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ABSTRACT
The primary objective of the research has been to inves{igate
metho@s for the electrical control of flame carbon in practicai
systems. It is shown that methods used previously of
applying a field to produce unipolar clouds of charge and
forcing these to attach to carbon particles cannot be extended
to large disfances from the flame. Such methods also proved
inapplicable in the product region downstreaﬁ of the flame

at smaller electrode separations, even in the presence o

=

a
small field applied to the reaction zone to cause an initial
Separation of charge. It provéd poSsible to transfer carbon
to an inert carrier stream and then to collect it downstream
-of the flame but this methoed would be inconvenient in most
systems. The principle of using charge generated by tiae
flame was abandoned in favour of éharging the particles
subsequently. Various methods for_charging the particles
re discussed and a precipitator is deseribed which uses
plates heated by the flame products as a source of ions for

charging soot particles which may then be manipulated by

electric fields.

Secondary objectives concerned the extension to pyrolysing
systems, in the absence of oxygen, and an investigation to

ensure that the effects of fields are not caused by chan

——
ges

in flame propagation rate. These are discusced first.
Prop ;

The pyrolysis of ethylene by hot sﬁrfaces and in a shock tube
was investigated. In each case charged particles are
produced which could be utilised for electrical control.

Jon formation is discussed and a mechanism is proposed for



the formation of C3H3+ in the absence of oxygen.

The effeet of DC and AC fields on the burning velocity of
hydrocarbon-air mixtures was investigated. It was found
to be less than 4% and 10% for sooting and non-sooting flames

1

respectively. An unsuccessful attempt was made to chan

i

&

s

the burning velocity of hydrogen/oxygen/argon mixtures using

fast electrons.

The effect of eleectrons om soot formation in diffusion flames
was investigated and a mechanism proposed which may account
for the role of ionising additives.

or controlling flame carbon.

k4

The work led to two methods
They are very similar in that both utilise metal surfaces,
coated and maintained hot by the flame, to which a field is

applied though entirely different in principle.
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CHAPTER 1

1.1 OBJECTIVES AND PURPOSE CF RESEARCH

Concern aboutl pollution has been mounting in the last few
decades and legislation is grédually being intrbduced requiring
lowey levels of pollution. This concern coupled with the
escalating cost of fuel and the real possibility of it

becoming scarce has led to the redesign of burner systems

O

[

nd producing

PV

Td utilise leaner mixtures, burning less fuel =
fewer particulate pollutants than conventianal_sysﬁems.
There are, however, many systems where this optimisation may
not be successful especially where economics dictate.the use
of poor fuels such as waste plastic material; then ways

o control trne pollution from the flame by

external means.

The.type of pollution generatéd depends on the fuel burﬁt
and on the conditions of combustion. Most industrial uses
for fuel employ diffusion flames often quenched on cooler
surfaces.' These flémes fend to generate relatively little
nitric oxide but a large amount of particulate pollutants

of the type QxHy" flame carbon. They also genefate sulphur
oxides depending on the sulphur content of the fuel.

A e s o | P i RO L RN
ant nas g/ 'stackK where eycessgs Ccrnemica

‘The more familiar consumers of fuel - internal combustiocn
engines also produce their particular pollutants. A well
ad justed diesel engine produces little oxides of nitrogen

and carbon monoxide with small amounts of unburnt hydrocarbons



»

and particulates; a poor.engine; nowever, produces large

amounts of these,. A petfol engine produces similar pollutants,
oxides of nitrogen are higher and hydrocarbon pollutants may

be lower but in this case fuel additives such as lead tetra-
ethyl and barium compounds appear in the exhaust as.particulates

too.

?ollutants from flames fall into three categories:

}

J- g

u} ichiometric products - e.g. sulphur trioxide and lead
as its sulphate., No change in flame conditicns will
affect these.

b) high temperature pollutants - nitric oxide.

c) the‘result of incomplete combustion - soot. This can
always be burnt off if the svétem is agdjusted but this

conflicts with minimising nitric oxide proﬁuction;

A diffusion flame prcduces a lot of each; Vthe stoichiom etric

zone givés nitric oxide and the pyrolysis zone generates

soot. The trend to cocler flames may produce more of

the latter pollutant,

Various methods have béen 1ried to reduce these pollutant
levels. Lead and barium are best controlled by not adding

.them to the fuel; this, however, creates problems in engine

design, Pollutant levels have been successfully reduced by
novel engine design and a lot of work has been done on

recirculating the products and on using a catalyst bed in the
exhaust line, This has been fairly successful and reactions
such as

280 + 2X0 —> 2C02 + N2

have besn explolted.
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This does, howéver, leave a probiem with‘particuiate pollutants,
especially in the case of industrial flames. Considering the
increasing cost of fuel in relation to electricity it dées
not seem too unreasonable to investigate the use of electrical
methods for the control of particulates. This involves
more elaborate burner systems but is a trend anyway in the

gsearch for more efficient ways to use fuel.

1

A 1ot of work has hes

{
b

n carried out on minimising soot formation
electrically but using academic systems invclﬁing flanking

the flame with electrodes. There are many systems where

this is not ?ossible, e.g. turbulent flames in furnaces and

internal combustion engines; the problem is to utilise these

B B i - 4 vl 2oy P e o B oy b -
electrical methods in awvkward practical situations.
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1.2 PREVIQCUS WORK

1.2.1 ION PRODUCTION IN FLAMES

Calcot952

reviewed early work and discussed the various

proposed mechanisms for ion producticon in flames.  These

were, thermal ionisation of impurities, equilibrium and
non-equilibrium species and carbon particles, ionisation

via translational energy, cumulative exitation and chemi-ionisation.

He considered that the most probable mechanism for ion

formation was cumulative exitation or chemi-ionisation.

