -
i n2 
	

(21) 

where 	are the real and apparent recombination 

coefficients respectively, and e is the electronic charge. 

u(c.' h)-1  approximately, 

where u is the flow velocity. 

Therefore 	h = 	n-1. 

Thus, substituting for h in equation (21), 

dn/dt = 
	(be  _ 002 J, e-1 u2)  n2 

Thus continuing ionization above the flame at a 

rate proportional to h-2 would not be detected by ion 

concentration measurements since the ion concentration still 

decays in accordance with a second order law. 	The apparent 

recombination coefficient is however reduced. 

8.5.7. Summary. 

It has been shown that ionization occurs above 

hydrocarbon flames. This has been measured by two different 

methods: measurement of the current to an upper electrode 

with low positive voltages on the burner, and measurements of 

the saturation currents of flames at different electrode 
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separations. 	These methods give values in approximate 

agreement. 	The distance over which most of the flame 

ionization occurs was estimated. 	It was shown that the rate 

of ionization above flames is insufficient to appreciably 

affect the accuracy of saturation current measurements in 

most cases. 	It would be of interest to measure the variation 

of the rate of ionization above flames with flame 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 Experimental 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 effect results from electrons, which carry most of the 

current when the burner is negative, having a higher mobility 

than positive ions (see Section 1.4). 	The amount of 

rectification varied with the flow rates cf the fuel and air. 

The maximum rectification corresponded, at least approximately, 

to a stoichiometric mixture, for which the flame would be 

closest to the burner. 	Thu current was the greater the 

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

as the flame dropped just before going out. 

8.6.2. Observation of Current—Voltage Characteristics. 

A circuit was et up so that the current—voltage 

characteristics of a flame could be displayed on a cathode 

ray oscilloscope. 	The X deflection was proportional to the 

applied voltage and the Y deflection to the current obtained. 

It was hoped that this arrangement would provide a rapid 

means of obtaining the required relationship. J. 50 Hz 

a.e. field of variable voltage was applied. 	The trace 

obtained was approximately of the shape expected but it was 

not a single well defined line. Because of the build up 

of charge and capacitance effects the curve was distorted 

and hysteresis occurred. 	The position of the trace could 

not be measured accurately. 	It was concluded that the 

characteristics could be obtained more accurately by 

measuring the steady state d.c. currents and voltages with 

a galvanometer, 

8.6.3. Variation of Current Due to Flame Movement. 

The current in a bunsen flame due to an electric 

field obtained by connecting a high tension battery between 

the burner and a gauze above the flame was observed by the 

use of a cathode ray oscilloscope. 	The trace obtained 	moved 
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up and down because of the movement of the flame. There was 

a definite maximum current corresponding to the: flame 

touching the 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 temperature and 

composition. 	Thus the current at sub-saturation voltages 

could provide a means of monitoring variations in the flame 

position, temperature and composition. 	In particular it 

might provide a convenient way of detecting substances with 

high electron affinities. 	Such substances can reduce the 

electron concentration (King, 1962), giving a lower negative 

ion mobility and thereby reducing the current. 

8.7. Maximum Current Without Breakdown. 

The work on conduction in flame gases in the 

present study has shown that the negative particle mobility 

is much greater th:m the positive ion mobility. The former 

was found to be about 0.040 m2 V-1 s-1 in the hot gas; the 

latter about 0.00175 m2 V-1 s-1. 	The charge mobility in 

the cold space between the flame and the burner would be 

about 3 x 10-4  m2 V-1 s-1  for positive ions and somewhat 

greater than this for negative charge, depending on the 

proportion of electrons which attach in the cold gas. 
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The maximum current density that can be drawn 

1  D2  / without secondary ionization, jb' is equal to -w e ,bk,a A m-2  

(Lawton & Weinberg, 1964) where Eb  is the breakdown field 

in V m-1, a is the distance from the flame to the electrode 

in metres, and k is the charge mobility in m2  V-3  s-1. 

Breakdown occurs when aj/k exceeds a critical value on either 

side of the flame. The largest current without breakdown 

can be dravm when the higher k is utilized on the side of the 

flame on which a is larger. Thus higher saturation current 

densities can be measured without secondary ionization when 

the burner is negative and the current in the space above 

the flame is carried by negative charge. For this reason 

most of the saturation current measurements were made with 

the burner negative. 

The breakdown strength of air is about 3 MV m-1 at 

N.T.P., being less at higher temperatures and more et small 

electrode separations (Meek & Craggs, 1953). 	For Eb = 

3 MV m-1, k = 2.5 x 10-4 m2 V-1 s-1, a = 1 mm the maximum 

current which can be drawn without breakdown in the cold 

space between the flame and the burner is 10 A m 2. 	Taking 

b above the flame to be 0.6 MV m 
1,  with k = 0.03 m2  V--1 s-1  

a = 10 mm gives the maximum current which can be drawn 

withput breakdown above the flame with negative conduction 

to be 5 A m-2. 	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 

saturation currents of most of the premixed hydrocarbon/air 

flames to be measured are under 1 A m-2 (Lawton & Weinberg, 

1964). 	These magnitudes confirm that the saturation 

current method is capable of measuring the required saturation 

current densities without secondary ionization. 
-1 k-s( ? 	and Et..)fc approximately (Meek & Craggs, 

1953), giving jb 7x Eb k/a 

c/a 
pressure  

electrode separation x temperature 

Lawton & Weinberg (1964) have calculated maximum 

practical effects obtainable by applied fields without 

breakdown. They assumed a minimum electrode 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 

obtained at electrode separations of 1 to 2 mm. To minimize 

the likelihood of breakdown plane parallel electrodes should 

be used. 

The voltage drop, V, between the flame and each 

electrode is given by 

V = (2/3) (2j/E 	a3/2  volt, 

where a and k are the appropriate distance in metres and 
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mobility in m2 IT-1 s-1 respectively, and convection and 

diffusion are ignored. 	Thus the voltage is proportional to 

(a3k-1)*. 	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 th4t between the burner and .the flame, 

depending on the polarity. Hence the total voltage required 

to draw a given current is much less when the conduction 

above the flame is by negative conduction. ie. when the 

burner is negative. 	The results obtained confirm that for 

a given arbitrary current and electrode separation the 

voltage required is less when the burner is negative. 

8.8. Summary. 

In this chapter factors affecting the current to 

probes, the behaviour of negative and positive charge in 

flame 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 many impurities. 	Their introduction beneath 

a probe diverted the current away from a large area and 

greatly reduced the current to the probe. 	This effect could 

be used as a 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 reasonable agreement. 

It was shown that the saturation current method is 

accurate and capable of measuring the saturation current 

densities required. 	In particular it was shown that 

sufficiently large current densities can be drawn before 

breakdown and that the applicability of the method is not 

appreciably affected in most cases by ion generation above 

the flame. 	Indeed, measurement of saturation current as a 

function of electrode separation provides a method for 

studying ion generation in the product gases. 	Precautions 

which should be taken and limitations of the saturation 

current method have been discussed. 
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CHAPTER NINE.  

EXPERIMENTAL DETAILS. 

9.1. Flow System. 

A suitable flow system was designed to control 

and measure the flow of reactants to the flame. Needle 

valves were used to control the flows and pressures. 

A typical simple flow system, which was used for 

earlier measurements, is shown in Fig.IX(1). 	Air was 

obtained from the laboratory air supply, or from a pump, A. 

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. 	Calming 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 h is the pressure drop across 

the capillary and p is the pressure just downstream. 
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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 a 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 avoid leaving an 

explosive mixture in it. 

The final flow system built is shown in Fig.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 system 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 coLld 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(2) shows the 

flow system as set up for use with a bleed. 	The 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-1  

of air, 2.0 1. min 1  of CO). A Meker burner was used, which 

gave an approximately flat flame of 4 cm2 area. The salts 

were introduced in the form of a spray of the aqueous 

solution given by an atomiser. For 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 

sodium acetate in 98 cm3 of water was employed. A field 

was applied between the burner and an electrode above it. 



142. 

The burner was made 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 uniform 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 E. frame, resting on a bed of bronze 

powder, and a burner consisting of a rectangular 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) appeared to be the best way 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(5)). 	Later, a second 
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burner was made. Water circulated round the disc and solder-

sealed directly cooled discs could be used, or smaller discs 

shrink-fitted or push-fitted into sleeves of the right size. 

Two compressed 0-rings prevented the water escaping and 

secured the disc in place. 	Discs 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 a 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 extraction 

(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 large pressure drop across the disc (up to 

half an atmosphere). 	."2or this reason 	thick discs were 

sometimes used instead of 1" thick ones. 

Several 211  diameter 1" thick porous sintered bronze 

discs 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 

damaging the disc surface, to prevent solder from penetrating 
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into the interior of the porous disc, and not to damage the 

disc 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 brass sleeves instead, which prevented water entering 

the discs or gas escaping from the circumference. 	The heat 

transfer through the sleeve was not as good as with direct 

cooling, but was still adequate. 	The disc in use acquired 

a temperature of the order of 10000, which would not affect 

the flame appreciably (Yumlu, 1959)e Reduced heat transfer 

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 drop 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 

one case the pressure drop increased from 43 to 58 
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millimetres of mercury, indieLting a disc temperature of 8500. 

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 

quantities 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 a brass sleeve the 

disc can become hot while the sleeve remains relatively 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, particularly 

after stabilizing flames with high rates of heat loss to 

the disc. 	The disc was liable to emerge suddenly from the 

burner because of the pressure drop across it. 	This was 

potentially dangerous since it could allow the flame to burn 

past the disc and ignite gas in the burner and flow system. 

To prevent discs being pushed up out of the sleeves some 

discs and sleeves were made tapered so that the discs were 
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slightly wider at the bottom. 	The discs were push-fitted 

into these sleeves. 

9.2.2. Other Burners Used for Premixed Flames. 

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 burner. 	The results 

for premixed ethylene/air flames given in Ch.VIII were 

obtained using a rectangular matrix burner water-cooled 

round the edge. 

The measurements to determine the effect of bromine 

(in premixed and diffusion flames) were taken using an 

Egerton•-Powling matrix burner (Egerton and Thabet, 1952). 

The measurements on the effect of seeding premixed flames 

with metallic salts were made using a Meker burner. 

9.2.3. Burners Used for Diffusion Flames. 

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 porous disc 

burners facing each other. 	The burners used for 

measurements on free burning diffusion flames consisted of 

various nozzles. 	The electrodes were simply metal plates 

or gauzes. 	The results obtained and further details of the 

experimental arrangements are given in Ch.XI. 
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9.3. Electrical Measurements. 

9.3.1. Electrical Circuit. 

The circuit used is shown in Fig.IX(1). 	The 

burner, 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. A two—way switch, Q, either earthed 

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 a high resistance of known 

value. The same microammeter was used to measure the 

current to the probe and upper electrode and the voltage, 

by means of a 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 

resistance 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 expelled into a sink 

through an earthed metal tube in order to prevent 

fluctuations in the resistance to earth, which would otherwise 

cause fluctuations in the potential of the burner. The 

maximum resistance of the mieroammeter was 20,000 ohms. The 

leakage resistance from the upper electrode had to be much 

higher than this value for accurate current measurements to 

be obtained. 

de Gruchy (1953) has considered ways of pr7,tecting 

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 curreLt by resistances in series with the 

voltage source and to use the microammeter without any 

further protection in most cases. 

A Pt/Pt-Rh thermocouple was used to measure the 

flame temperature. The potential difference 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 due to 

any effect 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 field 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 the microammeter through a high resistance. 

The thermocouple was also connected to earth through a neon 

bulb, which did not conduct at low voltages, in order to 

protect the microammeter in the event of the thermocouple 

breaking and touching the burner. 

9.3.3. Measurements. 

The circuit used included facilities for measuring 

either the total flame current or the current to a probe. 

The measurement of probe current avoids edge effects and 

permits measurements to be taken on a selected part of the 

flame, 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 uniformity of the flame. As 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.VIII, the proportion of the total 

saturation current going to the probe, ip/it, is not 

constant. 	It would therefore appear to be more reliable to 

measure 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. For runs giving constant 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 several lean hydrocarbon/air flames. The 

area of flame from which current went to the probe was 

estimated from this value of ip/it. 

The disturbance of free burning diffusion flames 

by longitudinal fields obtained by placing an electrode above 

the flame can be comparatively small (Nakamura, 1959). 	The 

large electrode separation necessary would be likely to 

limit greatly 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 flames was 

measured because it is of the most important variables 

affecting the rate of ionization in flames (see Ch.I). 	Its 

value is needed to calculate the effective activation energy 

of the ionization process, and to find the saturation 

current density for adiabatic flames, if required , by 

extrapolation. 

The temperature was measured by two methods: by 

thermocouple and by sodium line reversal. 

9.4.1. Thermocouple Method. 

The thermocouples used were 0.001" diameter 

Pt/13(0h—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 measured by a 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 measured by an uncoated thermocouple for 

two ethylene/air flames. 	It can be seen that the apparent 

temperature gradient is greater near the flame, which suggests 

that catalytic heating or recombination may have occurred 

at the thermocouple surface. 	The temperature gradients 

exceeded those due to radiation from the hot gases, 

calculated from data given by Perry (1963) and shown in Fig. 

IX(4) by solid straight lines. 	Thus the higher temperature 

gradients appear 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 

little difference, so uncoated thermocouples were'uzed. 

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 IX(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 Kaskan (1957). 
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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 a platinum 

wire or (for very hot flames) placed on the disc. 	It was 

found that borax lasted 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 experimental 

system is shown in Fig IX(1). 

Measurements of the sodium reversal temperature, 

TNa' were made on methane/air flames of the same 

stoichiometric ratio (1.25) or two different occasions, the 

al)p7,ratus being set up before each run. 

results were obtained: 

The following 

Run 1. iSu, m/s0.105 0.118 0.141 0.165 0.190 0.224 0.2321 

°K 	1785 1826 	1871 	1904 1929 1943 1988 

Run 2. ;S, m /s.0.145 0.16201986.210 0.230, 

TNa, - - 
'K 	?1885 
- 	- o 

1919 	1948 	1976 2003 

TNa' 1079 1903 	1943 	1953 1978 

T 1 a  is the temperature estimated from the results N 

of Run 1 by plotting a graph of TNa  versus; Su. 	These 

measurements show that Run 2 gaveresults 14 K higher on 
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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, assuming the latter to he of the order of 

2, is about 4 

9.4.3. Comparison of Sodium Reversal and Thermocouple 

Methods. 

The sodium line reversal method is less reliable at 

lower temperatures because of the lower intensity and the 

difficulty of accurately calibrating the source at lower 

temperatures., .Measut.ements 6t lower temperatures (up to 

about 1820°K) 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 must be used. 

Measurements taken to compare temperatures given by 

the thermocouple method, Tto, and by the sodium reversal 

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

Fuel i CH
4 C2 	C

3
H
8 

0 	1.04 	0.91 	1.02 
.... _ 

TNa, °K 	1826 	1620 	1825 

Tto' 
oK , 1810 	1817 	1810 



°K 1687 1727 1801! 

oK 1692 1679 /744 

= 1.64. 

oK 1754 1794 

°K  1762 1717! 

TNa' 

IT to' 

Run 2, CH4/airl  0 

TNa' 

Ttc' ' 
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These results show That for lean and stoichiometric 

flames -the temperatures given by the two methods are in 

very good agreement. 

The following results for rich flames are given 

in the order in which they were obtained: 

Run 1, CFI }/air, 0 = 1.3. 

These results for rich flames show that the first 

temperature measurement in each run obtained by the 

thermocouple agrees with the sodium line reversal method 

but that subsequent measurements are lower. Thus it seems 

likely that the temperatures given by the thermocouple for 

rich hydrocarbon flames is low as a result of carbon being 

deposited on the thermocouple, which would increase the heat 

loss by radiation. 	Carbon deposited on the thermocouple 

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 suit?.ble for rich 

flames. 
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9.4.40 Experimental Procedure. 

For most of the results the temperature ;was 

measured for each flame. 	For others the temperature was 

measured for several flames at a fixed compositioli but 

different burning velocities and a graph plotted of 

temperature versus bt,rning velocity. 	Current measurements 

were also taken for several flames at this composition and 

different burning velocities and their temperatures read 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 disc to remove 

the borax after each temperature measurement. 	Plotting the 

flame temperature versus the burning velocity also helped to 

reduce the random errors in the former, the latter being 

measurable more accurately. 

9.5. Sources of Error. 

9.5.1. Errors in Measuring the Current. 

Any error in the microammeter reading would be 

small. 	The microammeter was accurate to 2c/o. 	Measurements 

taken with an applied voltage but no flame 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 range.  

Readings were taken on different scales to verify 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 taken to be equal to the area 

of the disc. 	The possible error due to this assumption 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%. 

If the current potential curve does not have a 

flat plateau there is, to that extent, no precise saturation 

current. 	Premixed flames were found to give flat plateaux, 

as did most diffusion flames within about 100. 	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 Final Flame Temperature. 

Errors in the temperature measurement for premixed 

flames are the most serious inaccuracy since the current 

varies steeply with the flame temperature (see ChM. 

The flame temperature varied across the discs. 

An attempt was made to measure the temperature at a point 

near the average value. 	The average error due to the 

variation across the discs was estimated at about 10 K. 

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 

uncertainty 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 voltage drop across 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 Snellerman (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 indicate that it is less. 
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9.5,33 Errors in Measuring Flow and Composition. 

The purity of the hydrocarbon gases used was 

approximately 955 or more in most cases, most of the 

impurity being other hydrocarbons 	The gases were assumed 

to be pure except in the case of meths.:7,1e used for some of 

the measurements, which contained 140 of air. 

The errors in the measured flows and stoichiometric 

ratios are probably of the order of 20 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 calculatincl, the 

effective activation energy, since if all the saturation 

currents are wrong by a constant factor the value obtained 

for the activation energy is unaltered. Random errors can 

be reduced by taking large numbers of measurements. 

It has been estimated that the accuracy of the 

current density measurements is of the order of 5 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 and that it is capable of 

git'ing reasonably accurate results. 
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The random errors are difficult to predict and 

their importanoo 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, 0, which is defined by 

cf/co 

(cf/co) for stoichiometric mixture 

where cf' co are the initial concentrations of fuel and 

oxygen respectively. 

Thus 0 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. 

For lean 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 

probe area to the flame area. 	The saturation current density 

was therefore taken to be equal to it  divided by the flame 

area, Af. 	For rich flames, because of the surrounding 

diffusion flame, the saturation current density was taken to 

0 



• 
Flame 

C20 HE/ 

air 

02114/ 

air 

Flame! 	0 	d(log js) 

H.(104 /Tf°K) 

CH4  / 1 0.6 

air 	0.87 

j 1.04 

1.25 

; 1.30 

1.39 

1.64 

C3H8/ 	i 0.69 

air 	1.02 
! 	- 
1.27 

-1.28 

-0.96 

-1.27 

-1.72 

-1.82 

-1.99 

-5.6 

-0.82 

-07)2 

-1.6 
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be equal to ip  divided by the affective probe area, Ap, where 

A
P 
 = A

f 
 x (ip/it for lean air flames). 	The results for 

non-luminous flames are given in Table X(1). 

Graphs of log je  versus 104/Tf°K (Figs. X(1- 11)) 

were plotted for all the flames. 	These graphs were straight 

lines over the greater part of their length. 	The gradients 

are given below: 

0 
d(10' /Tf  °K),  

0,70 	! -1.14 

0.91 -1.06 

0,52 -1.44 

0.69 	! 

0.85 -0.94 

1.05 -0.89 

1.17 -1.00 

1.61 -1.59 

1.83 -2,50 

2.0 -3.62 

2.4 -4.20 

10,2. Oxygen Flames. 

   

The ratio of the probe current to the total 

current was not generally equal to AP 
f  /A fpr oxygen flames, 

For richer flames (0 = 0.25 to 1.0) it was less, 	However, 
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p/it was found to be constant within the experimental error 

for each composition over the range of burning velocities 

studied. 	it was measured because it was larger and therefore 

subject to smaller errors. Where ip/it differed from A /A P f 
by more than 100, the average value, (ip/it)ay.is given and 

the saturation current density taken to be equal to 

(ip/it)avit/Ap* 

Some hydrocarbon/oxygen flames were noisy. Mien 

the upper electrode was lowered the noise 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 	of the 

mean current for quiet flames, 3% for nearly quiet flames, 

and up to 500 for the most noisy flames. Hydrogen added to 

noisy flames made them quiet and reduced the saturation 

current. Results for flames with hydrogen added lay on 

straight lines whereas those for noisy flames gave higher 

saturation currents. About 50 of hydrogen was therefore 

added to some flames to make them quiet. 	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( e- 10 )) by 

x, those without by +. 	The results are given in Table X(2). 
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Graphs of log js  veisus 104/Tf°X 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 0 = 0.275. 

The gradients are given below: 

Flame 	r 	h2 	! d(log js)/d(1 04 X  

0.187 

0.187 

0.30 

0.30 

1.00 

1.51 

0.152 

0262 

0.272 

0.150 

0.275 

0.155 

0 

3.4 

0 

4.9 

0 

0 

0 

4.8 

0/2.9 

5.1 

0/2.9 

-1.52 

-1.69 

-1.43 

-1.37 

-1.62 

--2.41 

-1.69 

-1.89 

-1.31 

-1.45 

-1.35 

-1.55 

-1.43 

CH4/H2/02 

C 

C2H4/H2/02 
0.254 	0/4.6 

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 added 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 CO2  was added. 	The saturation 

current was reduced by up to 40% compared with flames with 

the same final temperature but without CO2  added. 

The effect of adding carbon dioxide to a premixed 

ethylene/oxygen flame (see 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 K in one case but reduced the current by 

only 8%. 	In the other case the temperatLre was also 

considerably reduced but is  was increased. 
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15% of carbon dioxide was added to a premixed 

CO/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-1. The current was 

reduced, however, by 38% from 0.37 to 0.23 FA. 

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 effecl, of adding CO to a premixed ethylene/ 

oxygen flame is shown in Fig.X( 15), which shows ne/nc  

calculated from the total saturation current. 	These results, 

and those for the addition of CO2'  H2, and N2 shown in 

Figs.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 1550°K. 

The oxygen flow was constant at 5.50 1 min-1. When 

additives were present the thermocouple temperature was 

kept constant by reducing the ethylene flow rate. 
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10.5.3. Hydrogen. 

The result of adding hydrogen to a premixed 

ethylene/oxygen flame (see section 10.5.2) is shown in 

Fig.X( 17). 	Results for other oyygen 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 0.03!, m s-1. 	The 

third colutn gives the changes in the final flame 

temperature resulting from the addition of bromine and is 

probably accurate 10 about 20(;% 	The fifth column shown 	the 

change in the saturation current due to the change in flame 

temperature, calculated assuming an activation energy of 

210 kJ mot-1. 	The sixth (last) column is the change in 

the saturation current which must be due to the bromine. 
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Flame Br2 Tf' 
 

oK 

Near limit 0.38 	+17 

3H8/air 0,61 	+18 

'CH4/air 0.13 +4 

!O = c 0.55 0.16 +5 

0.27 +11 

0.46 	+26 

3.30 - 2 +24 -21 

3.08 -16 +26 -33 

2.10 +15 + 5 +10 

2.28 +10 + 6 + 3 

2.38 + 9 +15 - 5 

2.32 +13 +40 -20 

 

;fi
t duo 

r 
to Tf' 

it '  due 

to Br2 

t' it, 

   

10.5.6. Metallic Salts. 

To determine whether the rate of chemiionization 

in flames containing hydrocarbon is altered 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 C0/C2H4/air flame as 

described 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 addl;.tion, which confirms that most of the 

sodium added was not ionized. 

10.6. Luminous Flames. 

Two ethylene/air flames having the same 
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stoichiometric ratio (approximately 3.0) were investigated. 

The probe saturation currents, ip, at height h above the 

flame are shown in Fig.X( 13). 	
pp 

The brightness temperature, Tbr, at 6550 .R of the 

luminous region above the flame was mee.sured by an optical 

pyrometer. 	The optical path length was approximately 40 mm. 

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

 

Tf' 	Tbr' 	dip/dh ' J, 

oK 	oK 	mA m-1 	-3' : 	A m 

1734 	1250 	0.155 	i 
1 

1.41 

1880 1132 0.066 
1 
 0.62, 

Su' 
-1 m s 

0.103 

0.146 

Samples of soot taken from the two flames were 

examined under an electron microscope. 	It was found that 

most of the particles had a diameter of about 300 A. 	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 occurrel below this height. 

It was found that the emissivity of the luminous 

region above the flame per unit path length was not altered 

by an applied field. 	The variation of ip  with voltage, V, 

was measured for the cooler flame with an electrode separation 

of approximately 13 mm. 	The results, giiren below, show that 

the saturation current had a well defined value (0.71 FA in 
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this case): 

V, volt 

. uA ip, 	# 

V, volt 

i 
P' 

1 104 

0.016 

1380 

0.27 

190 

0.026 

1670 

0.37 

385 

0.053 

1990 

0.54 

590 

0.089 

2900 

0.65 

830 

0.143 

4080 

0.70 

978 

0.179 

5910 

0.74 

7000; 

1.0 

10.7. Summary. 

The variation of saturation current density with 

final flame temperature has been measured for lean premixed 

flames of methane, ethane, propane and ethylene with air and 

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 stoichiometric flames. 

Measurements were carried out to find the effect 

of the addition of small proportions of hydrogen, carbon 

monoxide, bromine, nitrogen, and carbon dioxide. 	The effects 

obtained were not large. 	Carbon dioxide reduced the 

saturation currents of certain flames. Measurements were 
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also made to determine the effBct 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 be discussed 

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

Saturation current densities 

hydrocarbon/air flames. 

Methane/air: 

of non-luminous premixed 

A
f = 13.2 cm

2, 	A
P 
 = 1.3 cm2 , 	Af/Ap = 10.2. 

T f' ; 
: o K 

c0.6 1574: 

1 1602i 

1638' 

1646: 

1671 

1767417.1 113.0 

131825.9 !1.9.6 

1833 i28.8 121.8 

1836!29.1 :22.0 

1 1861 30.3 '123.0 

1904140.1 130.4 

1939 150.0 132.8 

1963 54.8 
1 
2004171.5 54.1 

2020181 	!61.3 

; 2039190, 	"74 

0.87 1631 8.7 : 6.6 , 
check ! 1837;27.6 120.9 

irun : 1988 152.0 :39.4 ! 
2028'91,9 '69.5 

0.87 1550i 1.961 

1575! 2.61 

1628 5.40 1 

16671 7.87 

1713112.0 1 

1.23 

1.88 
3.05 
3.38 
4,05 

It,  i is 

.pA mA m-2  

0.93 1.04 	11818 
1.42 1896 

2.31 i1924 

2.56 1980 

3.07 2000 

1.49 2009 

1.98 J, 2035 

4.09 

5.96 

2046 

2059 

9.1 2061 

1, 

0 1Tf, 1  ip, 

10K !  

12079 

1871 

1891 

1926 

11941 

:1960 

1982 

!2013 

is, 
2 - 

mA m 

	

2.39 	18.4 

	

4.78 	36.8 

	

5.7 	43.9 

	

8.2 	63 

	

8,95 	69 

	

9.63 	74 

	

11.0 	83 

	

12.9 	99 

13.7 ' 104 

14.8 ! 114 

	

:16.1 	124 

	

21.12 1 18.0 	138 
1832 I 2.56 

	

3.98 	30.6 

	

4.47 	34.4 

	

7.05 	54.1 

	

9.0 	69 

79 

	

14.2 	109 

	

18.9 	1 145 
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T1, 	ip, 	is, 	it, 	
i
t 

oK 	112, 	pA 	
T 

 

11.301 1792 

1859 

1909 

1931 

1957 

1980 

2017 

1.06 8.2 : 	13,8 14.9 

2.02 ;15.6 i 	26.3 13.0 

. 	3.35 25.8 41.9 12.5 

4.77 !36.? 57.1 12.0 

6.15 ;47.3 73 11.8 

; 	8.9 66 92 10.7 

;11.8 91 ;121 10.' 
1
1.39i1752 	0.37 	2.84 

1866 ; 1.74 13.4 

1913 3.3 25.4 

1942 4.8 37 

1969 6.43 44.5 

1.64 1747 0.025 

1812 0.35 

Ethane/air° 

A
f 

= 13.2 cm2 

0.19 
2.7 

   

0 = 0.70 0.91 
Tf' 
o. K 

i 't' 	I 

FA 

is' 

ITIA m-2  

Tf' 
oK • 

t' 
1211 

is' 

mA m-2  

1451 1.45 1.10 1605 7.1 5.4 

¶1512 2.6 1.97 1712 19.7 14.9 

1603 6.6 5.0 1746 32 24.2 

1632 10.0 7.6 1823 i 54.5 41.1 

1689 18.0 13.6 i 1883 81 61 

11735 24.1 18.3 1955 , 127 96 

1741 27.0 20.5 i 1984 ; 178 135 

2018 203 154 



Af/Ap 10.2 

0 

... 
1.02 1837 

1887 
1949 
2010 
2038 
2050 
2071 
2080 
2090 
2102 

T f' 
oK  
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Tf' \ it, • 
js' js at ; 	- 

• if(02H6) t 

- 	• 

ne/nc ! ne/ne  
0K 	i ii m-2 16752K ! ; 1 min 1 x 10-7  :at 1675°16 

;i _. MIL 	
-2 .x 10-7 

1--- . 
0.74 1661 15.71 11.9.  13.4 0.829.  1.34 1.42 
0.80 1671 18.0 13.6 14.1 0.716 1.77 1.80 

0.91 1681 1  18.8 14.3 13.5 0.653 . 	2.03 1.97 
•.0.97 1689 17.8, 13.5 11.9 0.578 2.17 2.04 

js and ne/nc at 1675°K were calculated taking js and the 

reaction rate to have effective activation energies of 

210 kJ mole-1. 

Propane/air: 

tr  

Af = 13.2 cm
2, A = 1.3 cm2, 

0.69 	1449 	2.75 
1515 	4.5 
1588 i6.7 
1638 	9.8 
1689 15.0 
1736 22.7 
1614 i 31.8 
1839 36.0 

1.02 	1584 	8.9 
1680 i 21.0 
1757 . 34.9 

it, 

56 

is. 

mA m-2: 

42.5 
i 	77 58.4 
103 78 

i 	161 126 
192 145 
210 159 
259 196 
272 206 

i 	300 227 
. 	338 256 

Tf' 
o Ir 

 

t' 

12A 

  

is' 

mA m-2!  

2.1 
3.4 
5.1 
7.4 
11.4 
17.2 
24.1 
27.3 
6.7 
15.9 
26.4 



:1.27 1630 0.4 	' 

1687 1.0 

1754 2.52 

1807 5.0 

1857 7.7 

1909 i 12.0 

1947 i 17.0 

1972 i 22.7 

1990 26.9 

....A E 
 A 

ui nI 

3.1 

7.7 

19.4 

38.4 

59.4 

92 

131 

175 

207 

2 

t' 
, 
1  i 	

Ilk  
I  

it 

iP 
- 

8.7 21.8 

16.9 16.9 

33.7 13.4 

61.5 12.3 

90 11.6 

132 11.0 

188 11.1 

241 10.6 

283 10.5 

0 T f s 

0 TL 

t' 	3 s ,  

mk m 

	

33.7 	25.5 

	

46.0 	34.8 

	

63.8 	48.4 

i 	24.3 18.4 

30.6 29.2 

50 44.0 

66 50.0 

78 59.1 

' 	100 76. 

125 94.5 

139 105 

0 

J 
oK 

0.69 1708 

1751 

1800 

'0.85 1643 

,1727 

1.783 

1801 

.828 

/ 1859 
1894 

!1920 

177. 

Ethylene/air: 

Af 
= 13.2 cm

2 

Af = 18.
8 cm

2 

A = 1.1 cm
2 

0.52 1374 i 0.45 0.241 

1408 i 0.88 0.47! 

1448 ! 1.87 1.001  

11-79 3.06 1.631 
1503 4.09 2.17! 

1532 4.35 2.31'; 

_________ 1559 5.7 3.03 1  
4 

0.69 i 1390 0.63 0.48:  

1446 1.38 1.051  

1497 3.20 2.421 

1540 i 6.02 4.56 

1599 12.1 9.2 
1631 17:G 12.9 
1677 1 25.8 19.5 

is 

mA m 

for 0 = 0.69, 0.85, 1.05 to 1.83; 

for 0 = 0.52, 2.0, 2.4; 
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Tf' 

oK 

ip,  is' 

mA m
-2 

1739 0.029 t ~J  0.26 
1800 0.15 1.36 

1856 0.52 	i 4.7 

1929 1.35 12.4 

1964 2.38 21.8 

2001 4.03 36.8 

2042 6.7 61  

1750 i 0.010 0.09 

1776 i 	0.0131 0,12 

1817 0.042 , 0,38 

1851 i 	0.10 0.92 

1804 0.23 2.1 

1904 i 	0.40 3.6 

1920 0.80 7.5 

1747 0.001 0.01 

1792 0.003 0.03 

1824 0.009 0.08 

1860 0.020 ' 0.18 

1869 0.030 ;  0.27 

1902 0.09 0.83 

1918 0.12 	, 1.10 

• 
it' 

t 

0K.  !mA m 

1772 90 68 -1,1.83 

1814 119 90 

1827 	148 112 

1849 157 119 

1886 199 151 

1920 239 181 

1930 233 177 

1950 270 205 2.0 

1931 312 , 	236 

2037 	352 266 

T 	i  

lc  , 
m
-2 

1753 5.32 48.4 

1826 8.9 81 2.4 

1874 1 	11.9 108 

1910 15.7 143 

1945 20.0 181 

1981 25,1 228 

2037 ; 	34.1 	i 310 

1838 . 3.7 . 33.6: 

1902 7.5 68 

1908 7.5 	i 68 

1943 I 	11.5 104 

1992 1  18.1 165 

1.17 

1.61 

1.05 

0 



0.54 
0.515 
0.48 
0.46 
0.42 
0.40 
0.395 

0.78 
0.95 
1.41 
2.10 
2.02 
2.84 
3.41 

179. 