Using Langmuir probe techniques he measured ion profiles

24

and recombination coefficients in flames and deduced ion

¥ o

§ e B Ty Py -
interpreted in

o

TR I (R T m — 4 R
ormatlion rates, These results wer

h

of chemi-ionisation and possible chemi-ionisation reactions

were proposed.

33 4

Deckers and van Tiggelen as well as Knewstubb and Sugden3
Vapplied a mass spectrometer to ion identification in hydrocarbon
flames. The dominant ion was found to be H30+ with smaller
concentrations of CHO' and 03H3+. The presence of H30+ can
be-exPlained by assuming that CcHOY is the primary ion24’26
CH + 0 —» CHO™ + e~

e T e .ot oo -1
EHO™. 4 ﬁZG —3 U0 + E30 A H = 24kcal mole .

The work of Calcote was continued with a further Langmuir
probe study on flame ionisation27. Fe obtained positive
ion and electron concentrations and electron temperatures.

The positive ion concentrations were greater than the electron

concentrations indicating the formation of negative ions.



;e
: ‘ 1
Typical concentrations were n _ 1-42 x 1019 cen™” and
n, 242 x 107 en™®.  Flectron temperatures exceeded the
gas temperature and did not decay as rapidly as might be

expected.

A mass spectrometric technigue for obtaining ion profiles
of good spatial resolution was outlined and detailed profiles

were presented for an acetylene-oxygen flame at Z+«5mm Hg.

5 : ot IR S o o L
The ion CHO' pesks ahead of C.H.' which precedes H,C .

' o : 3
Many other ions are observed to peak at about the same position
S : —_— ' 2¢ y
in the flame as 05H3 « ~In a later study 8 Calcote discusses
mechanisms for the formation of secondary iomns. These are

considered to be produced by charge exchange reactions from
3 :

the primary ion CHO neutral combustion int:

and stabl

2]

rmadiates.

p

It is also concluded that CBH3+ is a primary flame ion and the
mechanism proposed for its formation iqu,‘
. C};* C H, = 0 .V + e
I + CyH, ,3h3 F .8

25

Peeters and van Tiggelen measured the kinetics of chemi-

ionisation reactions and obtained a value of 7315 x 10"9
LI -1 i s -

e ion sec as the rate constant for

eI ¥

CHO ™ + H20 - 00 + H50

: E [

using saturation current densities1’3J to measure ion
concentrations,

Z : , :
9520 measured the expotential growth of

~
Matsuda and Gutman®
CH emiesion and chemi-ion production simultaneocusly behind
reflected shock waves during the induction period of the

. --H- . . a
acetylene-oxygen reaction. CH emission was measured by

an end-on technique and ion concentrations were measured using
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saturation current. The expotential growth rate for chemi-
ion produétion was found to be twiece that for cH emission
and the results established that chemi-ionisation is second
order with respect to reaction intermediates. = This rules .
out the reaction |

*

CH + CpH, =% CH," +e

end is consistent with the reaction

being the major chemi-ionisation reactvlon during the early
B x i + ‘
stages of ion formation. The presence of 03H3 during the

induction period is explained by an ion-molecule reaction

consistent with the data obtained.

CH +0 —=» CH0t + e~
ﬁ't"'h’-'— = T Y + I
LWL, () 02‘,2 »——“’P \JE ,‘.j © UD
. + - % + ¢
02ﬂ5 + 02 Wy CH30 + 00 —>» UZHBO + O
ot . e + te
0350 Czhz f—’>_ CBH3. + hZO
+ T §= ) + L
= : ; . . . 243
Kinbara and Noda in a series of experiments measured

radical emissions and ion concentrations during the flash
photolysis of CZHE—OZ—NO2 mixtures and found evidence to
support the reaction

¢ + 0 —= CHG + e .

N

reefers msa

)

urea raf

}

al concentrations and ion concenirations
in several CH,-O,-Ar and C,H,-C,-Ar flames at 16+5 torr
£L o £ i

finding a linear relationship between total ion production
and the integral

-]

SJ'[GH][O] dz -~ S the flame area, z distance from

a - E

burner

Eence providing experimental proof for the reaction



CH + 0 —» cEot + e™.

No evidence was found for the reaction

.t 4+ e”

373
- ¥
even though [CH ] and [CQHZT]were large in some of the flames

¥
CH + 02H2 —
studied.

1.2.2 CARBON FORMATION IN FLAMES

Homann and Wagner discussed the chemistry of carbon formation

in flames in a series of papersg"11’17

. Carbon formation is
not exclusively determinded by flame chemistry. The curvature
of the flame front also influences carbon formation - the
higher the curvature, the greater the carbon formaticaj; this
effect is attributed to the back diffusion of hydrogen into
the reactants from the products. Regarding the formation
and growth of soot partieles, analysis in and downstream of
the reaction zone of low pressure 02H2/02 flames gave the
following results. The main reaction products are CO, H2,

: HZO’ 002 and C2H2 the concentrations of H,0 and 002 pass
through a maximum close to the end of the oxidation zone,
see Fig. 1.1a. Polyacetylenes (Canz) also show maxima here
with their concentratior remaining constant in the products,
these profiles are shown in Fig. 1.1b. Other hydrocarbons
are found in the oxidation zone such as propylene, methyl
acetylene, dimethyl acetylene, vinyl acetylene, benzene,
methane and,othefs. They all reach a concentration maximum
inside the oxidation zone and have practically disappeared

when oxygen is consumed.

Several stable radicals have also been detected in the

14

1 e
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e
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Fig. 11 Profiles for a flat CZH‘2*02 ﬂamé -'
at 20mrm Hg.
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reaction zone of the acetylene flame eg. 0235, GZH’ Gz,CH,

H, 0.and OH.