0 ; 14_ , 
U 

js  at 

1569°K 

f(C2H4) 

1 min 1  
ns/ncl  no/nc  at; 

x10-7I 1569°K 

i0.50 
0,56 
0.70 

1546 	6.0 
1548 1 	6.9 

1554 ; 	9.6 

1. 
 

3.2 

3,7 
5.1 

m-2 

3.8 
4.3 
5.8 

0.8.0 1570 I 13.7 7.3 7.2 
i0.83 1563 	12,0 6.4 7.0 
i0.94 1589 	16.1 8.6 7.4 
;1.03 1611 ! 19.1 10.2 7.8 

x10'7 

0.93 
1.03 
1.51 
2.09 
2.12 
2.64 
3.00 

js and ne/nc at 1569°K were calculated taking js  and 

the reaction rate to have effective activation energies of 

210 kJ mole-1. 	Af was 18.8 cm
2. 

Table X(2) 

Saturation current densities of premixed hydrocarbon/hydrogen/ 

oxygen flames. 

Methane/hydrogen/oxygen: 

For 0 = 0.187: Af  = 18.3 

A = 1.3 cm2 

For 0 = 0.30: ip/it  = 0.050, is = (ip/it)1t/Ap 
For 0 = c 1.0, ip/it  = 0.027. 

For higher values of 0, js  = ip/it  was taken. 

2 cm , js = it/AV 
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pH2  Tf' 
oK 

it' Js 

mA m-2 

0.187 	0 1547 0.032 	i 0.02 
1609 0.101 	i 0.06 
1656 0.21 0.12 	i 
1700 0.37 0.20 
1722 0.50 0.27 
1767 0.79 0.43 
1797 1.15 0.63 

3.4 1610 0.16 0.09 
1685 0.42 0.23 

1739 1.04 0.57 

0.30 0 1498 0.10 0.04 
1623 0.38 0.15 
1693 0.78 0,30 
1752 1.54 0.59 
1795 2.40 0.93 
1845 4.10 1.58 

4.9 : 1739 1.92 0.74 
1804 3.70 1,42 _ .... 

In the case of near stoichiometric and rich methane/ 

oxygen flames, below, it was difficult to measure the 

temperature accurately. 	The finel flame temperatures, Tf, 

were estimated from graphs of the measured temperature, Tobs' 
versus the burning velocity, Su. 



is' 

26.7 
52.9! 

mA m -2' • 

5.5 

16.0 

30.7 

35 

40+ 

77 

148 

168 

192+ 

	

0.09 	0.7 

	

0.17 	1.3 

	

0.24 	1.8 

	

0.46 	3.5 

0:65 i 5.0 

	

0.33 	2.5 

	

0.072 	0.55 

0,052 ' 0.40 

	

0.067 	0.52i 
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Su' 	Tobs 
-1 	o 

! 	S 	• 	K. 

T, fo 

°K 
H 

0.99 	0.062 	:1896 1885 

0.,99 ; 	0.079 1935 

1.00 	0.083 	;1928 
0.95 	0.103 1991 2005 	i 

X1.00; 0.122 2082 2065 

11.05 	0.124 2066 2070 

1.00 0.147 2140 

11.45 0.072 1918 1910 

:1.58 0.103 1941 1955 

1 1.50 0.104 1944 1960 

1.50 0.130 2010 2010 

1.52 0.170 2076 2055 

1.50 0.189 2086 

- 	• •'! 
2.04 0.063* 1875 i 1870 

2.C5 0.109+  1900 

;2.05 0.116 	;1897 

;2.08 0.131 I 1920 

2.05 	0.168 	1960 1955 

*, yellow luminosity above centre of flamo, 
+, slight yellow luminosity above flame. 

The mean values of 0 for the above three sets of 

results are 1.00, 1.51, 2.05. 
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Ethane/hydrogen/oxygen: 

For 0 = 0,152: Al  = 13.2 cm2 	
i s  = 

For 0 = 0.262, 0.272: A = 1.5 cm2 , p/it = 0.071, 

is = (ip/it )it/Ap* 

0 	• c7a12 	 it 
	

js 

mA m 

0.152 0 : 1462 i0.011 0.01 
1521 0.068 0.05 
1559 0.114 0.09 
1605 i 	0.32 0.24 
1637 0.51 0,39 
1677 0.80 0.61 
1701 1.03 0.79 
1724 1.33 1.01 

0.262 0 1516 i 	0.255 0.12 
1571 0.50 0.24 
1625 0.81 0.38 
1677 1.97 0.93 
1702 3.0 1.41 
1743 6.0 2.8 

0.272 4.8 l 1478 i 0.45 0.21 
• 1535 0.92 0.44 



H 4_f' 
oK 

it  

i0.15 0 1487 	i 0.22 

1540 0.39 

1560 0.58 

1600 0.81 

1614 0.83 

1646 i 0.68 

1663 1.32 

1713 1.55 

2.9 1461 0.09 

1487 0.15 

1530 1  0.25 

1548 0.33 

1569 0.44 

1615 0.84 

1629 0.59 

i0.275 	• 1453 1.53 

1541 1.70 

1598 1.88 

1686 3.65 

1729 6.4 

1746 7.5 

5.1 1444 0.22 

1533 0.60 
1577 1.10 

1650 i 2.8 

1699 5.4 

1709 6.4 

Af' 	js, 

2 	2' 
cm 	mA m 

18.3

1 	

0.12 

18.3 	0.21 

18.3 	0.32 

18.3 	0.44 

18.3 	0.45 

183.23 

0.57 

0.72 

13.2 1.17 

18.3 0.05 

18.3 0.08 

18.3 0.14 

10.3 0.18 

18.3 0.24 

18.3 0.46 

13.2 	0.45 	i 

0.76; 

0.84 

0.93 

1.8 

3.2 

3.7 

0.11 

0.30 
0.54 

1.38 
2.7 

3.15  
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Propane/hydrogen/oxygen: 

for 0 = 0.15, js  = it/Af. 

for 0 = 0.275: Ap  = 1.5 cm2, ip/it  = 0.074, js  = (ip/it)it/Ap. 
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Ethylene/hydrogen/oxygen: 

For 0 = 0.155: Af  = 13.2 cm2, js = it/Af. 
For 0 = 0.254: Ap  = 1.5 cm2, ip/it  = 0.068, js=(ip/it)it/Ap. 

/. , 

0.155 0 	1349 0.01 0.01 

1438 0.03 0.02 

1492 i 0.09 0.07 

1560 0.26 0.20 

1593 0.44 0.33 

1626 0.72 0.55 

1653 1.21 0.92 

2.9 1543 i 0.21 0.16 

1575 0.47 0.36 

1620 0.64 0.49 

1635 1.16 0.88 

0.254 	0 	1397 0.08 0.04 

1488 0.17 0.08 

1559 0.50 0.23 

1613 1.50 0.68 

1663 2.95 1.33 

1724 5.7 2.6 

1744  7.0 3.2 

4.6 	1526 i 0.54 i 0.25 

1585 1.51 0.68 

1662 i 3.1 1.4 

1725 i 6.0 2.7 
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Table X(3). 

Saturation current densities of hydrogen and carbon monoxide 

flames. 

Af = 13.2 cm
2 

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

239 kJ mol-1  (see section 12.5.1). 

Calculated js  at 166'(°K = 0.063 x js  at 2000°K. 

Flame 	' 	H2/air H2/02  CO/'(:) ,  

is, pA i 0.005 0.032 0.019 0.057 0.030 0.003 1.43 

Tf,  °K 

js, at 

1525 

0.28 

1732 

0.20 

1653 

0.26 

1811 

0.18 

1715 

0.23 

1649 

0.12 

2398 , 

C.11i 

2000°K 

mA m 2  

Flame H2/CO/air CO/air  

is, FA 0.033 0.072 0.029 0.9 0.6 0.4 0.72: 
, 

Tf'  °K 

j 	at 

1700 1796 1762 ;2208 2038 2112 2160 

0.29 0.25 .0.15 0.19 0.35_ 0.15 0.20 
2000°X 

Small amounts of H2 were added to some of the 00/air flames 

to stabilize them. 



% CH4 

Tf,  °K 	1  

0  1 	
; 

p ICH4/air 1 

i CH4/02 	! 

S,u,,!CHAff./air 	! 
4 

m 9-1!  I 	 CH4  /0 	1  2 

Su,CH4/air 

.211 s
-11

CH /0 4 2 

0 

Tf,  °K 
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Table X(4). 

Burning velocities of methane fl,mes. 

Values marked with an asterisk are estimated by 

interpolation. 

Burning velocities for stoiciliometric and rich 

CH4/02 flames are from values given in Table X(2). 

8.4 8.6 9.9 11.6 13.0 

1797 1797 1798 1796  1795 

0.87 1.04 1.25 

0.19 0.30 

0.132 0.092 0.109 
- 	 • . 

0.207* 0.205 0.154'  0.190* 0.167* 

1.0 1.04 1.25 1.5 2.05 
- 

1960 1959 1960 195 1960 
___: 

0.165 0.221 

0.084 0.084* 0.090* 0.104 0.168: 
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FIG.X(5), c2 114 /arr 



0 
tO 

1(12. 

2 
••••1 

0 

too 

3 

3 
10 

I 

0 

\ 

5 	1040 Tf 
	 6 

FIG. X(6). c 
2 

 H 
4

/ a i r  



FIG.X (7). C
2 H4/air 



174- . 

( 4 ) 

( I ) CH 4  / H 2  1 02  , 93=-0.187 

(2) CH4 / H 2 /02  • 0=0,30 

(3) C3 H 8 / 112 / 02 45 1=0,1 S 

(4) C3 148 /142 i02 , 0=0,275 

X with hydrogen 	 -I-

4- without hydrogen 

FIG. X ( 8 ), CH4 / H2/02  AND 	C
3 

H 
8 

/ H 
2 
/ 0

2 
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X 

(1) C2  H6  / 0 2  . 0=0,152 

- (2) C 	 0 0.262 

175.. 

(3)C 2  H6  1ff 
2 
 /0

2 
 , 0=0, 272 

-2 
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FIG. X (9), C 2H5 / H2 / 02 
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FIG. X.(12), VARIATION OF is  AND ne/ nc  WITH 0 
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FIG, X (14), ADDI TION 
	FIG. X ( 1 5) , ADDITION 

OF CO2  TO C2H4/02 
	OF CO TO C2 H4/02 
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2 	H  2 + 

—6 

4,9% N2 

9,2% N 2 + 

14% N 2  + NO N2 

6 

3 Oclo H 

17% H2  + 

380/0+ 

0 

0 

UI 

curve with 
no additive 

7 7 0/0 H2  

44°/cm2+ 

+NO H 
2 

  

   

—6 	 6.5 	  
0,3 	0 	0.5 	0,3 	0 	0,5 

FIG.  x (17), ADDITION 1 G.X (16). ADDITION 
h2  TO C[14/02  OF N2  TO C2H4/02 
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— C2H4 alone 

X — C2144 , Na & Pb, 	1 0=0,70 

C2H4  & Na, 	1 0=10,7 pA 

io= saturation current wit& 

metal alone 

slope = 2,0 on logarft.h 	s•ca-ie 

0 Of 	 0.1 
ethylene 'flow, 
	 1,0 

FIG. X (19), ADDITION OF 'Na AND Pb 

TO PREMIXED CO/C2H4/01r FLAME 

• 
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CHAPTER ET,EVEN. 

DIFFUSION FLAMES. 

All measurements are at atmospheric pressure 

unless otherwise stated. 

Measurements were first made with flames on nozzles. 

It was found that the 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 so that some of the saturation current might not 

be collected. An aluminium sheet was used as the cathode 

and a gauze as the anode. The electrodes were made large 

enough to prevent the flame extending beyond the edges. 	It 

was found that the saturation current did not depend much 

on the electrode separation or the nozzle position. 	For 

too great electrode separations breakdown tended to occur 

before saturation. 

t 1 , 

Pig.IX(1) — Experimental arrangement for the measurement 

of saturation currents of flames on nozzles.. 

Measurements 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 made the cathode. 	In addition measurements 

were obtained on flames on a porous disc. 

upper 
electrode 

 

, disc . . 	OOOOO 

 

   

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 measurements 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 measure. Results for methane/air diffusion flames 

on different burners are given in Table XI(1). 	The average 

values over a wide range of fuel flow rates are 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 fuel flow rate. 	It was 

observed that the saturation current per unit area of flame 

is not constant, although the variation of fuel flow rate 

per unit area is small. 



Burner 	s/f 

F's- per 1 min- 
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f/A 
-1 	-2' 1 min -1 

3 mm id jet 35 180 

8 mm id jet 35 240 

31 mm id jet 28 140 

Batswing burner 27 220 

Porous disc 22 

Jet of fuel against 
plate 20 140 

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

A the flame area. 

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 n0), where no  is the 

number of carbon atoms per fuel molecule, are given below: 

nH  = number of hydrogen atoms per fuel molecule. 

Fuel 	I CH4 C2H6 C3H8 C2H4 C2H2 

nH/nc 

is  ILA 

f nc 1 min
-1 

4 3 2.7 2 1 

30 41 44 45 60+ 
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These results show that the number of electrons 

produced per carbon atom, ns/nc, is approximately the same 

for these gases. 	The average value of ne/nc  is about 

5 x10-7. 

A candle flame was also studied. When the candle 

lost 1.1 grams in five minutes, the current collected was 

20 FA. Assuming the composition of the candle was 011112n, 

these results give is/(f no) to be 55 ILA per 1 min
-1, which 

is of the same order as the value obtained for hydrocarbon 

gases. 

11.3. Counter-Flow Diffusion Planes. 

Counter-flow diffusion flames seem the obvious 

flames on which to measure saturation current for diffusion 

flames since they are likely to be comparatively little 

affected by the field. However, it was found that is/f 

varied greatly with the incident flow velocities of the fuel 

and oxidant and it was not possible to obtain any constant 

value for is/f. The results did not fall into any obvious 

pattern. 	In most cases is/f increased when the flux of the 

reactants was increased, which indicates that the 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 s/f may have resulted from greater 

disequilibrium (see section 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 is/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 Fig.XI(2): 

- 1 CH4/air: f = 0.594 1 min 	is = 12 uA, is/f = 20.2 FA 1-1min. 

CH4/02 	f = 0.435 1 min 4, is = 1.91A, is/f = 4.4 FA l' min. 

f = 0.337 1 min-11  is = 1.512A, 

is = 1.111A 'a' decreased 

is  = 2.511A 'a' further decreased, 

where a = electrode separation. 

CH4/02, a = 17 mn, upper electrode positive: 

f 1 min-1  0.24 	0.33 	0.3n 	0.51 

	

0.50 	1.31 	1.49 	2.29 

ii 	 112, 1-  min 	2.1 	4.0 	4.0 	4.5 s/ 
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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 in polarity and electrode separation on the 

saturation current. A methane/air diffusion flame with a 

constant flow rate of methane (85 ml min 1) was burnt on a 

jet between horizontal electrodes as shown below: 

flame 

Fig 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 due 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 uA with the upper 

electrode positive and 6 pA with it negative. At a smaller 

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 fluw of air against the flame. 

However, the current was not greatly affected by such an air 

flow, as shown by the following results: 

f, ml min 1 53 83 117 160 189 254 

!no air flow from disci20.2 23.9 is/f, 	 , 
.. 	- 

-1 	
, 	

- 	28.0 1.1.A l 	miniair flow from disc 

32.0 

28.2 

30.6 

33.1 

25.9 

25.4 

31.5 

45.4 

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 

was made the anode, since it has been shown that the 

saturation current is then less dependent on the electrode 

separation. 	The following results were obtained: 



p, mm Hg 

f, ml min 

is, 11A 

x10-2  ' 

mm Hg 

1', ml min 1 

1 s 
, i 	, 11.A 	1 1  

+ 
1   
p.is/f x10 

- 2  1 

-1  

210. 

136 216 231 264 270 324 387 388 399 422 434 

135 132 133 65 60 130 58 59 67 140 61 

25 15 18 6.1 4.9 12 4.5 4.4 5.4 8.0 3.4 

255 245 310 248 220 301 293 291 323 238 242 

516528 556 558 562 611 611 615 617 618' 

131 130 63 139 62 130 226 106 133 65 

7.2 5.6 3.8 5.9 3.1 3.2 !  6.0 10 6.3 6.1 
. 

_ ; 
265 227 336 234 281 282 273 366 283 300 

It will be seen that p.is/f is approximately 

constant from 140 to 620 mm Hg. 	Its value is 27770 + 120 in 
- mm Hg 	1 1 min. This result shows that the saturation 

current is inversely proportional to the pressure. 

The following results were obtained with a methane/ 

oxygen flame using the arrangement shown in Fig XI(2). The 

electrode separation was 17 mm and the upper electrode was 

positive. 

p, mm Hg ' 	108 161 186 236 315 404 547 614 770 

f, ml min-1  ; 	350 350 350 350 350 340 320 310 330 
. 

'10.8 9.8 6.9 5.3 4.0 3.3 1.6 1.45 1.3 S 

p.is/f 3320 4490 3660 3690 3650 3950 2740 2820 3030 

, 
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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-1  

i0 in CH4 	; 0 14.7 32.8 45.0 55.2 63.2 62.4 74.4 78.1 81.61 
' 1 

-.4 
'cl,N.,,
' 
 in stoichio 0 5.4 14.0 21.4 29.1 

' 1-metric mixture 

PI 	1.3 1.55 

1d /
,
f(CH )9 

1L  5.3 3.9 	4.5 5.8 7.1 
41/miri s  

1.8 2.3 2.3 

36.4 

3.5 

8.8 

41.9 

4.4 

11.4 

49.2 

6.1 

15.8 

54.3 

7.5 

19.9 

59.61 
! 

9.11 

21.91 
1 

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

C.249 1 min 1 of methane (before addition of nitrogen). 

'102  in methane 	0 

in stoichio 	0  
!-metric mixture 

1 

is, 11.A. 	116.5 

/f(CH4) 	min 66 

42.0 58.5 74.'0 82.8 07.3 

19.4 31.9 48.7 61.6 69.6 

16.1 22 31.7 35 25.7 

65 88 127 140 103 



102 in fuel 

102  in stoichio-
metric mixture 

45.5 

136.2 

is, 1 	10.07 

1 
iis/f(0114), 1  2111 	1.2 
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iii) (H2  + CH4)/02  flame on porous disc. 

Hydrogen flow 0.975 1 min-1, methane flow 57 ml min-1  

The background current with no methane was small 

(about 0.03 12A) and has been allowed for. 
-• ̂  

65.0 70.6 73.9 74.6 76 77 

52.3 59.0 62.9 63.9 65.5 66.5 

0.43 0.81 1.1 1.4 1.5 1.56! 

7.4 14.5 19.3 24.6 26.8 27.81 

Note: stoichiomotric methane/air contains 71.4% nitrogen; 

stoichiometric hydrogen/air contains 55.3% nitrogen. 

Some results for hydrocarbon/air flames with nitrogen added 

are given in section 11.6.4. 

11.6.2. Hydrogen. 

Hydrogen added to hydrocarbon diffusion flames was 

found Co reduce is. 	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-1. 

flow of H2, 1 min
-1 	0 0.39 0.81 1.52 

c'll2 	I i 	0 75.3 86.3 92.2 /°  
! 	 , 
! is 2  ilk 	 1 7.0 	2,0 1,2 0„8 

 
io=i without CH4' }A! 	- 	0,1 0„2 0,4 i , 0  
iis - io, uA 	j 7.0 	1,9 1„0 0,4 1  1 
is  /f 

	pA/1 min 1! 55 	15 708 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-1. With no methane a saturation current of 0.3 FA 

was obtained, which was probably due to impurities from the 

air. 

-1
_-__-__' 

 40 f(CH4)' ml min 

i ' = i - 0.3 uA 	12.3 

i t/f (CH ) 	11-11 	1 57 _J9 	4. 	.3.,,emin . 

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

batswing burner gave the following results: 

78 130 250 450 840; 
j 

4.2 7.4 12.7 19.7 29.71 

54 58 51 44 361 

Flow of CO, 1 min-1 1  0 0.16 1 
!-I 

 
i0=is  without CH4, F 

7
A 1 - 0.0 

, 
1 

14 (with 128m1/min CH s 	- 5.2 

Ii (with(with 835m1/min CH ); 4 .24.2 24.6 i 

0.38 0.74 1.3 2.2 3.4 

0.1 0.1 0.15 0.25 0.31/  

6.1 6.1 _. 6.9 7.4 

25.7 25.7 26.6 27.6 

iii) Addition of CO to propane/air diffusion flames on a 

batswing burner gave: 

Flow of CO, 1 min 	' 0 	0.16 1 

0.0 

0 PA 

0.33 1.3 2.2 3.4 

0.1 0.15 0.25 0.31 

19.2 16.1 16.7 18.3 

o =i s without C-H-, uA ; 

s (with 61 ml min 	C3H)125 20.0 
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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 currents 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-1  
_.. _ 

N 	- . ilacw of 2' 1 min 1 ( 0 0.38 0.71 
1 ! 	t 

i 	, 14.7 13.3 12.0, 
s' 

i with 0.29 1 min-1  of CO2  = 11.9 11.A. 

Estimated value of is with 0.29 1 min
-1  of N2 = 13.7 uA. 

ii) Propane/air diffusion flame on batswing burner: 

is = 57 pA with 0.42 1 min-1  of propane. 

is = 46 11.A with 0.33 1 min-1  of CO, or 0.65 1 min-1  of N2 CO2 
added. 

iii) Hydrogen plus propane/air diffusion flame on batswing 

burner: 
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;Flow of CO2' 1 min 

i.  as' 

Est. is at equal flow of N2  
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1.51 1 min
-1 of hydrogen, 61 ml min-1 of propane. 

'Flow of N2,  1 min-1 	0 
1 	•  

11.6.5. Bromine. 

0.7 1.2 

3.0 4.0 

1 1 0.4 1.4 2.1. 
. 	1 

I 
1 2.7 4.0 4.6! 
I 
1 2.6 4.5 - 	' 

Flames were burnt on a circular matrix burner 

illustrated below: 

ri  

It was found that the shape and appearance of the 

flames were little altered by the addition of bromine. 

1) Methane/air flames: 

---------- 

no bromine added: 

i f, 1 min 	1 
i 	1 

li , p..A 	1 , 
-4- 

1-s/ft 'FA 	
'-'1. ' 1 min 1 

.1_ 

0.25 

3.6 

14.2 

0.37 

6.3 

17.3 

0.47 

8.5 

18.1 

0.64 

12.5 

19.7 

0.69 

13.9 

20.2 

0.84! 

17.5; 1 
_I 

I 
20.8! 



Flow of CH4  f,1 min-1;0.25 0.34 

is, pA 	3.5 4.9 

t /f uP 1 min 1 y14.3 
S 

0.70 1 min-1  of methane: 

-1; iFlow of CH4  f,1 min :0.71 0.70   , 

I
% Br2 	i 	0 2.1 

1  	i 
r: 	...- 

I  
I... 

1 1 	f Lill- 	 ;14.7 12.5 s 	i 

i i. / sif, IIA 1
-1 
 min 	;20.7 17.9 

0.38 1 min-1  of methane: 

i% Br2 	0 0.8 
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Methane plus 21% bromine: 

is, pA 	6.3 6.2 

is/f, pA 1-1  min 	17.3 16.3 

ii) Fropane/air flames: 

0.46 0.57 0.69 0.80 0.91i 

7.5 9.8 12.9 14.0 18.5f 

i6.4 17.4 18.8 17.6 20.4 1  
r 

0.69 0.66 0.691 

3.7 11 21 

12.0 12.5 12.7 

17.5 18.9 18.5: 

1.9 4.5 7.3 10 21 

6.0 5.9 5.5 5.3 5.3 

15.8 15.6 15.0 14,3 14.0 

Heavy sooting occurred. 

No  bromine added: 

Tlow of 03 ' y H, f 1 min 
; 
is 

PA 

s/(3f), p&, 1-1  • min 

0.08 0.15 0.26 

3.6 	11 	22 

15.0 24.4 28.2 
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Propane plus 22% bromine: 

Plow of C3H8, .f,__1 min 

i , FA 

0.08 

4.0 

0.15 

9.9 

0.26 

23 

iiis/(3f) , FA 1 min : 16.5 22.0 29.4 

Propane flow, f, 0.263 1 min 1: 

Br2 0 3.0 8.2 22 

I.  ° 
• 

lis/(3f), FA 1-1  min 28.3* 

33 

41.9 

34 

43.1 

25 

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 Metals. 

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 makes it easier to measure the amount of 

chemiionization. Also it is easier to introduce alkali 

metals into these flames. The flames wore burnt between two 

horizontal porous:discs. A lean 00/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/air flame. 
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Alkali metals were introduced into the flame by placing a 

little of a salt of the metal on the lower disc. 	Some was 

volatilized by the premixed flame on the lower disc and 

carried into the diffusion flame, as shown by the colburation 

of the latter, The fuel emerging from the upper disc was 

hydrogen or carbon monoxide to which a small amount of 

hydrocarbon could 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-1. 

Additive is, microamps. 

propane 14.1 9.5 17.0 13.9 20.8 - 

methane - - - - 5.7 

borax 12.8 17.0 14.8 - VEIN 15.1 

K2CO3 

hydrocarbon 
plus alkali 

- 

30.7 

- 

27.0 

- 

32.2 

16 

32 

16 

34 23.9' 

ii) • Carbon monoxide + hydrocarbon (or hydrogen)/carbon 

monoxide + air. 

'Additive 

methane 

borax 

both 

ls' 
microamps. 

5.8 ; 21.1 

26 	26 

26.5 1 37.3 

Flow of CO frami 

upper disc. 

1.51 1 min-1 

 



is, 	i 

microanipsi._ 
Flow of CO from 

23.2 1.51 1 min-1  

25.5 

6.6 

11.1 0.84 1 min 

8.4 

8.5 

10.5 

i Additive 

borax 

!borax + 30 ml min-1  CH
4 

• -1 ;borax + 200 ml min CH
4  

1 1200 ml min CH
4 

,borax 

borax + 0.41 1 min 1  H2 

Borax + 0.85 1 min▪ -1  H2 
borax i 
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11.7 Ionization Due to Pyrolysis. 

Methane was passed into the hot products of a rich 

premixed hydrogen/air flame on a porous disc burner. 	In 

one case the methane was passed through the upper electrode 

into the flame products. 	In the other it was injected 

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 above the flame. 

The current obtained was very low (0.02 12A) • 	The current due 

to the methane burning in the surrounding air was 5.1 pA. 



220. 

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 and the current, ip, to the probe measured. 

A current of 0.1 to 0.2 .1.1A was obtained, depending on the 

height of the needle. 	The methane injected produced a 

faint blue colouration. The current given by combustion of 

the methane was 7 to 9 pA in air and 5 111 in oxygen. 

The results show that the saturation current due 

to pyrolysis of methane was less than V of that given when 

the fuel burns in air. 

11.8. Reversed Diffusion Flame. 

1 The injection of 0.52 1 min of oxygen into excess 

methane gave a saturation current to a probe above of 11 p.L. 

This oxygen flow is equivalent to the combustion of 0.26 

1 min 1 of methane, giving is/f(CH4) = 42.3. 	The excess 

methane burnt in the surrounding air. The saturation 

current was 51 11.1.L without and 45 	with oxygen injection. 

For a higher methane flow rate the saturation current was 

80 11A without and 70 1,11 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 a batswing burner. 

Measurements were also taken with methane flames on a 

variety of different burners to investigate 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 ne/no  although there 

is some small variation between different burners and 

different hydrocarbons. 

Measurements were taken to find the effect of 

various additives: nitrogen, hydrogen, carbon monoxide, 

carbon dioxide, bromine, and alkali metals. 	The greatest 

effect was given by hydrogen, which reduced the saturation 

current by a factor of ti4enty. 	The ionization duo to alkali 

metals 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 flames was 

lower, in most cases, than for flames in air. 	However, it 

varied markedly with the flow conditions and type of burner. 



222. 

The effect of injecting hydrocarbon into the hot products 

of a rich premixed flame was also investigated and found to 

be negligible. 

The effect of pressure on the saturation currents 

of methane 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 discussed further in 

chapter XIII. 

Table XI(1). 

Saturation currents of methane/air diffusion flames. 

Burner 

type 

.Bat swing 

f, 

1 min 

0.265 

0.51 

0.96 

1.72 

2.40 

3.14 

4.0 

is' 
	

is/f' 

1-111 
	12A 1-1 min 

11 
	

41.5 

20 
	

39 

34.7 
	

36 

51 
	

29.5 

67 
	

28 

81 	26 

100 	25 

f/A 

1 min-1 m- 

240 

210 

140 

210 

240 

260 

260 

A, 

cm2  

11 

24 

68 

81 

99 

119 

153 



	

2.0 
	

290 

	

4.8 
	

270 

	

10.8 
	

230 

	

20.3 
	

220 

	

32.5 
	

200 

	

41.5 
	

220 

55 	i 	250 

223, 

f/A i i 	1 t 
1 min -1 -1 2 

f, 

1 min-1  

i3 mm id 	0.058 

nozzle  

s
/f, 	A, 

pA 1-1  min 	cm 2 

53.5 	2.5 

50 	6.3 

49.5 	12.5 

44 
	

23.2 

40 
	

41 

37 
	

60 

34,5 

33 

32.5 

32 

29.5 

34.5 

33.5 

35.5 

35.5 
32 

32 

37.5 

30 

38 

36 

44 

34 

39 

40 

s' 
pA 

3.1 

6.4 

12.3 

20 

26 

34 

33 

45 

56 

(95) 

0.5 

2.0 

4.3 
8,8 

16 

21 
29,3 

36 

41 

54 

62 

91 

100 

130 

215 

Burner 

type 

8 ME1 id 

nozzle 

0.128 

0.25 

0.45 

0.65 

0.92 

0.96 

1.37 

1.72 

3.0 

0.017 

0.058 

0,128 

0,25 

0.45 

0.65 

0.92 

0,96 

1137 

1.43 

1,72 

2,20 

2.92 

3.3 

5.4 

230 

200 

200 

160 

160 

150 



Table XI(1) continued, 224. 

Burner f, is, 	• 	/f, 	A, i f/A, 	i  

type 1 min-1  uA 	1-1  min 	cm2 1 min 	m-2  
... 

31 mm id 0.265 5.4 	20.5 

;nozzle 075.1 13,8 	27 44 120 

0796 28 	29 107 90 

1772 47 27.5 151 110 

2.40 66 27.5 170 140 

3.14 88 28.  189 170 

1 4.0 118 	29.5 214 190 
1 

;Porous 0.202 4.7 	23 

!disc 0.272 5.4 	20 
1 

0.355 772 20 

0.425 9.5 22.5 

0.52 11.6 22.5 

iJet of 0.050 2.9 50 1 

;fuel 0.128 4.2 33. 

;against 0.25 5.3 21.5 	12.3 200 

;:horizontal 0.45 9.6 21. 	28 160 

"plate 0.65 12.2 18.5 49 130 

0.92 17.0 	18.5 75 120 

1.37 24.8 	18 138 100 
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Table XI(2) 

Saturation currents of hydrocarbon diffusion flames in air 

Ethane 

Flow, f, 1 min 1  

on batswing burner. 

0.093 	0.15 	0.20 0.49 0.65 0.84 

'is, pA 1 1 8 15 24 34 50 67.5 

1 min ! 43 50 43 35 38 40 

Propane 
, • 

Flow, f p  1 min-1 1 ;  0.061 0.14 0.26 0.42 0.55 0.69 	0.92  

j3,  pA ; 12.5 22 34 52.5 71.5 88.5 	118 

a /(3f), FA 1 min 68 52 44 43 44 43 	43 

Ethylene 

'Flow, f 	1 min 0.078 0.14 0.26 0.33 0.64 0.95. 
• 

11s, 

/(2f), uA 1-1  min 

! 

' 

6.0 

38.5 

12.5 

45 

25 

48.5 

27.5 

41.5 

50 

39 

111 

50 

Acetylene 

Heavy sooting and the build-up of carbon tended to occur. 

Flow, f, 1 min 

is, pA 

is/(2f),..11.A. 1-f 
 min : 

10 

64 

0.15 

19 

63 

0.47'  0.26 

42 

81 

72 

77 

Results for methane are given in Table XI(1). 
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Methane flow, f, 	I min-1  

FIG. X1(4) • CH4/al r COUNTE R- FLOW 

DIFFUSION FLAME 
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PART IV.  DISCUSSION.  

CHAPTER TWELVE. 

PREMIXED FLAMES. 

Experimental results for the saturation current 

densities of premixed flames are given in Oh X. 	These 

results can be employed for practical purposes where it is 

necessary to know the maximum current which can be drawn 

per unit area of hydrocarbon flames. The results will 

now be considered and discussed from a number of points 

of view. 