Cther hydrocarbon species are present in the reaction zone;

one characteristic group is the polycyclic aromatic hydrocarbons
such as napthalene, phenanfhrene, pyrene, >-4 benz-pyrene

and coranene., The concentration profile of 014H8 is‘shown

in Fig. 1.1b. These species start to appear at the end of

0

the oxidation zone and their concentrations increase steadily

)]

into the burat gas.

Another characteristic group of hydrocarbons were detected in

the gas phase, sece Fig. 1+1bs They have molecular weights

of between 250 and 550 (the upmer linmit of the mas

wllx e 2Ae

D

¥

3 spec

ro-

(
H

meter) and in contrast to the polycyclic aromatic hydrocarbons
their concentrations show a maximum 12-14 mm above the

burner and they disappear again within the zone where the
carbon particles grow. Their individual concentrations are
.10—7 on average .and the cémpounds contain 16-40 carbon atoms.
‘Their relative hydrogen concentration is larger than for
condensed aromatic species of the same number of carbon atoms.
With increasing height in the flame the relative concentration
maximum within this group of substances is shifted to higher

S T P s ¥l 3 e
molecular masses, while their

1

o T T S ol 4 T . w1 Ao i b 5 ’
s Dsolute concentrations decr=age

0
o

steadily. Their peal: concentration depends on the C/0 ratio

[0

_aﬂd follows a similar level to the number of 'young' carbon
particles. They are considered to be important intermediates
during the formation of solid particles. Agglomeration and
‘growth of particles continues up to 5em above the burner,

with the size and total mass of the particles increasing



and their total number decreasing.

A physical model for carbon formation in flames has bee
developed by Howarda. Positive ions are ascumed to serve
as nuclei and the particles remain 1onlsed during growth and
agglomeration. The analysis considers the effects exerted
during grdwﬁh and agglome eration by the electrostatic forces

between particles and predicts the chained structure of carbon

particles collected from flames and the 'ur‘form size and

crystallite structure of the spherical chain units. The

predicted size of the crystallites is similar to the

experimentally observed value of 20-30 A°,

The Tormation and growth of pyrolytic carbon films and soot
Sl - . . V- A e

parulCLeS ‘has been discussed by Tesner . The work is

based on experimental investigations_of their formation rates.
and both are considered to two stage proceSses-involving
nucleation and growth of nuclei. He concludes that the
formation of pyrolytic carbon from methane at femperatures

below 1300°K is a molecular process with aCblVat101 enerpleu

for formation and growth of nuclei 80 and 50 kcal molee'ﬂi
respectively. It is suggested that the formation of soot

particles takes place in two different ways each differing

in . the n e of the nuciel and in-the structure ol the spo%
narticles obtained, The nuclei may be complex unsaturated
polymer molecules or simple radicals, The molecular macleus,

obtained from "oacthn% including condensation, aromatisation
and dehydrogenation, continues to grow by wv: irtue of the same

reactions and produces a soot particle having an indefinit

o)

»

*

structure and conta 2ining a considerable amount of volatile



A 'radical nucleus' producés soof particles with a compact,
regular structﬁre. The nucleus is converted first. into one.
having a physical surface then growth occurs by a branched
chain molecular process taking place on the surface direct
from the gas phase building the carbon atoms into a planar

graphite lattice.

concentrations and fraction chargs
successive stages of formation in a low pressure flat flame
using molecular beam sampling. They observed cluster-type
structures within roughly spherical particles and decreasing
particle number concentration following rapid nucleation.
They concluded that coagulation occurs du?iﬁg growth, |
Calculations indicated’ that first nucléated varticles grow
predomirnantly by surface growth to a mean diameter of 100.A°
and that the number of primary particles per SPherical ﬁnit

within the final chainlike clusters is of the order of ten.

1.2.3 TEE EFFECT OF ADDITIVES ON CARBON FORMATION

14

Addecott and Nutt measured the effect of metal .compounds

on carbon formation in diffusion flames in order to attempt

Ty Ty ek 1 i rties
I elecighlit propefiled.

'—u

P RSy e Aol e Lo s S A g
to relate thelir ectivities to the

<

The res

o

$ 2 L
ements within each of the

~ T prags
1ts demonstrate tha

(D
= )

oxr

t4

i

groups I and ITA of the periodiec table, their smoke reducing

18

efficiency increases in order of increasing ease of ionisation

as measured by the magnitude of the ionisation potential.

However, this relationship does not hold aeross groups, though

this could be attributed to the ionisation mechanism.
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Measurements were also carried out on flame ion concentrations
and it was found that the lower the ionisation potential
of the additive the lower the observed concentration of flame
ions. Similar effeets concerning production and inhibition

of soot formation were observed by Feugier16.

1841

\O

Salooja has continued this work using additives held’

on . quartz loops in the flame. = He found two effects, an

J

inereasSe ln. T

et
1§H]

2

12 anount of soot formed when the loop was held
in the upper part bf the flame and a decrease when the loop
was held in the lower part of the flame. In each case the
size of the soot particlés was inecreased and the smaller the
ionisation potential the larger the effeét.- The effects
were ascribed to electrons released by the additives, the
aﬁtismoke effect due to the destruction of carbon bearing
flame ions by the electrons and the prosmoke effect to the

electrons reducing the positive charge on some of the carbon

particles making agglomeration easier.

18

Cotton et al examined soot redueticn by metal additives
in a propane diffusion flame and proposed a semiguantitative
mechanism for the alkaline earth metals, its basis being

that these metals undergo a homogenous gas phase reaction

with flame gases to produce hydroxyl radicals which rapidly
remove sScot or soot precursors. Soot removal by most cther

metals is thought to involve another mechanism and possibilities

are discussed,
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’

1.2.4 EBELECTRICAL PROPERTIES WITH RESPECT TO PARTICULATES

AND WIND EFFECTS

Lawton and Weinberg1 showed that maxima limiting all practical
effects of the movement of flame ions in electric fields

depend on the current density available. The theory of

-

the electric field and sps 1ce charge distributions inside and
outside the flame was developed, checked experimentally and

used to deduce such mavima.