12.1 Comparison of Hydrocarbon Flames. 

The results show that the saturation currents of 

hydrocarbon flames with air and with oxygen fall on a 

series of well defined curves. For a given composition, 

the saturation current density, js, is determined by the 

final flame temperature, Tf. The saturation current 

density increases rapidly as temperature increases, the 

rryte of increase of js  being of the order of 200 per 100 

K. For a given value of Tf, the saturation current 

density varies comparatively little with stoichiometric 

ratio, 0, for lean flames; when 0 is increased by 

increasing the initial fuel concentration, js  reaches a 

maximum at about = J and than decreases sharply for rich 
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mixtures. The number of ion pairs produced per carbon 

atom increases with 0 for lean hydrocarbon/air flames by a 

larger factor than js  does, as is shown by the results for 

ethane/air at 1675°K and ethylene/air at 1569°K. The 

increase of js  with 0 for lean air flames being 

comparatively small appears to be largely due to the fall 

in the fuel throughput required to keep the temperature 

constant as the mixture strength increases. 	The scatter 

of the results on the graphs indicates that the average 

random error of the results is about 10%. This 

corresponds to a temperature change of about 10 K. The 

results obtained for loan hydrocarbon/air flames are in 

reasonable agreement with those of Lawton (1963). 

The results show that for flames with the same 

stoichiomotric ratio and final flame temperature, propane 

and ethane/air gave similar saturation current densities. 

Ethylene/air gave values higher by a factor of the order of 

1.5. Methane/air gave values lower by a factor of the 

order of three. 

Propane/oxygen and ethylene/oxygen gave similar 

saturation current densities. Ethane/oxygen gave values 

about 40% lower. Methane/oxygen gave values lower by a 

factor of the order of five. 

Lean mothalle, ethylene e  and ethane/air flames gave 
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saturation current densities of the order of 20 to 25 times 

those given by flames with the same initial fuel 

concentration and final flame temperature but with oxygen 

instead of air. Lean propane/air gave values of the order 

of 15 times those for the corresponding propane/oxygen 

flames. These factors were a little lower at higher final 

flame temperatures. 

The results for methane show that stoichiometric 

flames with air gave higher saturation current densities 

(by a factor of about four) than stoichiometric flames with 

oxygen with the same final flame temperatures. 

The burning velocities of hydrocarbon/air flames 

are lower than those of oxygen flames with the same initial 

fuel concentration and final flame temperature. Table 

X(4) shows that for stoichiometric methane/air it is about 

half as great. The number of ion pairs produced per carbon 

atom in the fuel is therefore greater in air flames by a 

factor of the order of up to fifty. 

12.2. Hydrogen and Carbon Monoxide Flames. 

Saturation currents of flames of hydrogen and 

carbon monoxide with air and with oxygen are shown in Table 

X(3). The saturation current densities are equivalent to 

about 0.21 nA m 2  at 2000°K or 0.013 mA m-2  at 1667°K. 

The saturation current densities of hydrocarbon/air flames 
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at 2000°K are of the order of 150 riA m-2. 	Those of the 

hydrocarbon/oxygen flames taken were from 0.2 mA m-2 at 

1667°K. 	These results confirm that the saturation currents 

of flames of hydrogen and carbon monoxide are much lower 

than those of hydrocarbon flames. That flames containing 

hydrogen and carbon monoxide together give low ionization 

indicates that the ionization in hydrocarbon flames occurs 

during or as a result of the breakdown and oxidation of the 

hydrocarbon to CO. The low saturation currents obtained 

with hydrogen and carbon monoxide flames confirm that the 

ionization due to impurities is too small to affect the 

measurements on hydrocarbon flames. The saturation current 

given by hydrogen flames is equivalent to 7 ppm of propane, 

since eo of propane in hydrogen/air at 1667°K gives 9 mA m 

(Lawton & Weinberg, 1964). 

12.3 Effect of Additives. 

12.3.1. Addition.of Nitrogen, Carbon Dioxide, Carbon 

Monoxide. 

The observation that saturation current densities 

of hydrocarbon/air flames are of the order of twenty times 

those of oxygen flames with the same initial fuel 

concentration and final flame temperatures indicates that 

excess oxygen can decrease rates of chomiionization. 

Dilution with large amounts of other inert additives would be 

expected to have an effect similar to that of nitrogen. 

-2 
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Pigs. X(14)to (16) show the effect of small 

additions of nitrogen, carbon dioxide, and carbon monoxide 

to a premixed ethylene/oxygen flame. Small amounts of 

nitrogen and carbon dioxide (5 to 30%) gave a moderate 

increase (up to 500) in js  compared with the flame at the 

same stoichiometric ratio and final flame temperature 

without additive. The addition of 5 to 22% of carbon 

monoxide increased ne/nc by 20 to 400. 

The saturation current densities of ethylene/air 

flames diluted with nitrogen were approximately equni to 

those of the undiluted flames with the same final flame 

temperature and stoichiometric ratio. On the other hand, 

carbon dioxide added to hydrocarbon/air flames in 

concentrations of up to 150 decreased the saturation current 

density although it increased the final flame temperature. 

The saturation current densities with CO2 added were about 

400 less than for flames with the same final flame 

temperature and stoichiometric ratio and without CO2  added. 

Carbon dioxide thus appears to have an appreciable chemical 

effect inhibiting ionization in hydrocarbon/air flames. 

The results for carbon dioxide added to carbon monoxide and 

hydrogen/air flames containing small amounts of methane 

indicate that carbon dioxide has an inhibiting effect on the 

ionization in the former but that it increases the amount of 

ionization in the latter. This effect nay be due to 
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inhibition of the oxidation of hydrocarbons by CO2  (see 

Rutherford & Fells, 1966), thereby giving more opportunity 

for ionization to occur. 

Since the products of hydrogen flames do not 

contain 002  it is to be expected that any effect of carbon 

dioxide addition on these flames would be particularly 

marked. 

12.3.2. Addition of Hydrogen. 

The effect of hydrogen addition to hydrocarbon/ 

oxygen flames is illustrated by the results given in Table 

X(2) and Fig X(17). 	Flames of C2H4/02  and 63118/H2/02  

(which contained up to 30% of H2) gave similar saturation 

current densities as flames without hydrogen but with the 

same stoichionetric ratio (including H2  as fuel) and final 

flame temperature, provided the flames were quiet and 

stable. Hydrogen addition increased the saturation current 

density of CH4/02  and, to a lesser extent, C2H6/02. 	This 

increase appears to be due to the fact that these flames are 

relatively poor ion sources, so that the addition of H2  can 

give flames in which more of the hydrocarbon ionizes. 

12.3.3. Addition of Bromine. 

The results for the addition of bromine to premixed 

air flames 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. Small 

additions of bromine gave a small increase in jo  and 

larger additions (up to about i%) a net decrease. The 

effect of bromine is further discussed in section 12.8. 

12.3.4. Addition of Metallic Salts. 

The ionization of metallic additives downstream 

of flames is greater in the presence of hydrocarbons. The 

concentrations of the ions of many metals, including lead, 

have been found to reach several times the equilibrium 

value (Sugden & Knwestubb, 1956). Alkali metals have been 

found to ionize more rapidly in the presence of hydro— 

carbons (Hayhurst & Sugden, 1966). 	It has been suggested 

that these effects are due to charge transfer (Padley & 

Sugden, 1962). 	In -ne present investigation into the 

addition of sodium and lead salts to a carbon monoxide/air 

flame containing a small proportion of ethylene the results 

show that the saturation current is approximately equal to 

the sum of that due to the metal and that due to the 

hydrocarbon. This indicates that no appreciable chemi—

ionization of these metals occurs as a result of the 

addition of hydrocarbon to premixed flames and that the 

high ion concentrations observed must be caused by changes 

in recombination rates due to charge transfer processes, 

such as 
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Pb + H0+ = H2O + H + Pb
+ 

the atomic ion resulting in greatly reduced rates of 

recombination downstream of the reaction zone. The present 

results also show that the addition of sodium and lead do 

not affect the saturation current due to the hydrocarbon. 

Lead was added in the presence of sodium so that 

the presence of the lead in the flame could be readily 

detected from the current given by the sodium. The 

saturation current due to the lead and sodium together was 

0.7 ILA, most of which must have been due to the sodium since 

sodium ionizes more readily (Sugden & Knewstubb, 1956). 

Less than half the sodium was ionized, so that the saturation 

current if all the sodium had been ionized would have been 

greater than 1.4 1211. 	The greatest saturation current 

obtained was 14 11A. 	The number of sodium ,atons was 

therefore greater than one tenth of the number of ions. 

The molar concentration of the lead salt was ten times that 

of the sodium (see Oh IX). 	The number of lead atoms was 

therefore greater than the maximum number of ions. The 

saturation currents of seeded flames with hydrocarbon were 

3 to 14 11A. Any additional current due to chemiionization 

of the lead must have been lease than about 0.3 uA, which is 

2% of the maximum current, and therefore less than 0.02 

ion pairs per lead atom. 
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Petrol contains about 0.1% of lead of 7 x 10-5  

lead atoms per carbon atom (Richardson et al, 1963), The 

production of 0.02 ion pairs per lead atop as a result of 

chemiionization would give 1.4 x 10 6  ion pairs per carbon 

atom. 	It is shown below that adiabatic stoichiometric 

hydrocarbon/air flames give about 7 x 10-6  ion pairs per 

carbon atom. The addition that can be given by chemi-

ionization of the lead therefore appears to be small, which 

suggests that the action of lead as an antiknock does not 

result from its influence on the number of ions produced. 

12.4. Noisy Flames. 

Some hydrocarbon/oxygen flames were noisy. Propane 

gave this effect most easily. The phenomenon was observed 

also by Yumlu (1959) and is probably due to the flame 

vibrating. 	If the flame moves closer to the disc the hest 

loss increases, which reduces the flame temperature and 

the burning velocity, causing the flame to be carried 

downstream away from the disc. The flame temperature then 

begins to rise again and the burning velocity increases. 

It is thus possible for the flame to oscillate about its 

mean position. 

The addition of hydrogen to noisy flames made them 

quiet, which was found to reduce the saturation current 

although the measured final flame temperatures were not 
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reduced. The higher saturation currents from noisy flames 

appears to be due to the periodic variation of the 

temperature, which makes the saturation current higher than 

that corresponding to the mean temperature because the 

saturation current does not vary linearly with Tf. 

12.5. Effect of Final Flame Temperature. 

Like most chemical reactions, ionization in flames 

has a global activation energy (Lawton & Weinberg, 1964). 

The saturation current density is given by an Arrhenius 

equation of the form js  = KTifi  exp (-Ea/RTf) where K, n are 

constants. 	This equation gives d(ln js)/d(1/T) = -Ea/k - 

nT, which is approximately equal to -Ea/k. Figs. X(1) to 

(12) show log js  versus 104/Tf  °K for hydrocarbon/air and 

hydrocarbon/oxygen flames. These graphs are mostly 

straight lines, which confirms the above relationship and 

that n is snail. 	In the case of some oxygen flames it was 

necessary to take mixtures containing hyOrogen in order to 

obtain straight lines. The fact that straight graphs were 

obtained over large ranges of T.f, shows that the saturation 

current density was not much affected by quenching of active 

species on the porous disc 

12.5.1. Effective Activation Energies. 

A 
Values of glog js)/d(10'71./Tf) are given in Ch X. 
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The average values of the activation energy from 

the above results, excluding rich flames of stoichiometric 

ratio above 1.1, are: 

Ea = 210 kJ mol
-1  (50 kcal mol-1) for hydrocarbon/air, 

Ea = 294 kJ viol-1 (70 kcal mol
-1) for hydrocarbon/hydrogen 

oxygen. 

Lawton & Weinberg (1964) obtained an average value 

for hydrocarbon/air of 205 kJ moll. Thus the average 

value of Ea for hydrocarbon/air flames is in good agreement 

with that of Lawton & Weinberg an the values obtained by 

other workers (Van Tiggelen, 1963; Calcote, 1963a). 

Rich flares gave higher values of Ea. It appears 

that the measured saturation current density varied more 

rapidly with final flame temperature for rich flames 

because at low temperatures some of the ionizable 

constituents (unburnt or partially burnt fuel) escaped 

whereas at higher temperatures they did not. 	The fact 

that ionizable constituents passed through the flame was 

shown by the occurrence of ionization in the secondary flame 

with the surrounding air. 	This ionization in the secondary 

flame increased the total current but not the probe current, 

so that the ratio of the total current to the probe current 

was greater at lower values of Tf  than the ratio of the 

flame area to the effective probe area, as shown by the 

results for methane/air at 0 = 1.30 and propane/air at 0 
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= 1.27. 	The products of moderately rich hydrocarbon flames 

are usually 002, CO, and H20, which should not give further 

ionization. 	The results show that, at low temperature, 

equilibrium is not attained in the primary flame. 

12.5.2. Alternative Methods of Calculating the Activation 

Energy. 

The activation energies given above are calculted 

from the saturation current density. An activation energy 

could be obtained for the variation of the ionization 

efficiency, ne/nc, with final flame temperature. 	The 

variation of the burning velocity, Su, with the final flame 

temperature (Kaskan, 1957) is about half the variation of 

the saturation current density, js. At constant 

composition no/ne  is proportional to js/Su. 	The variation 

of ne/nc with temperature is therefore about half that of 

js  andthe activation energy for ne/nc  about half that 

calculated from js, giving a value in good agreement with 

those obtained by Hand & Kistiakowsky (1962) in shock tube 

studies and by Peters & Van Tiggelen (196B), 

The rate of ionization per unit volume is equal to 

the saturation current density divided by the thickness of 

the ionization zone. 	Van Tiggelen (1963) has calculated 

activation energies for the ionization reaction taking into 

account changes in a "flame thickness" based on the theory 
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of flame propagation. 

The variation of the reaction zone thickness can be 

estimated by assuming that the temperature gradient, dT/dx, 

is constant. 	The flame thickness is then proportional to 

(dT/dx)-1. 	Par lean flames, the rate of heat release in 

the reaction zone is GcfH per unit area where G is the mass 

flux density, cf  the initial fuel concentration, and H is 

the calorific value of the fuel. 	If all the reaction 

occurs near Tf then the temperature at the beginning of the 

reaction zone is approximately equal to Tf. 	Since gas 

then enters and leaves the reaction zone at approximately 

the same temperature there is little net heat loss from 

the reaction zone by convection and most of the heat loss 

must be by conduction. The heat flux density due to 

conduction is equal to -k dT/dx, giving 

k dT/dx = GefH. 

Therefore flame thickness 	(dT/dx)-1  

oc (Gef)1 	
-1 

(fuel flow rate per unit area) 

Su
-1  at constant composition. 

Thus simple thermal flame theory gives the flame 

thickness to be inversely proportional to the fuel flow 

rate, and, at constant composition, to the burning 

velocity. Flame theory based on the diffusion of radicals 

(Gaydon & Wolfhard, 1949) also gives the reaction zone 



243. 

thickness to be approximately inversely proportional to 

the burning velocity. 	If the burning velocity increases 

with temperature at half the rate the saturation current 

density does, then the effective activation energy of the 

rate of ionization per unit volume is 1.5 times that of the 

saturation current density. 

The reaction zone thickness of flames is difficult 

to estimate and the distance over which ionization occurs 

is not necessarily equal to the reaction zone thickness 

(see Ch III). 	It is therefore easier and more reliable to 

take activation energies calculated from the saturation 

current density since the latter quantity can be measured 

directly. 

The activation energy calculated from the 

saturation current density is not necessarily more 

fundamental than that calculated from the ionization 

efficiency or the ionization per unit volume. However, 

the saturation current density is the quantity required for 

many practical purposes and it can be measured directly and 

easily. For this reason activation energies calculated 

from js  are given. 

12.6. Maximum Saturation Current Densities and Ionization 
Efficiencies. 

Saturation current densities and ionization 
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efficiencies increase with final flame temperature and are 

also a maximum for near stoichiometric flames. The 

maximum value of these quantities must therefore be given 

by near stoichiometric adiabatic flames. Estimated 

maximum values of the saturation current densities and 

ionization efficiencies, calculated from the data given, 

are presented in the following table. The values at a 

single temperature (2069°K) are also given for the purpose 

of comparison. 
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*, calculated taking the average values of Ea  (210 kJ mol-1 

for air flames, 294 kJ mol-1 for oxygen flames, 239 kJ mol
-1 

for hydrogen/air flames containing hydrocarbon). ** t 

calculated taking the observed values of Ea given in the 

first part of the table. 

Tad represents the final flame temperature and Su 

the corresponding burning velocity. The saturation current 

density for the hydrogen/propane/air flame is taken from 

Lawton & Weinberg (1964). For methane/oxygen and hydrogen/ 

air the calculated adiabatic final flame temperature for 

the stoichiometric mixtures have been taken from Gaydon & 

Wolfhard (1960) and the burning velocities from Lewis & von 

Elbe (1961). For hydrocarbon/air flames the values for the 

mixtures of maximum burning velocity are taken. The values 

of S and the initial fuel concentration are from Perry 

(1963) and those for Tad from Gerstein et al (1951). 

The estimates of js and nG  /nC  for adiabatic flames 

are approximate since a comparatively large error would 

result from a small error in the value of En  taken. The 

estimates were obtained by taking average activation energies 

or those observed for each mixture. The variation of js  

with 0 at constant Tf was ignored. The two sets of values 
obtained differ by factors between 1.3 and 1.8, the correct 

values probably lying between the two estimates. 
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As shown in Oh VIII, the saturation current 

densities required to obtain maximum practical effects are 

of the order of 0.25 to 2.5 A m-2. 	The above estimates of 

the maximum saturation current densities of hydrocarbon 

flames show that it is possible to obtain saturation current 

densities of this magnitude. 	In most cases, however, the 

saturation current densities are much lower than 2.5 A m-2, 

when the maximum current density which can be drawn, and 

the maximum practical effect obtainable where this depends 

on the current density, becomes limited by the flame 

saturation current. 

In cases where the flame saturation current is too 

low, it can be increased by making the flame turbulent, 

which increases its surface area, or by seeding. 

Additional ionization can be produced also by ionizing 

radiation (Langevin, 1903), electrical discharges 

(Schuster, 1887), or by the use of lasers. 

12.7. Temperature At Which Ionization Occurs. 

The combustion of hydrocarbons appears to occur in 

two stages (see Ch VII): oxidation to CO -nd H2O followed 

by the oxidation of the CO to CO2. 	These two stages tend 

to occur successively (Westenberg & Fristrom, 1961). 	It is 

of interest to know at which stage in the combustion 

reaction the ionization occurs. 
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It is not to be expected that the ionization occurs 

in the preheat zone since the rate of ionization is much 

lower at low temperatures. Hydrogen added to hydrocarbon/ 

oxygen flames probably burns early in the flame, which 

would alter the temperature distribution in the preheat zone. 

The saturation current density was unaltered in most cases, 

which suggests that the ionization does not occur in the 

preheat zone. 	Shock tube studies (Gardiner, 1961) show 

that chemiluminescence, which appears to be associated with 

chemiionization (see section 12.10.2), does not occur 

before ignition. 

It is thought that ionization in flames results 

from reactions involving radicals. The maximum rate of 

radical production in flames occurs during the oxidation to 

CO and H2O (Fristrom & Westenberg, 1965). Fewer radicals 

are produced during the oxidation of the CO. 	Moreover, 

the combustion of CO does not normally give ionization. 

Thus, it might be expected that the ionization would occur 

during the oxidation of the fuel to CO and H20. 

The rate of any reaction occurring during the 

oxidation to CO and H2O should be a function of the 

temperature at which that stage is completed, T00, and not 

of the final flame temperature (Chase & Weinberg, 1963). 

If the reaction occurs throughout the reaction zone a moan 

temperature should be taken (Van Tiggelen, 1963). However, 
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it appears that most of the ionization occurs near the final 

flame temperature. This hypothesis is supported by the 

following evidence. 
• 

12.7.1. Experimental Evidence. 

i) Flame traverses. 

Measurements of the variation of positive ion 

concentrations with position (Wortberg, 1965; Bradley & 

Matthews, 1967) show that the maximum concentration occurs 

near the final flame temperature. 

ii) Variation of js  with Tco  and Tf. 

Whether the ionization occurs at TCO  or Tf  can be 

investigated by varying these temperatures independently. 

TCO and Tf can be varied independently by altering the 

composition of the reactants, in particular by adding and 

subtracting CO and H2. The addition of CO increases the 

heat release between T00  and Tf  but not that up to T00. 

Hydrogen increases the heat release up to T00  but not that 

from T00  to Tf. It is simpler and more reliable to vary 

TCO while keeping Tf constant since the latter can be easily 

measured. Flames with equal values of Tf but different 

reactant compositions generally have different values of 

TCO' 

For a set of ethylene/oxygen flames containing up 

to 21.70 of CO the numbers of ion pairs produced per carbon 
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atom in the ethylene were 20 to 40% higher than those for 

flames of the same final temperature and stoichiometric 

ratio without CO. The change in Tbo  resulting from the 

addition of CO can be estimated by calculating the change 

in the heat release during the CO to CO2  stage and assuming 

that all the heat released by any mass of gas goes into 

raising the temperature of that mass of gas. The increase 

in the gas temperature from T00  to Tf  is then equal to the 

heat release divided by the thermal capacity. The heat 

release during the oxidation of flame gases is approximately 

31 J mol
-1 

 . 	These figures give the decrease in Tco  to 

have been up to 1300 K. Thus, although the addition of 

carbon monoxide increased ne/nc' the calculated value of 

TCO was greatly decreased. 

When hydrogen was added to hydrocarbon/oxygen 

flames the saturation current densities were similar to 

those of flames of the same temperature and stoichiometric 

ratio but without hydrogen. In a typical 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 was thus 2 x 0.0075 = 0.015, 

giving the increase in T00  to be about 140 K. The 

activation energies, with respect to Tco, of the saturation 

current densities of hydrocarbon/air fl'21tes are about 48 

J mol-1 (Lawton & Weinberg, 1964). 	Taking T00  to be 
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1000°K, an increase in TCO  of 140 K should increase the 

saturation current density by a factor of about two if js  

is a function of TCO' The average change in js  was much 

lees than this. 

The above results show that when hydrogen and 

carbon monoxide, particularly the latter, are added to 

hydrocarbon flames and Tf  kept constant the change in the 

rate of ionization is small and does not correspond to the 

calculated change in T00, which suggests that the rate of 

ionization depends on Tf  and not on T00, in which case the 

ionization must occur near Tf. 

In hydrogen flames containing snail concentrations 

of added hydrocarbon T00  and Tf  are nearly equal, so that 

the activation energies obtained taking Tf °r  TCO are the 

same. This activation energy is nearly equal to that 

calculated for hydrocarbon flames taking Tf  but much greater 

than that calculated taking Tco  (Lawton & Weinberg, 1964). 

It seems reasonable to assume that the activation energies 

in both typos of flame have similar values, suggesting once 

more that those calculated taking Tf  are correct and the 

ionization occurs near Tf. 

The results show that, fbr flames with equal final 

flame temperatures, the saturation current densities and 

ne/nc increase with increasing stoichionetric ratio to a 

maximum near 0 = 1, and then decrease. The heat release 
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and therefore the temperature rise from Tao  to Tf  is 

greatest for stoichiometric flames and T00  therefore least. 

The fact that the rate of ionization is greatest for 

stoichiometric flames would indicate again that it does not 

depend on T00. 

Until the combustion reaction nears completion 

there is excess oxygen available, even in rich flames. 	It 

is only near completion that rich and lean flames differ in 

nature. The fact that the rate of ionization is a maximum 

for near stoichiometric flames therefore suggests that the 

ionization occurs during the latter stages of the combustion. 

12.7.2. Discussion. 

It has been assumed that the temperature rise from 

TCO to Tf is equal to the heat release divided by the 

thermal capacity of the gas. This is true only if the two 

stages of the combustion are completely separate and no heat 

produced in the second stage is conducted upstream to the 

first. Measurements show that the temperature gradient 

does not become zero after the first stage before the 

second (Fristrom et al, 1953) and that the oxidation to CO 

and H2O and that to CO2 overlap (Westenberg & Fristrom, 1961). 

A typical hydrocarbon/oxygen flame contained 7.8% 

of ethylene, which gives 15.6% of CO. 	If the oxidation to 

H2O and CO and that of the CO were separate, the difference 
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between T00  and Tf  would be 1400 K. It has been found 

(Westenberg & Fristrom, 1961) that the average temperature 

at which the oxidation to CO and H2O occur is not more than 

about 250 K below the final flame temperature. Thus it is 

clear that (Tf  T00) cannot be equal to the heat released 

by the oxidation of the CO divided by the thermal capacity 

of the gas. The regions in which the oxidation to CO and 

H2O and that of CO to CO2  occur overlap. For many 

purposes the reaction zones of flames can be considered as 

well nixed homogeneous reactors (Van Tiggelen & Feugier, 

1965). 

It has been shown that the ionization in flames 

occurs near the final flame temperature. 	It does not 

necessarily occur as a result of the last step, ie. the 

oxidation of CO, which does not normally give ionization. 

Since the rate of ionization would tend to occur near Tf 
even if the reactants producing ionization are species 

occurring in larger concentrations earlier in the flame. 

That ionizable components can survive into the burnt gases 

is shown by the fact that some ionization occurs downstream 

of flames, as described in Oh VIII, and that the combustion 

of the products of rich flames in the surrounding air can 

give further ionization, as discussed in Section 12.5.1. 

Since all the steps of the combustion occur throughout the 

reaction zone to some extent it is possible for the 
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ionization to be given by one of the initial oxidation 

reactiosn occurring towards the end of the reaction zone 

at a temperature near the final flame temperature. 

To investigate the mechanisn of ionization in flames 

it is necessary to establish at what temperature the 

ionization occurs. This is known to be near the final 

flame temperature. 	It is not, however, necessary to 

determine the precise position at which the ionization 

occurs and tho saturation current density method of 

measurements can be used despite the fact that it does not 

give any spatial resolution. 

12.8. Ionization and Plane Propagation. 

Ionization appears to be a side reaction (Hand & 

Kistiakowsky, 1962) not closely connected with the main 

flame propagation reactions. Electric fields have not been 

found to have any chemical effect on the propagation on 

non—sooting flames (see Ch II). Other evidence that 

ionization is not closely connected with flame propagation 

includes: 

1) Effect of Initial Oxygen Concentration 

As shown by Table X(4), the burning velocities of 

premixed air flames are not very much lover than those of 

oxygen flames with the same initial fuel concentration and 

final flame temperature. Replacement of part of the oxygen 
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by nitrogen in an ethylene/oxygen mixture reduces the 

burning velocity comparatively little (Linnett & Hoare, 

1949) provided excess oxygen is present. 	In the present 

study it was shown that the substitution of air for oxygen 

increases the saturation current density of premixed flames 

by a factor of the order of twenty. The substitution of 

air for oxygen reduces the burning velocity but markedly 

increases the saturation current density, which shows that 

the ionization process is not closely connected with the 

flame propagation. 

The replacement of oxygen by air in the case of 

diffusion flames increased the saturation currents in most 

cases, in spite of the much lower temperatures of the flames 

with air. Diffusion flames are discussed more fully in 

Ch XIII. 

ii) Effect of Bromine. 

Halogens have a marked inhibitory effect on 

combustion (Roser et al, 1959; Ibiricu & Gaydon, 1964). 

Bromine had no systematic effect on the saturation currents 

of diffusion flames (see Ch XI). The saturation current 

densities of premixed flames with bromine were between 10(1, 

and 33;;; more than those of flames without bromine with the 

same values of 0 and Tf' 

The fact that the ionization in flames does not 

appear to be closely connected with the propagation process 
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indicates that the species which control the rate of 

propagation do not control the rate of ionization. 	The 

main propagation reactions are thought to be 

H + 	02 OH + 	0, 

OH + H2 H2O + 	H, 

0 + H2 OH + 	H, 

hydrocarbon + 0 (or 02) = CO + H2 and/or H20, 
CO + OH = CO2 + H. 

The H radical appears to be the most important in 

determining the reaction rate (Gaydon & Wolfhard, 1949; 

Tanford & Pease, 1947; Padley & Sugden, 1959). 	Bromine is 

believed to act as an inhibitor by combining with radicals, 

primarily H (Wise & Roser, 1963). 	Thus it appears that 

the H radical does not take part in the ionization process. 

12.9. Mechanism of Ionization. 

Possible mechanisms of ionization in flames are 

discussed by Calcote (1957). 	It has been suggested that 

thermal ionization is responsible. However, most species 

occurring in flames have very high ionization potentials and 

would not give detectable ionization. The only easily 

ionizable species likely to occur in flames in sufficient 

concentration to give appreciable ionization is solid carbon. 

The theory that ionization in flames is due to the thermal 

ionization of carbon is supported by Perkins et al (1962). 
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However, loan hydrogen flames containing small concentrations 

of hydrocarbon, which would not be expected to give solid 

carbon, give ionization. Rich flames, which should contain 

more solid carbon than stoichiometric ones, give less 

ionization. 	If ionization in flames 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 much greater than the observed 

activation energy for lean and stoichiometrio flames. 

Thus thermal ionization of solid carbon does not appear to 

be the mechanism of ionization in premixed flames, except 

perhaps in very rich ones, which have activation energies 

(see Section 12.5.1) up to and exceeding the work function 

of carbon. 

Recently it has been suggested that ionization in 

flaLles might be due to secondary ionization by energetic 

electrons (Von Engel & Cozens, 1965), as occurs in the case 

of argon at high temperatures (Petschek & Byron, 1957). 

This mechanism would be feasible if the electron temperature 

were much higher than the gas temperature, which does not 

appear to be the case in all premixed flames (Travers & 
Williams, 1965). 	In carbon monoxide flames, however, the 

electron temperature is considerably higher than the flame 

temperature (Bradley & Matthews, 1967). The fact that the 

current density reaches a steady value as the field is 
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increased is further evidence that it is unlikely that the 

ionization is caused by electrons. 	Otherwise it is 

probable that the current density would either decrease as 

a result of the removal of electrons or increase as a result 

of the field increasing the electron energies. 

The addition of substances of high electron 

affinity to flames greatly reduces the electron concentration 

(King, 1962).  Bromine has a high electron affinity 

(Creitz, 1961). 	The fact that the addition of bromine to 

prenixed and diffusion flames did not markedly reduce the 

saturation current confirms that secondary ionization by 

electrons is not an important mechanism of flame ionization. 

The results for premixed flames seeded with sodium 

show that the saturation currents due to the sodium and the 

hydrocarbon were additive. That due to the hydrocarbon 

was not increased by electrons drawn from the ionized sodium. 

That due to the sodium was not altered by positive ions from 

the reaction zone or by changes of the applied field. 

The most probable mechanism of ionization in 

hydrocarbon flames is cheniionization, which is now 

discussed. 

12.10. Ohemiionization. 

Various mechanisms have been proposed to account 

for ionization in flames containing hydrocarbons which fall 
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under the general heading of cheniionization. Chemi-

ionization is non-equilibrium ionization resulting from the 

utilization of chemical energy before thernalization 

(Sternberg et al, 1962). 	Ions are produced in a narrow 

region in the flame reaction zone (Calcote, 1957) in 

concentrations usually far in excess of the equilibrium 

value, as is shown by the fact that the ion concentration 

decreases above the reaction zone. 

Ohomiionization in systems other than flames has 

been investigated by Fontijn et al (1965). 	Since such 

systems ore less complex than the average flame there is 

more likelihood of the processes involved being elucidated. 

It has been shown in the present work that the 

effective activation energy of the saturation current 

densities for lean hydrocarbon/air flames is 210 kJ mol-1  

and for hydrocarbon/oxygen flames 294 kJ mold  . Hydrogen/ 

air flrules containing hydrocarbon give 239 kJ mo1-1  

(Lawton & Weinberg, 1964). 	These results could be 

interpreted as suggesting that there is more than one 

mechanism of ionization. The different activation energies 

obtained would then be explained by there being two or more 

ionization reactions of differing activation energies, 

which reaction predominates depending on the flame. 
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12.10.1. Possible Reaction Schemes. 

It appears that most of the negative charge in 

flames is formed initially as electrons (see Ch VIII), in 

which case the ionization reaction cannot utilize the 

electron attachment energy by producing negative ions 

directly by reactions such as 

M + OH* = M+ + OH— 

suggested by Tverdokhelbov (1956). 

Fontijn et al (1965) give the most likely 

ionization reactions to be: 

CH(*) + 0 = CHO+ 	e ,  

CH* + C2H2 	C2H3 + 

or, in ethylene flames, 
• + 

CH* + C2H4 = 03H5 
+ e- 

-suggesting that CHO+' C3H3' 
and C3  11-1.5 

 could all be primary 

ions. 

Possible ionization reactions with 4*)  are given 

by Calcote (1962). 

The hypothesis that CH(*)  is an ion precursor in 

premixed flames is probably correct. 	It exists in the 

excited state in concentrations much higher than the 

equilibrium value (Gaydon, 1957). The concentration of 

CH* has been found in shock tube studies to increase with 
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the same time constant as the ion concentration (Glass et al, 

1965). This radical, together with q, is not thought to 

be closely connected with the flame propagation process. 

Nor does ionization appear to be. 

Replacing air by oxygen, increasing the oxygen 

concentration by a factor of 4.8, reduced the saturation 

current densities of premixed flames by a factor of the 

order of 20. This effect is so large that it appears that 

it must be due, partly at least, to competition by the 

oxygen fora species taking part in the reaction leading to 

ionization. 	This species nay be CH, eg. 

CH + 02 = CO + OH. 

Oxygen is a well known free radical scavenger (Fontijn et 

al, 1965). 

It has been shown in the present work that the 

saturation currents of hydrocarbon flames are a maximum for 

approximately stoichionetric flames (see Ch X) and that 

fuel injected into the hot products of a flame (see Ch XI) 

gives negligible ionization. These facts suggest that the 

reaction leading to ionization are between components from 

the fuel and from the oxidant. The saturation current is 

proportional to the concentration of hydrocarbon added for 

premixed (Lawton & Weinberg, 1964) and diffusion (Sternberg 

et al, 1962) hydrogen/air flames, showing that one 
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participant in the ionization reaction comes from the 

hydrocarbon. 