For an invicid gas flowing unlmneae& through a gaunze electrode
the velocity at the electrode is given by

=t[ja/ka}.5 ‘
The current density is limited by the rate of ion generation
per unit Tlame érea or the space charge induced breakdown at .

the electrodes. The latter is ultimately limiting, because

it is generally possible to increase the former, and is

given by
] A
J A ka © Bsu.,

: gma , '
The maximum practical effects may be calculated from this.

For H,0" ions with a -Scm electrode spacing the limiting

o A T -2 o :
current in air becomes *25 mA cm . This corresponds to

-1

2 g min of sopt from.a 100 sz flame assuming 104 atoms

ol A ) o oy o 2

3 i | T A ety P i s " A —
carngr. ner crnarrse, AL80 The maxinmum Svavle pressurns

due to the ionic wind, the maximum wind velocity and the

maximum force/unit volume respectively are given by:-

Py, = beaﬂ' = 400 dyne cm™2
' 7 IS & ""1

B ;b/z 2T = 550 cm 8

By = X%/Bﬂa = 800 dyne en”2
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It has been shown that3‘6 carbon particles inlsooting flames
are charged, or at least can all be caused to acquire a
desired charge'in the presence of an applied field, and can
thus be manipulated by means of such fields, This applies
not only to fully grown particles which can by this means

be caused to deposit in specified places, in wvarying forms
of aggregate but also during their period of growth in the

pyrolysis zone. By varying the residence time in the reaction

zone, particle

s P TR L T R LRI . L T e
ize and hence the Total amount o carbon

o]
[q

formed can be varied greatly, see Fig. 1.2. Thus by rapidly
removing the carbon surface on which further growth normally
occurs, it has proved possible to reduce the total amount of

carbon formed by over 90% with corresponding reductions in

‘Ih_:

- 1 T ’ A~ Tyym s SR g T < Tyt R
particle size and flame lumincsity. Conversely, by using

?)1'

fields so as to hold particles almost stationary against the
gas flow within the pyrolysis zone, macroscopically large

aggregate could be grown.

Fayo and Weinbergz measured particle mobility and carried
out detailed size analysis. It was found that the particles

accounting for the mass deposited have mobilities ranging

~3 2 2 =1y=1

from 10 © to 3 x 10" © cm"s 'V ' depending on the applied

potential, This allowed their field trajectories to be

D'

4 i 8 ok - 3 - T SR R o R th SRR & S
calculated and showsd, when taken together with size measurements

=
lad
D
12
[
o
[

o
0
Ay}
l
)

from electron

mierographs, that eaech carr
over practically the entire experimental range. It was

also concluded that both growth of carbon on flame ions and
initially neutral growth followed by attachment charging do

ocecur, charging by thermionic emission being unimportant

under most conditions.
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Thié work has been extended? to particulaté pollutants from
flames in general, rExamples chosen were silica and lead
oxide from tetfa-ethyl lead. In the latter case difficulties
arose because the lead oxide is a vapour in the region where
charges usually aﬁtabh and an alternative method of charging
was developed using a secondary flame as an ion source in a

'

s Pt X Ly - S . = e - v
cooler part of the product stream. O

-h

3 e
Jelmum Charging

o

conditions were investigated and the theory of charge acguisition

was .generalised

Wk =y (RS

¥

These investigations have been carried out on flames between
electrodes; the work tTo be described extends this to more

practical systems.
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‘1.3 PLAN OF WORK

The ultimate objective of this work is to control flame

carbon or soot under conditions when a field cannot be applied
directly to a flame. This includes most industrial applications
where combustion is carried out in a combusfidn chamber or in

the cylinder of an engine. Even in the case of furnace

flames where a field could be applied to the flame it would

ve far more convénient to treat the ﬁ“odue+“ separat

an exhaust flue.

Two side iscues arise from this work. Do the methods developed

depend on a flame with its chemi-ionisation zone or could

+

ot iy
tems — eg,.

£as

l.J

2ou

(%]

the methods be applied te pyrolysing sys

s ;

fuels in hot pipes? This is dealt with in Chapter 2 during

studies on the pyrolysis of ethylene.

"he second side issue is; to what extents are the effects
produced due to interaction with the flame process itself?
There is a background of conflicting information as to
whether electrical effects are important to propagation
reactions. In assuming that the manipulation of flame

carbon is simply moving charged particles to alter a parameter

~

k x i L Y ; pHet o T = 3 = B ~» - A E S e
gconecerning the particles themselves, eg. residence itime oY

site of deposition, it is presupposed that the carbon
forming reaction is not related to the main propagation
reaction. This cannot be completely true for by altering
the particulate concentraticn in the pyrolysis zone, hence
altering the surface area on which carbon can form, the fuel
consumption rate in the pyrolysis zone will be altered.

The central guestion is whether this reaction affects the



r

main propagation reaction and the heat release rate.
The most direct way of resolving this is to measure the

effect of electric fields on the burning velocity of sooting

flames, In order to establish a datum work was carried out
on non-secoting flames first, Another guestion arises from

.this work, can the soot formation in flames be controlled by

it
)
s
4]

fus)

altering the s2lectron concentration in the fiame?
again a datum was established by work on non-sooting flames.

TR TR O, ML b oy A L SO A 4
This work is presented in Chapter 3.

Chapter 4 deals with the electrical control of flame carbon
using large fields, high voltages producing low currents,

applied to the flame and its product region.

Additives are discussed in Chapter 5 and an entirely new
method for controlling scot formation is presented using
low field strengths and correspondingly low currents produced

by hot electron emitting surfaces within the flame.

The coneclusions and recommendations for further work are

contained in Chapter 6.

25
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TRER 2

ETHYLENE PYROLVDI' IN THE ABSENCE QF OXYGEN

2,1 IN THE PRESENCE OF SOLID SURFACES

The first step was to investigate the pyrolysis of ethylene
in the absence of oxygen to determine a) whether pyrolysis
occured, b) charged particles were produced and hence c) the
contribution of the charged pérticles.from the pyrolysis
zone of a £
.consisted of a burner producing a uniform flow impinging on
a heated flat plate, the whole being enclosed in ah.inert
atmosphere, see Fig. 2.1. Thé plate was to be made of

(8

carbon and heated by a radiant cavity, see Weinberg and Wilson

Some preliminary experiments were carried out whilst waiting
for this apfaratus to be completed.' Thése were on therlines
of the above experiment, but using simpler appératus.

The apparatus consisted of a pyrex tube having a perforated
graphite end plate. Ethjlene was passed in from the other

end of the tube, the excess being burnﬁ at the holes or

carried away by an exhaust system. The ethylene was pyrolysed
on an'electriéally heated tungsten wire, see Fig. 2.2.

Burning waste ethylene above the plate made no difference

o - 1. 5 [ B e I T L = | S SR | - F =
to the results obtainszd. Lo current was detected due to
i T ¥ ey s [22] Yo my em e & e o oA ~r - e
thig flame, The heater current was about 184 giving a

; E 0 el e
temperature of around 1100°K and the ethylene flow rate

was around 1 1min"1. Current voltage characteristics were
recorded for various conditions,

1) During pyrolysis filament negative

2) During pyrolysis filam

( ]
ot
d
Lios)
&}
[}
H
ot
ot
<
¢}
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to exhaust
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tube
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Fig. 21

Diagram of hot plate apparatus
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._Tungsten filament in ethylene at 1100°K

10¢

Ip!&

| Vapp kV
Fig. 23
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3) Hot filament in nitrogen just after'?
pyrolysis filament negative

: ' y see Fig. 2.4

4) Hot filament in nitrogen some time
after pyrolysis filament negative J

5) Eot filament in nitrogen just after )

pyrolysis filament positive

? segé Fig, 2.5
6) Hot filament in nitrogen some time e
after pyrolysis filament positive
7) Plot of current versus time in 52
AlLawent negative just aft pyrolvbls see Fig. 2.6
at constant voltage of 2kV,.
During pyrolysis, carbon filameﬁts streamed from the top
of the tube, These gradually disappeared az the potential

was increased starting at 1kV and disapnearlnﬁ by 2kV,
A1l the carbon formed collected on the negative electrode.

It had a light fluffy appearance and collected on lines of

force between the electrodes. Lhe appearance of the filament
changed du ing erlfqlS Its diameter increased by up to

twice and the surface became porous.

Carbon particles formed during the pyrolysis of ethylene

"on a tungsten wire bear a positive charge. Figure 2.3

shows that aiuration
currents a posited on the
negative e itivel y charged

Examination of Figs. 2.4,2.5 and 2.6 together with observations
on the physical state of the filament before and after

pyrolysis suggest that surface reactions are involved.
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Tungsten filament in nitrogen at 1100°K

10¢
fil -ve
[pA
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just after pyrolysis
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Tungsten filament in nitrogen at 1100°K

10

LUA

fil e

Just after
pyrolysis

'some time after
pyrolysis

01

Vapp kV
Fig. 25 Tapp



| Tungsten filament in nitrogen at 1100°K
fil -ve at 2kV

I/u/-\

0 5 10

time min.

Fig 26 Current/ time after pyrolysis
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It was deduced that immediately after pyrolysis

the filament has adsorped ethylene on the surface, since on
heating the filament in nitrogen, this gives a current which
falls off expotentially with time, see Figs. 2.4 and 2.6.
Chemisorped ethylene on the filament surface changes its
structure, making it porous. This suggests that catalysis
could occur on the filament surface, explainihg the formation
of ions at temperatures where conditions for radical reactions

are thermodynamically more favourable.

The apparatus was modified to overcome two difficulties.
1) The tube was enlarged to 3" internal diameter
to prevent corona type discharge to the walls
and also to allow the use of a larger filament.
2) The filament material was changed to carbon in
an attempt to eliminate catalysis, since any
effect due to a carbon surface would also occur

in a flame.

The conditions were as before, ie. filament temperature
1100%¢ at a current of 50A. The ethylene flow rate was
1 1min~]
were taken:

1) During pyrolysis filament negative‘}

: see Fig. 2.7

2) During pyrolysis filament positive

3) InN, Filament negative

4) 1In N, filament positive see Fig. 2.8

5) In 02H4 filament positive no pyrolysis

6) In Ar filament positive

7) In He filament positive see Fig. 2.9

8) In CO, filament positive

. The following series of -current voltage characteristics




- Carbon grid in ethylene at 1100°k
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Carbon grid at 1100° K

100

WA N, grid
| postitive

10r

CH, no pyrolysis
grid positive

N, grid
negative

01

Fig. 2:8



Carbon grid in various gases at 1100° K
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o grid +ve
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CO,
1 I
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G 1 2 3
Yapp KV

~ Fig. 29
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Plot of current

versus time in

Y

.L‘J2

filament positive at 2kV.

38

see PFig. 2.10

Pyrolysis oeccured and the carbon'particles behaved as before.

The filament increaed in diameter with time but this appeared

to be due to carbon baking on the filament surface.

of

pyrolysis a

Ol

a

giving

carbon Tilament bear

the results show #hat the carbon particl

a posi

s
{

LI )

]

Z .