The present results for the addition of ethylene 

to a premixed CO/air flame (Fig X(15)) show that the 

saturation current is proportional to the square of the 

hydrocarbon concentration, which indicates that in this 

flame two reactants taking part in the reactions leading to 

ionization have to be supplied by the hydrocarbon, one of 

which is already present in hydrogen flames. This 

reactant, or reactants, must contain hydrogen. However, 

as shown above, the H radical does not appear to contribute 

to the ionization. 

OH may contribute to ionization in flames by giving 

CH by the reaction 

02 + OH = CO + CH* 

as suggested by Gaydon & Wolfhard (1960). 

Lmother possible mechanism for the production of 

CH is dehydrogenation, such as by the reaction 

CHn + OH = CHn-1 + H2O 

There is a close parallelity between the rate of 

ionization in flames and the concentration of OH (Kinbara 

& Node, 1969), which makes it likely that OH takes part in 

the reactions leading to ionization. CH produced by OH 

could give ionization by one of the reactions given above. 

Prom the work of Ferguson (1957) it appears that 
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02
(*) is produced by polymerization, as it must be in flames 

containing methane. Its concentration would therefore be 

expected to depend on a power of the fuel concentration 

higher than the first (Bulewicz, 1967). 	It is difficult 

to see how ionization in hydrogen flames, which is 

proportional to the hydrocarbon concentration, can be 

related to C2,  although this mechanism night occur in other 

flames. 

12.10.2. Role of Excited Species. 

Cheniionization and chemiluninescence have been 

shown to have the sane time and temperature dependence 

(Hand & Kistiakowsky, 1962). It has been shown in the 

present study that the flames which give most chemi-

ionization are those which give most chemiluminescence: 

diffusion flames (see Ch XIII) give comparatively small 

saturation currents and give little chemiluminescence 

(Gaydon & Wolfhard, 1960); diffusion flames with air give 

higher saturation currents than those with oxygen and give 

more cheniluminescence. Thus flames which give chemi-

ionization give abnormal electronic excitation, whereas 

flames which do not give ionization, such as H2, CO, CS2, 

and HCOH, tend not to (Gaydon & Wolfhard, 1951). 	These 

results indicate that there is a connection between chemi-

luminescence and chemiionization, as is to be expected since 
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both are forms of electronic excitation. 

The question arises as to whether the ion 

precursors arc excited. 	Miller (1967), Bulewicz (1967) and 

Arrington et al (1965) all question whether the excited 

radical CH* can be responsible for ionization in flames. 

Unexcited CH has been detected in flames (Gaydon, Spokes & 

van Suchtelen, 1960). 	In the present study it was found 

that 002 reduces the saturation currents of premixed and 

diffusion flames of hydrocarbon/air and of premixed CO/air 

flames containing small amounts of hydrocarbon. The 

saturation currents of premixed and diffusion flames of 

hydrogen/air containing small amounts of hydrocarbon and of 

premixed hydrocarbon/oxygen flames were increased. CO2 

quenches excited species (Fontijn et al, 1965). Therefore 

it is likely that the ionization is produced by unexcited 

species in those flames the saturation currents of which 

are not reduced by 002  addition and by excited species in 

those flames where the saturation current is reduced. 	In 

particular, premixed CO flames containing hydrocarbon, the 

saturation currents of which are reduced by 002  addition, 

are known to give more disequilibrium than H2  flames 

containing hydrocarbon (Bradley & Matthews, 1967), the 

saturation currents of which are not reduced by CO2  addition. 

It has been found that the concentration of 03H3  
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in flames is reduced by the addition of 002  (Calcote et al, 

1965), which suggests that this ion may be produced by the 

excited radical CH*. The proportion of the ionization due 

to 0
3
H
3 
has been found to increase with hydrocarbon 

concentration (Green & Sugden, 1963). 	The present results 

are consistent with a high proportion of the primary ions 

formed in hydrocarbon/air flames being C3H3  and this ion 

being produced by OH*, while most of those in the other 

flames are CHO+ produced by unexcited CH. 	It is to be 

expected that C
3H3 would constitute a higher proportion of 

the ions formed in air flames than in oxygen flames, in 

which species containing several carbon atoms would 

tend to be rapidly oxidized. 

It has been suggested that the ionization produced 

during the oxidation of phosphorus results from ultra- 

violet chemiluminescence. 	This theory does not appear to 

be correct (Mayer & Muller, 1904). 	Similarly, the 

ionization in hydrocarbon flames is unlikely to be caused 

by radiation from the reaction zone since most of the 

ionization occurs over a narrow region. 

12.11. Sooting Flames. 

Very rich non-sooting flames gave very low 

saturation current densities. However, as shown by the 

results for methane/oxygen, sooting flames, that is fl-mes 
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above which yellow luminosity occurred, gave higher 

saturation currents. Fig X(13) shows the variation of 

saturation current with height above two rich ethylene/air 

flames. Yellow luminosity commenced about 7 mil above the 

burner. The results show that the saturation current 

density was very small for electrode separations of less 

than about 5 mm and increased with electrode separation, 

showing that ionization occurred in the gas above the flame. 

It appears that this ionization is associated with the 

sooting and probably results from thermionic emission from 

the carbon particles. 

The ethylene flames gave the following results: 

Final flame temperature, Tf, 

Brightness temperature at 6550 51, Tbr'  °K --------- 

Ionization above flame, J, A m-3 

,1784 

1 
1250 t 

1.41 	' 

18801 

1132: 

0.621 

The optical path length through the flame, d, was 

approximately 40 mm. 

The emissivity, 	, at wave length Xis given by 

exp(hc/(XkTf)-1) 

e2713Thc/( ebi )-1) 
• 	exp(-(hc/( Ak)(Tbr1  - T-1)) approximately 

(1) 
since, because the soot particles are small, their 

temperature can be taken to be equal to the gas temperature. 

e 
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Electron micrographs taken in the present work showed that 

the radius of the soot particles, r, was of the order of 

150 A, which is much less than 2  X. Therefore the formula 

given by Thring (1965), which is based 

scattering, can be used, giving 

3 e. 	3 d x volume of soot 
A 	8 

11 rd 
8 x 

where the numerical constant is taken to be equal to that 

determined at a similar wave length of 5000 

Substituting for e in (2) from (1) and taking the 

experimental values, gives the proportion of the carbon in 

the fuel converted into soot to be 0.4%  and 0.03% in the 

cooler and hotter flames respectively. 	These flames sooted 

comparatively lightly. Since up to a few per cent of the 

carbon in the fuel can be released in premixed hydrocarbon 

on the Mie theory of 

per unit volume 
	

( 2 ) 

x surface area of soot per unit 
volume 

flames (Thring, 1965) the values 

From the Dushnan (1923) 

J = AT2  exp(--7--/(kT)) x 

where -4-is the work function for 

from the soot. 

Substituting for 

(4), and substituting the 

obtained are reasonable. 

equation: 

surface area of soot 
per unit volume 

the emission of electrons 

e in (3) from (1), dividing by 

experimental results gives two 

simultaneous equations, which give*. 4.62 eV. This value 
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is close to that for graphite (4.4 eV). 

If the random error in the measured temperatures 

(Tf   and Tbr  ) is 5 K, then the work function obtained is 

accurate to within about 10%. 

It has been assumed that the surface of the carbon 

particles emits electrons in accordance with the same law 

as plane surfaces. The increase in the potential of a 

particle due to the emission of electrons is equal to 

e/r= 0.1 volt per electron. 	This increase in potential 

has been ignored. 

12.12. Catalytic Oxidation. 

Ionization occurs during the catalytic oxidation 

of hydrocarbons at heated surfaces (Perkins et al, 1963). 

This ionization has been studied by passing air containing 

small concentrations of hydrocarbons over a filament. The 

ionization efficiency is near its maximum when the filament 

temperature is about 1043°K, when the number of ion pairs 

produced per carbon atom oxidized is about 7 x 10-8 to 

3 x 10-6, depending on the hydrocarbon used (Woods et al, 

1965). Woods et al used filament temperatures up to 

1293 °K. 

It is shown in Section 12.6 that the ionization 

efficiency for adiabatic paraffin/air flames at about 

2500oIC is of the order of 7 x 10-6. 	The effective 
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activation energy for ne/no  is approximately 105 kJ mol-1 , 

allowing for the variation of the burning velocity with 

temperature. The ionization efficiency for combustion at 

1043°K and 1293°K should therefore be of the order of 

6 x 10-9 and 6 x 10 8 respectively. 	Thus catalytic 

oxidation in most cases gives greater ionization efficiencies 

than gas phase combustion would at the same temperatures. 

Catalytic oxidation also differs from combustion in other 

respects. The ionization efficiency is very dependent on 

the hydrocarbon structure. The ionization current depends 

on the field polarity, presumably as a result of the 

reaction being heterogeneous. As the temperature is 

increased the yield reaches a maximum value. This maximum 

may be due to a greater proportion of the oxidation 

occurring in the gas phase. 

12.13. Analysis of Ion Concentration Measurements. 

The rate of ion generation through a flame can be 

calculated from the ion concentration, n. The ion flux at 

any point is equal to (nu - D dn/dx) where u is the flow 

velocity and D the diffusion coefficient. The rate of 

ion generation, J/e, is equal to the rate of recombination 

plus the rate of increase of the ion flux with distance, 

giving 

rate of ion generation = c-gm2 + (d/dx)(nu D dn/dx) 
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dn =cocn2 + u .Efyi D 	+ n du ion pairs per unit 
volume per unit tine. 

Rates of ion generation were calculated from the 

results of Wortberg (1965). The following results (in ion 

pairs x 1018 3  m s-1) were obtained at intervals of 0.37 mm. 

2 0.1 	0.5 2.0 6.5 32.4 31.5 7.2 3.4 1.9; 

;u dn/dx 0.6 	1.1 2.1 4.4 1.7 1.5 -4.5 -1.9 -1.4! 

I-D d2n/dx2  -0.4 -0.6 -1.7 -6.1 7.9 21.8 -5.3 -1.9 -0.5 

in du/dx 0.1 	0.1 0.2 0.4 0.9 0.8 0.1 0 0 

, 
We  0.4 	1.1 2.5 5.2 42.9 52.5 -2.5 -0.4 0 

n2 1.3 	0.8 
• dn/dx - 	-0.6 

d2n/dx2 	-0.2 

du/dx 0 0 

$)-/e 

	

	0 •• 
These results show that nearly all the ionization 

occurs in a region of width under 1 mm near the region of 

maximum ion concentration, which is also the region of 

maximum heat release rate and where the temperature reaches 

the final flame temperature. The presence of ions upstream 

of the region of maximum ion concentration is largely due 

to diffusion. 

The saturation current is given by 
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The sum of the values of ‘)en
2 is about 8.6 x 1019 

-3 -1 	. n s , giving 

is  

= 5.2 x 10-3  A n-2. 

The final flame temperature was 1500°K and the 

stoichionetric ratio 0.513. The measured saturation current 

density of a lean methane/air flame (0 = 0.6) with a final 

temperature of 1574°K was 0.93 mA m-2  (Ch X). From this 

value, the saturation current density of Wortberg's flame 

could be estimated, when a value of 0.5 mA m 2 was obtained. 

Thus the saturation current density calculated from the 

measured ion concentrations is about ten times that obt-ined 

from direct measurements. 

Calcote (1957) gives the maximum mole fraction of 

positive ions in a propane/air flame (0 = 0.84, Tf  = 1535°K) 

to be 1.1 x 107, which is equivalent to an ion concentration 

of about 6 x 1017 m-3. The ionization zone thickness was of 

the order of 0.1 nm, giving the saturation current density to 

be 600 mA m-2, taking ix:to be 10-13 m3 s-1. 	The measured 

value at 0 = 0.69, Tf  = 1535°K was 4 mA m-2  (Ch X), which is 

less than the calculated value by a factor of 150. 

The measurements of Wortberg give a saturation 

current density nearer to the measured value than the earlier 

measurements given by Calcote. The saturation current 

density calculated from the ion concentrations given by 

= 1.6 x10-19  x 8.8 x 1019  x 0.00037 
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Wortberg is nevertheless too high by a factor of ten. The 

most probable reason for the discrepancy is to be found in 

the uncertainty associated with the use of probes, 

especially at pressures of the order of atmospheric and 

above. another reason may be that the recombination 

coefficient is less in the reaction zone than the value 

taken, which was obtained from measurements downstream of 

flames. In the reaction zone a higher proportion of the 

negative charge is in the form of electrons, which may have 

a lower recombination coefficient with positive ions than 

negative ions do (Gaydon & Wolfhard, 1960). 	These results 

show that the calculation of ion production rates from ion 

concentrations is unreliable. 

12.14. Sminary. 

Saturation current measurements have been made on a 

wide variety of flames. It was shown how the saturation 

current varies with temperature and stoichiometric ratio. 

Values of the saturation current densities given by different 

hydrocarbons and by flames with air and with oxygen were 

compared. Effects observed due to additives and the 

substitution of oxygen for air were discussed. Effective 

activation energies for the saturation current densities 

were obtained for different mixtures. Estimates were made 

of the maximum saturation current densities and ionization 
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efficiencies obtainable. 	It was shown that the former are 

approximately 1 to 10 A m-2 and the latter of the order of 

7 x 10 6 for stoichiometric flames of the gases taken. 

From the results of the present work on premixed 

flames it appears that: 

a) the ionization occurs near the final flame temperature; 

b) the ionization is not directly connected with the flame 

propagation process; 

c) cheniionization of metallic additives does not occur 

in the flames; 

d) the ionization is unlikely to result from electron 

collision; 

e) the ionization is unlikely to result from the thermal 

ionization of flame carbon except in very rich 

luminous flames; 

f) in these the work function of flame carbon was deduced 

to be 4.6 eV, which is close to that of graphite; 

g) the ionization in non-luminous flames probably results 

from chemiionization; 

h) the H radical probably does not play an important part 

in the ionization reaction; 

i) the ionization is probably given by CH(*), which is 

possibly produced by OH. A likely reaction scheme is 

the production of CH by 
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02 + OH = CO + CH (t aydon & Vlolfhard, 1960) 

or by dehydrogenation, followed by 

CH + 0 = CHO+ + e-; 

and possibly, in addition, in hydrocarbon/air flames and 

00/air flames with hydrocarbon added, 

CH* + C2H2 = C3H3 + e-  ; 

j) oxygen inhibits the ionization reaction by competition 

for reactive species, e.g. 

CH + 02 = CO + OH. 
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CHAPTER THIRTEEN. 

DIFFUSION FLAMES. 

13.1. Variation with Fuel Flow Rate. 

The results obtained for diffusion flames are given 

in Ch.XI. 	The values in Tables 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 current to the 

fuel flow rate was similar for all the burners used although 

the fuel throughputs per unit area of flame differed, which 

shows that the saturation current is primarily a function of 

the fuel flow rate and not of the flame area. Data given 

in Table X(2) for flames of several hydrocarbons on a batswing 

burner are summarized in Table XIII(1) below. 

Table XIII(1) 

Saturation currents of diffusion flames in air on a 

batswing burner. 

iFuel iRange of fuel, 
flows(1/min) 

Saturation current (p_A) Averaae ne/n Fuel flow (1/iin) 	x 107  

CH4 
C2H6 
03H8 
02H4 
C TT 

1.7 - 

0.1 - 0.84 
Ot26- 0.92 

0.08-(0.64 

0.08- 0.47 

27+2 

78 + 8 

130 + 1 

87 + 10 

140 + 12 

3.0 

5.5 

6.1 

6.1 

9.9 
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For the candle flame ne/nc = 7.7 x 10 7. 

The results confirm that the saturation currents of 

hydrocarbon diffusion flames are proportional to the fuel flow 

rate, giiring and approximately constant value of the 

ionization efficiency, ne/nc, for each fuel. 	The value of 

ne/nc is similar for different hydrocarbons. 

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 

oxidant flow rates, particularly in the case of flames with 

oxygen. Because of these variations, counter-flow diffusion 

flames do not appear suitable for saturation current 

measurements. 

13.3. Effect of Additives, 

13.3.1. Addition of Nitrogen. 

Results given for the addition of nitrogen to two 

methane/oxygen flames show that the effect of the nitrogen is 

to increase the saturation current markedly. Methane/oxygen 

flames without nitrogen added gave lower ionization 

efficiencies in most cases than methane/air flames. Methane/ 

oxygen flames at reduced pressure gave ionization efficiencies 
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lower than 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 diffusion flame containing a little methane was 

particularly marked. The increase in the saturation 

current was of the order of twenty fold. An increase was 

obtained also in the case of a hydrogen/air flame containing 

a little propane (see section 11.6.4). 

The addition of nitrogen to hydrocarbon/air flames 

tended to decrease the saturation current. 