(.)

S Fig.

0q

saturation current of about 0+2 pA

Examination

i
J.J.“'

formed duri
tive charge

a

on a filament

s & 2 . i . . :
area of about 1 cm . Comparing this with a Ilame saturation

current of 1.2 pAem

show

uhat current

from charged particles

formed in the flame pyrolysis zone is not an insignificant

FPormation of charged carbon part

phase is thermodynami

cally

icles dire

imbrobable, but

& 2

ctly from the gas
formation of ions

by catalysis on the first—formed uncharged cavbou rarflcle°

would be-pdssible,

gives uncharged parti

Examination

Ie. 1

cles,

f nucleation in

growth may stil

ol Plg. 2. 10 bhO'S a very low current,

the ,yroly81b zone

i 4 give charged carbop.

almost

unmeasureable when the filament is negative in HQ. This fits
in well w theory, from von -
Maximum thermionic emission current from a solid surfac :
in a vacuum
T Bmze;p<;§§) Aem™? i i g e s, Bt

For czrbon B = 483 G = 4.4 eV

Hence at 1100°K j =39 x 10" phem’

Thi cvﬁrent'is negligible.
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Carbon grid in nitrogen at 1100°K
| grid +ve at ZkV
2 |

[UA

25(

5

0 29 10 -
_ time min.
Current/time

Fig. 210
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Examination of the curves with the filament positiﬁe show
that they all have the same form. Hence apart from minor
variatioﬁs the curve obtained is a function of the filament
itself rather than the gas. This is probably due to emission
of positive ions from the Iilament, either carbon. ions or
1kali metal impurity ions in the filament. The curve from
to &

the tungsten wire, see Fig. 2.5, could be due ungsten

ions (1st IP 8-1eV) or carbon ions (1st IP 11-2eV) from

O

B o iy A n .
filament. For

‘reactants and/or products adsorped on the

-

positive ion emission the current voltage characteristics

are of the form:-

2 37

9kV°, - from von Engel”’, L I Bl
GV TR » .
Taking a typical case j = 3 pmAcm -~ at 3+6 kV (see Fig. 2.10
£ L9 :
in CO gives k = 259 x 10 12 A'em ¥V ©. Using this data a

%

theoretical current-voltage curve was calculated, see Fig. 2.11.

The curve shape obtained was very. similar to the expe erimental
one,. | Hence the filanent acts as an ion source. . Using the
above formula and'assuming d ~1cm and filament area was ~1cm®
the mobility k was calculated as

| k =:2+34 em® seq | YT, |
This is of the correct order for small ions at atmospheric

pressure.

Comparing the calculated values of current-voltage foxr a

carbon filament from Fig. 2.11 with results during pyrolysi
and a negative filament (see Fig. 2.7) a close correlation

is shown up to the plateau level.

X : *dale. P2 Imeﬁs. P
T : +0095 +0106
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Calculated characteristic for carbon grid

10

[uA

01

Vapp kV

Fig. 211
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VRV Tias A bacas ) B
.4 038, | 0473
.5 | - 059 . +065

*6 ..*085 +081
Hence the ions causing a large currenﬁ with the filament

positive have the same mobility as carbon ions from pyrolysis.

The conclusions are that pyrolysis.in ethylene occurs at

ke
T

emperaturas 2

o

i e | - 3
2SS LowW a8

RSN

00°k though this may be a surface

i

reaction not directly relvant to flames. The cerbon particles
produced are all positively charged in the presence of a
Tielady Any practical system would have hot surfaces and

under these conditions carbon particles would become positively

it 5 e V% . : R G T . et T PR
charged and hence wouid be amenable to electrical control.

Hot surfaces emit charge in an electric field due to at
least two mechanisms in addition to the eXpPCbQQ small
thermionic emission and corona currenﬁ. They are: negétive
charge for some time after exposﬁrerto ethylene, which may
be due to the same mechanism that charges carbon positively
on the surface, and the émission of posiﬁive'charges that
hot surfaces emlt continuously, which has been accounted
for theoretically in terms of ion emission.

ne planmed experiments would

- TS

héve been less useful than anfic pated, partly because they
have already answered several of the questions asked.

With the hot plate negative, pyrolysing carbon goes to the

carbon surface and bakes on, making collection and examination
df the carbon difficult.. When the hot plate is positive gopious

ilon emission swamps the contribution from carbon particles.
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2.2 ETHYLENE PYROLYSIS IN A HOMOGENOUS GAS SYSTEM

The mechanism of ion formation during the pyrolysis of
ethylene in the presence of solid surfaces is unclear from
Zola Ions could be formed by a gas phaSe reaction or by a
surface reaction. In Qrder to eliminate the possibility

of surfaces contributing a study of ethylene pyrolysis was

earried out -in 2 shock: tube. -

It was decided to study the pyrolysis in the reflected shock,
this has the advantages that the gas remains stationary with
respect to the tube for the duration of each experiment S0

that observation is carried out on the same gas molecules,

‘

Algo a low incident Mach

-

Yo. .can be used and the design of

the test chamber is simplified.

2.2.1 THE CALCULATION COF SHOCK PARAMETERS

In order to simulate the conditions used in section 2.1
calculations were done assuming the following final state

for the gas:- l

100% ethylene heated to 1100°K at no more than a few atmospheres
pressune. Now the relationship between temperature behind '

e i ey I~ 1= - 4 1 e - oy pr ey gy 3 1 3 - R R o
theirellecteanshook “initial Tempersinre and incideny

; : 25
. . B 4 p)
in an ideal gas-is given by'8:~

N el ™
macn kO,

. B-1ng . (3~x)} (i = a(y-1)]

T1 (}r+1)a M

e ® e 0 e s n 2.3

- N

X for ethylene at 298°K is 1+24°° falling to 1+09 at 1100°K.