The result for propane plus nitrogen given in 

section 11.6,4 (61% nitrogen, is  = 48 T1A, propane flow, f, 

= 0.42 1 min-1, is/3f = 381 pA min 1-1) is in satisfactory 

agreement with that of Pejack & Jones (1960). 	Their flame 

contained 81.5 nitrogen. 	The propane flow was 0.5 1 min-1  

and the saturation current about 35 11A, both per 100 mm 

width of burners  giving is/3f = 23.3 FA min 1-1. 

13.3.2. Addition of Hydrogen, 

The addition of hydrogen to hydrocarbon/air flames 

reduced the saturation current, 	The results for the addition 
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of hydrogen to a methane flame on a 3 mm i.d. nozzle show 

that -the ratio of the saturation current to the fuel flow 

was reduced from 55 to 3.1 11A per litre of methane per minute. 

Similarly, a hydrogen/propane/air flame (section 11.6.4) gave 

a lower saturation current per unit flow of propane than pure 

propane/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 number 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 

(CH2)n. 

1 	i 22 Fuel 0H 	0 R candle _2_4  C3H8  Ce6  CH 
4 

nH/nc 

ne/nc 

1  
4-- 

x107t 

1 

9.9 

2 
. 

7.7 

2 	2.7 	3 	4 

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 fuel 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 largely by OH. Oxidation 

likely to give much ionization since the amount 

depends on the energy released by the oxidation 

(Bulewicz, 1967). 

13.3.3. Addition of Carbon Monoxide. 

by OH is not 

of ionization 

process 

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 465. 	These increases are probably due 

to not all the fuel being burnt when 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 

hydroc2rbons in diffusion flames. 

The results show that for the addition of methane 

to a carbon monoxide/air flame in concentrations of 1 to 75',  

the saturation current was 

rate, which shows that the 

affected by disequilibrium 

for methane concentrations 

current is proportional to  

proportional to the methane flow 

ionization of the methane was not 

in the flame (see section 13.3.5) 

of over 1;!% 	That the saturation 

the methane concentration suggests 
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that it dt.e to one component already present in the carbon 

monoxide flame and one component from the methane, probably 

* CH ) (see Ch XII). 	In the case of a premixed CO/air flame 

containing C2H4  it appears that both components must be 

supplied by the hydrocarbon (see Ch XII), which indicates 

that the reaction in premixel. flames is faster. 

13.3.4. Addition of Carbon Dioxide. 

It was found that the addition of carbon dioxide to 

hydrocarbon/air diffusion flames decreased the saturation 

currents more than the addition of an equal flow of nitrogen. 

Flames with carbon dioxide added would have a lower 

temperature than those with nitrogen owing to the higher 

specific heat of the former. 	Howcver, as shown below, the 

saturation currents of diffusion flames do not appear to 

depend markedly on the temperature. 	It thus seems that 

carbon dioxide has a chemi..al effect inhibiting ionization. 

This inhibition may be due to 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 flame is not 

due to excited species. 	This conclusion *:_s supported by the 

fact that there is little connection between chemiionization 
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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 current 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 flame show 

that the total current is approximately additive. The 

saturation current with hydrocarbon and alkali salt added 

was approximately the sum of that due to each by itself. 

Alkali metals have been found to ionize 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 reduced 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 with 

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 flames, 

but not in hydrogen flames, is much higher than the flame 

temperature (Bradley & Matthews, 1967). 	It thus appears 

that hydrogen, which catalyHes the oxidation of carbon 

monoxide, reduces the disequilibrium 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 by Pnergetic electrons in accordance 

with the mechanism proposed by von Engel & Cozens (1965). 

Energetic electrons could be produced by inelastic 

collisions with excited specdes, such as by the reaction 

CO2 	+ e 	= 002 + e . 
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Alternatively, excited species might cause 

ionization directly, e.g. 

002*   + Na = 002 + Na
+ + e . 

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. Effect 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 

methane/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 f1P,me 

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 Oh 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 flame, 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 CH3Br) 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 diffusion 

flames increases the saturation current in most cases. 

Thus it appears that the saturation currents of 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 10a/,, which is probably 

largely due to the effect of turbulence and distortion of 

the flimes. 

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 ionization 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 

increased. 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 varied. It thus seems that quenching 

is unimportant and that diffusion flames have characteristic 

saturation currents. 

Hydrogen and carbon monoxide diffusion flames 

without hydrocarbon added gave small saturation currents 

which are thought to be due to impurities from the air. 

This current, 10, 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 saturation currents 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 

those 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). Electric 

fields alter the size and concentration of carbon particles 

in flames. It is thus unlikely that the thermal ionization 

of carbon particles 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 differs in a 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 

adiabatic premixed hydrocarbon/air flames is of the order 

of 7 x 10-6 (see Ch XII). 	That for hydrocarbon/air 

diffusion flames is of the order of 5 x 10-7. 

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)3C2H5), in which one carbon atom is 

not initially joined to a hydrogen atom, gives a very 

similar ionization efficiency (ne/no), 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 that in 

premixed flames. 

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 temperature 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 adiabatic 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 gradients, so that 

the rate of mixing tends to exceed the rate of reaction, 

There is comparatively little chemical 

disequilibrium in diffusion flames since the reaction is 

diffusion limited and takes place gradually. There is 

more disequilibrium in flames with air than with oxygen 

because the dilution with nitrogen decreases the rate of 

chemical reaction. 	Spectroscopic studies confirm that 

t,;-ere is more disequilibrium in premixed flames than in 

diffusion flames and that there is more disequilibrium in 

diffusion flames with air than with oxygen (Gaydon & 

Wolfhard, 1960). 	It appears also that there is more 

disequilibrium in hydrocarbon diffusion flames than in 

diffusion flames with hydrogen added (see section 13.3.4). 

Thus the flames having most disequilibrium are those giving 

most ionization, which iu to be expected, since ionization 

is a disequilibrium phenomenon. 	In particular, it has 

been shown in the present investigation that diffusion 

flames tend to give lower values of ne  /n than premixed 

flames. 

Reduction of pressure has been shown to increase 

the saturation currents of diffusion flames, and, as is 

well known, diffusion flames tend towards a premixed state 
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at low pressure (Gaydon & Wolfhard, 1960). Thus the 

higher saturation currents of diffusion flames at low 

pressures may be due to the increase in the mean free path 

giving greater mixing. Another possible explanation is 

that the rate of a competing reaction to the ionization 

reaction is reduced at low pressures. The amount of 

quenching of excited species would be reduced and it is 

possible that an excited species is an ion precursor (see 

Oh XII). 

The saturation currents of counter-flow diffusion 

flames are greater at smaller electrode separations, when 

the concentration gradients are greater, increasing the 

rate of diffusion into the flame and giving a greater 

degree of premixing. 

It has been shown that the amount of ionization 

in diffusion flames is greater in those flames with a 

greater degree of mixing, in particular flames at low 

pressure, diluted flames, and counter-flow diffusion flames 

with small electrode separations. More ionization occurs 

in the premixed region at the base of diffusion flames on 

nozzles than further up (Kinbara & Nakamura, 1955). It 

thus seems that the ionization in hydrocarbon diffusion 

flames occurs principally where the fuel and oxidant mix. 

The reactant concentration in this zone is greater in 

flames with a greater degree of premixing, giving higher 
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saturation currents. The results for premixed flames show 

that the maximum rate of ionization occurs when the fuel 

and oxidant are present in approximately stoichiometric 

proportions. 	It therefore seems unlikely that chemi-

ionization occurs in the pyrolysis zone of diffusion flames. 

13.7.4. Maximum Current Densities Obtainable. 

The results obtained show that the daturation 

current densities given by diffusion flames are of the 

order of 3 to 20 mA m-2. These values are less than the 

maximum space charge-limited saturation current density 

(see Ch VIII) so that the maximum current which can be 

drawn without secondary ionization is limited by the rate 

of ion generation. 

Turbulent diffusion flames would enable larger 

flame areas, and hence largerysaturation currents, to be 

obtained. They have the advantage for practical purposes 

that they can give combustion, and therefore ionization, 

throughout a large volume. 

13.8. Summary. 

The results obtained in the present study for 

diffusion flames have been analysed. Values of ne/nc have 

been obtained and shown to be of the same order (about 

5 x10-7  at atmospheric pressure) for all the hydrocarbon/air 

diffusion flames studied. 



291. 

It was shown that the effect of temperature on the 

saturation currents of diffusion flames appears to be small. 

It was also found that the ionization efficiency, ne/nc, 

is inversely proportional to the pressure. 

The effects of the addition of hydrogen, bromine, 

carbon dioxide, and carbon monoxide were considered. As 

in the case of premixed flames the addition of bromine and 

carbon dioxide appeared to have little chemical effect. 

The latter gave a small reduction in some cases. The 

effects of bromine and carbon dioxide are discussed in 

Ch XII. 	Carbon monoxide also had little effect. 

Hydrogen gave lower saturation currents, which is thought 

to be due to competition for the available oxygen. 

The ionization of alkali metals in diffusion flames 

was considered. This ionization appears to be thermAl 

except in the case of carbon monoxide flames, in which some 

chomiionization of the sodium was found to occur. 	It was 

concluded that secondary ionization by energetic electrons 

is probably unimportant in hydrocarbon flames. 

It was shown that diffusion flames vary in the 

extent of mixing and that factors which increase the degree 

of mixing and disequilibrium, in particular dilution and 

reduced pressure, tend to increase ne/ne. Thermal 

ionization of flame carbon was shown to be unimportant. 

It is suggested that ionization in diffusion flames occurs 
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in the zone where the fuel and oxidant mix and that, as 

in premixed flames, it is primarily duo to chemi-

ionization. 
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CHAPTER FOURTEEN. 

SUMMARY  . 

Total rates of ion generation in flames have been 

measured by the saturation current method. Hydrocarbon 

flames with air and with oxygen were studied. Factors 

affecting the saturation current, including temperature and 

the effect of additives and diluents, were investigated. 

In addition, the conduction of charge in the flame products 

has been studied. 

Conduction to the electrodes was investigated in 

order to test the validity of the saturation current density 

method used. 	It was found that ion generation occurred 

above non-luminous premixed flames but that the amount was 

too small to affect the validity of the saturation current 

method, as applied to ionization in the reaction zone. 

possible exception occurs in the case of oxygen flames which 

give very low saturation current densities. However, in 

such a case the variation of js  with electrode separation 

provides a valuable means of determining the rate of 

ionization in the products. 

It was shown that care had to be taken when using a 

probe/guard ring configuration in order to obtain the 

saturation current from part of a flame. The proportion 

of the current going to a probe was not always equal to the 
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ratio of the flame area - in particular the current could 

be influenced by impurities or foreign bodies in the flame 

gases. Pield strengths and charge mobilities were 

measured. It was shown that the saturation current method, 

if used with care, is capable of giving valid results of 

absolute rates of ion generation. 

The saturation currents of a large number of flames 

were measured. Premixed and diffusion flames of 

hydrocarbons with air and with oxygen were studied. The 

effects of various additives and diluents wore determined. 

Additives investigated were nitrogen, hydrogen, carbon 

monoxide, carbon dioxide, bromine, and metallic salts. 

Some measurements were taken also on flames of hydrogen and 

carbon monoxide with and without hydrocarbon and other 

additives. 

The variation of the saturation currents of premixed 

flames with final flame temperature and stoichiometric 

ratio was measured. Values of the effective activation 

energies wore calculated. These were about 210 kJ mole-1 

for loan hydrocarbon/air flames and 294 kJ mol-1 for lean 

hydrocarbon/oxygen flames. The rate of ionization and the 

soot particle size and concentration above two luminous 

flames were measured and a value of the work function of 

flame carbon of 4.6 eV was obtained. 
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It was found that diffusion flames of different 

hydrocarbons in air at ambient pressure on several burners 

gave similar ionization efficiencies, the value being about 

5 x 10-7. Some measurements were taken also at reduced 

pressures. 	The ionization efficiency was found to be 

inversely proportional to the pressure. 

Premixed hydrocarbon flames with air gave higher 

saturation current densities (by a factor of the order of 

twenty) than flames with oxygen with the same initial 

hydrocarbon concentration and final flame temperature. 

Thus the effect of dilution with nitrogen is to increase 

the saturation current. This was accounted for in terms 

of competition by oxygen for precursors in the cheni- 

ionization process. 	The addition of nitrogen to diffusion 

flames in oxygen was also found to increase the saturation 

current. 	It was suggested that the increase in chomi-

ionization due to dilution results from a greater degree 

of disequilibriun. 

Carbon monoxide and bromine were found to have 

little systematic effect on ne/nc for premixed or diffusion 

flames. Hydrogen was found to have little effect on the 

saturation currents of premixed flames but decreased those 

of diffusion flames. 	Carbon dioxide reduced the saturation 

currents of sone premixed and diffusion flames, which is 
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thought to be due to quenching of excitation. 	The effect 

of hydrogen and carbon monoxide in premixed flames 

indicates that the ionization occurs near the final flame 

temperature. 

The results obtained indicate that H is not 

important in the ionization process but that OH and CH 

probably are. 

The ionization due to metallic additives and small 

concentrations of hydrocarbon in a premixed carbon monoxide 

/air flame and a hydrogen/air diffusion flame were found 

to be additive, showing that no chemiionization of the 

metals occurred due to reaction of the hydrocarbon. 	The 

additional ionization clue to lead in a premixed carbon 

monoxide/air flame containing hydrocarbon was very small. 

This result suggests that the high ion concentration found 

downstream of flames containing hydrocarbon and seeded 

with metals such as lead is due to reduced recombination 

rates following charge transfer, e.g. 

Pb + H0+ = Pb+ + H + H2O 

The saturation current of a carbon monoxide/air 

diffusion flame seeded with sodium was reduced by the 

addition of hydrogen or hydrocarbon, showing that enhanced 

ionization of the sodium did occur in this flame. 

Probable reactions are 
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CO2 + Na = Na
+ + 

	

or 	C0*2  + e = CO2 + e*-  

Na + e*-  = Na+ + 	+ 

Secondary ionization by energetic electrons 

app ears to be unimportant in hydrocarbon flames because of 

the existence of well defined saturation currents, the 

absence of chemiionization of or due to sodium in these 

flames, and the smallness of the effect of bromine. 

Saturation currents of free burning flames were 

	

estimated. 	It was shown that the saturation current 

densities of diffusion flames and most premixed flrmes are 

lower than the maximum current densities which can be drawn 

without secondary ionization, so that the maximum current 

which can be drawn from flames for practical purposes is 

limited by the flame saturation current, though this 

limitation can be overcome by increasing the flame area 

per unit area of electrode (e.g. by the use of turbulent 

flames), or by seeding with easily ionizable materials. 

The results obtained give rates of ionization for a variety 

of different flames and enable a flame giving the required 

saturation current to be selected. 

The mechanism of ionization has been considered 

and several conclusions reached. The main mechanism of 

ionization in diffusion flames and non-luminous prenixed 
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flames is thought to be chemiionization. Results of the 

present study ancl those of other workers were compared. 

The most likely ionization reaction appears to be 

CH + 0 = CHO+  + e-, 

and possibly riso, 

CH 	+ C2H2 
	

C3 H
+ + e 

in some flames. 
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APPENDIX. 

Consider the electric field downstream of a flame 

in the presence of negative ions and electrons, allowing 

for electron attachment and detachment. 

Gauss's Law gives 

dE/dx = e(ni  . + ne) 	(1). 

eE (kin. + kene) 	(2). 

k. 
Therefore 	ne 1 n.1 	(3), e k E 	k e 	e  

and E .e (1 	E ki/ke) + 	(4  ) ' dx 	e ke  

(d/dx)(k.n.E) = rnte of increase of ion flux density 

=ne - vdni  . 

Substituting for ne  from equation (3), 

	

j-,)a 	-N) k. 
dx (k.ni  E) = e ki  E 	ni ( 1)d 	ake1  )* 

Therefore 	dE 	j 	 dn. i  
n.( ‘'/ki  + Ya/ke  ) 'Lj  ni 	e k.k E 	 dx e - 1d 

Multiplying by ( 1 - ki/ke)e, 

nie(1-ki/ke)(dE/dx +Va/ki  + Va/ke)+E(d/dx)(nie(1-ki/ke)) 

j •. 
k1 e

(1 - ki/ke). 

From equations (1) and (2), 

e (1 k/k ni 	. e) =  E- dE/dx - j(keE):1 



dE 2 	d2E 
() 	E xdx 	1/44. 

Vd Va dE 	1 
(7E7 	ke)  dx 	ekikef 

309. 

Therefore 

dx ) { d 
+ V d 	-1)EI N 4. E  d t ,dE 

dx ki  e 
' dx  

Therefore 

— ki/ke). 

ke ){dxk 
	k v d 	-via)  d2E E---- dx2  

dE 
dx 

_ . 
ki 
2a. (1 

keE  

Expanding and rearranging: 

Therefore 

Vd 
k 	 + 	

d2)  v.  + 	) ••• 	 I= ) fax  k k 	
( a 	•

e d 
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