The mean value of 1+16 was considered sufficiently accurate
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to predict the initial conditions required; the actual
temperature reached being calculated from the measured

shock speeds.

Using T, = 1100°K and T, = 298°K and = 1+16 the required

1
Mach No. M1 was found to be 4°0. . To allow for real
+

gas effects 10% was added to this giving a required M1 of 4+4,

i Q
From this value the required initial pressure P1 was calculatedBd.

2 2
2zr1vz‘1‘ - (¥=-1) (3x-1)rf:1 - 2(¥-1) oty

¥ 41 (¥=1)MH + 2

This gives PS = 194, hence the required starting pressure
* _
is of the order of 10 mm Hg for an experimental pressure

close Lo a

The pressure ratio across the diaphram P,/P, is given byEB:,
P -[2¥%
LR i g 1y £ 14 3
B Ay E gytl oy X

giving a value of 91 using hydrogen as the driver gas.

In order to facilitate relatively speedy operation of the
tube at the pumping speed available a moderate value of

initial pressure was chosen at about 20mm Hg

Hence P, was of the order of 1800mm Hg or about 36psi.
: it 5
The radius of the diaphram was 2° so that a 50 p Mylar

diaphram was suitable, bursting at 47 psi across the diaphram.
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2.2.2 DESCRIPTION OF TUBE AND TEST CHAMBER

A diagram of the shock tube system is shown in Fig. 2;12¢

"
The tube was made from 2 diameter stainless steel with a

% m driver section and a 4 m test seection. The diaphram was
awparated from-the main body of the driver section by a

2- Klinger valve, A. The tube was Qperatéd by flushing out
the test section and the driver section between the diaphram

PE T % v ey LdmerT avos anAa +h -+ 3 +
cand valve with ethylene and then £illi

g ling at the correct
pressure. The main body of the driver section was filled

with hydrogen at 60 psi and the tube operated by opening
valve A. This method of operation ensured uniform conditions
from one run to the next and overcame any slight leakage

i - 1 s AL e 1 e &
e = hcaem DTS UEITLY P 3
problems around the diaphram.

Shock speeds were measured using two resistance detectors,

see Fig. 2.1%, placed just before the test section._ The

wave forms weré‘differentiated, amplified and displayed on

an oscilloséopé. The teét chamber was'qonstructed by
blocking off the end of the tube with a perspex plate carrying
an axial electrode protruding a few mm back into-ﬁhe.fu?e.

A field was applied between this and the wall of the tube -
the current being monitored by an oscilloscope triggered by

e B i o g5} pay ot e e e S mr % S QR S g =
tne  2I18% I'eSigTivaELY detectaol,



Osc Tim
| H .
1=, ;
L diaphram |
1 Test” S, Driver S.

probe A

pump &

CH %)

Fig. Shock tube system for ethylene pyrolysis
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It was found experimentally that a starting pressure P

6 mm gave a measured initial shock speed, M

A series of experiments were carried out over a range of

starting pressures

shock speeds of between lach 6 and 2 and temperatures

‘from72,3 from 2400%K to 500°%%.

from 5 mm to 20 mm giving

1 of
17 of Mach 4+0.
measured incident
calculated

The probe circuit used for

ig. 2.14 and typical oscillograms

At 21l experimental temperatures current of the order of

a few micro-amperes was registered by the probe.

of oseillogram were observed
reached, :see Pig. 2i15. At
rose to a peak and fell off.

the current rose suddenly to

depending on the

Two types

tempers yburs

\"I
»

.low temperatures the current

At moderate temneratures

a peak, as the reflected shock

formed and remained at the same value until the rarefaction

wave arrived.

by a bright yellow flash from the end of the tube.

At higher temperatures this was accompanied

was observed during the passage of the incident shock.

The current
aused by ilonisation in the

however, anot!

neasured at higher temperatures is undoubtedly
pyrolysing ethylene, There is,

ner “08%1“111 'y at lower temperatures. The

5

test chamber is a capacitor charged up by the probe voltage.

When the temp

the dielectric constan

across the plates will alter,

observed signal.

To test this

erature and pressure cnange in this capacitor

t will change and hence the voltage

This could explain the

2 simple calculation was

No current
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+9V

33 A

to osc.
e |
probe(r 100Kk
<+~

Fig. 214 Probe circuit for current measurements
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o
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pefformed.

The capacity for a cylindrical capacitor is given by*C:
o - _E_fkr 0
1n r2/r1

giving a capacity for the probe of +24pF.

Charge is given by q = CV = 2 x 10~12 coulombs.

Eence the maximum output would be 2 pA for 1 ps. This is
several orders of magnitude lower than observed experimentally.

The current must then be caused by ionisation.

A second series of experiments were carried out using a
éircuit to measure saturation current, see Fig. 2.16.

A ramp voltage derived from the oscilloscope timebase was
applied to the probe, current being measured as before.
Temperatures ranged from 900 to 1800°K a typical trace is

shown in Fig. 2.17.

2.2.,4 DISCUSSION

The peaks in probe current recorded at lower temperatures,
"Fig. 2.15a are almost certainly caused by iniiial ionisation
followed by recombination; the field strength of 2V cm_1
being insufficient to prevent this. At higher temperatures
the rate of ionisation is very fast and a plasma is formed

as the recombination rate is relatively slow.

A plot of log saturation current against 1/T is shown in

Fig. 2.18 for the second series of eXperiments. Field
1

strengths used here were also fairly low, up to 50 V em™ ',

PR G AT

A e T g ] T

i

SO s T
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ramp from osc.

s .

to osc.
Y input

Fig. 216 Probe circuit for saturation current
measurements

——



Current - voltage characteristic of probe using a
ramp voltage during the pyrolysis of ethylene,
(upper trace). Lower trace, timing signals from

resistivity detectors,

53
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4O

o~
=

log [saturation current (LA)]

20

> U
Fig. Arhennius plot of I¢ during ethylene pyrolysis
218 |
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and the current may not have reached saturation especially

at high ion concentrations.

In order to overcome this difficulty an attempt was made to
compute ion concentrations in the test chamber from experimental
voltage and current values.

Using the relationship:-

e(k + k_)2 v % 4d4(%%)6< L
1+

2043 ( (k,+ k_)% v°

equation 4.29 from Chapter 4.2, and rearranging to give,

\ 2 .2 .
sz dd :J + J e & 5 55 9 "0 0 8 2'6
at e2(k++ k_)2 ¥e ed '

ratés of ion generation may be calculated for values of

¥V and J. The current values were read off from the
oscillograms at a time corresponding to 150 ps after the
formation of the reflected shock. The applied voltage,V,

at this time, was deduced from the ramp characteristic.

D(, the recombination coefficient, is temperature dependent

and the rela,'tionship41
o —35
) T was used for correlation.

An initial value for K was taken from Chapter 4.2 as

-1

53 x 10_5 cmBS at BOOOK, though the exact value 1s unimportant

in this treatment of the data.
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For an ion producing reaction of order n in ethylene we have,

o

n 1 Ae~B/RT

il E;H s R I e
at- - T *n [F27a PR i

Plots of this data for first and second order reactions are

11_1

shown in Fig. 2.19 with activation energies of 47+6 and

=

1

45+2 kcal mole and correlation coefficients of -+88 and —-+89

respectively.

Induction time data was also taken from the oscillograms,
this was taken as the time interval between the reflected
shock forming and the appearance of current at the probe.

The eqﬁation used for correlation is78’79:—

s

IanA't = AE E—E/ﬂ‘

This was plotted as log At/T" against 103/T for first and

second order reactions, see Fig. 2.20 with activation energies

-~

of 6°9 and 10 k%cal mole ' and correlation coefficients of

*5% and +50 respectively.

The points are rather scattered - this may be caused by

uncertainties in the measured parameters as these were read
off from oscillograms. Also errors due to real gas effects
were ignored during the calculation. However, the results

E e ¢ Py NP g 9 s ke S, S P e A 2 R it &+ - I P A Nl RNl et e e
are gZooa encugn vo 1udicane an approximave acuvivation energy

{

0

te that ions are formed during the pyrolysis
11

and to demomstra
of ethylene with number concentrations of between 10 and

1015 cm"B, not insignificant in terms of electrical effects,
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ist-order =
2ﬂd " o

o))
-

[n [rate of ion generation (tm“3)]

Bt e -

I\
~ Fig. Arhennius plot of (a_ﬁ) during etnytene pyrolysis
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10t |
g 1l first order
_ ft) = At

20 0 T

second order

f(t):Az
50!
60— ——
5 10 ‘]O/TOK

Fig. Induction time plots during ethylene pyrolysis
220



o8

13

It is therefore necessary to consider possible mechanisms

by which this ion formation could occur. There are two

hroad possibilities, ion formation in the presence and
’ P

absence of oxygen. The ethylene was not ﬁurified before

use so that oxygen could have taken part in the reaction.

The ethylene used was 99+85% minimum purity the main impurities

being hydrocarbons so that the oxygen econcentration was
016

— ';’ e
molecules cm ~. In view of

unlikely to have exceeded 1

L%

L

=)

fact

to those observed

concentrations it

3 PEBE Tt ¥ e T
icn econcentratio here ilar

im

)]

n iz

rvel

in flames containing much higher oxygen

seems unlikely that the majority of the ions

were produced by a reaction involving oxygen.

In the absence of oxygen the reactions most 1likely to produce
ions are:-
b 4 : + - : ! -1 31
OH . OpHy == Cglig’ ¥ e AH -7 kcal mole ;
and |
& - : -1 80
CH + 02 ST C3H + € AH 50 kcal mole .

However all published mechanisms for the production of CH

involve oxygen, €g.,

_ 4
C, + OH P Co + CH 4
Z :
: , s 4%
Co being produced by “:-
-+ H : 1 H
C4H2 e By 04
Py s i & ey ; ~
C,H + 0 i CO .+ C, + CHO .AH -22 kcal mole .
u4 + o > DL 2 o It & o
T ! ' ) o 1 - 42 . : : s . Y T
It has been observed that in some very rich flames there
is CH emission below the region of 02 emission - hence CH
is formed before €. There are also some flames givin
2 =1
weak CH emission with no C? emission examples being HCHO/02
and rich 63HQ/O? in preignition. Hence there must be other
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reactions leading to CH formation especially in the preflame
region or pyrolysis zone. The reaction most commonly
proposed'for ion formation in the presence of oxygen is:-

CH+0 —> CHO®+ e~ AH = 20 keal mole~] 26,

81

During work on the pyrolysis of 99:9% pure ethylene~  and

'pure! acetylene82
02 was detected but CH was not. Thus it is improbable that
the ion forming reactions involve CH, The activation
energy for the formation of 02 from ethylene was found to

be 50 kecal mole_1 81.

The only fragment, that has been detected, and is encrgetic
enough to be a possible ion precursor is CZ’ though the
mechanism for its production in the absence of oxygen is
unclear, Direct formation from acetylene seems unlikely
because of the low activation energy reported by Tsang et 3181.

They suggest the following mechanism for its formation from

ethylene,
A H keal mole™ !

(CpHy + X > Gyl + X —>CyH, + H, 398
CoHy, + CoHl, —>  C,Hy, + Hy 2.7
CoHy '+ CoHy  —>  CyHy + CoH 74
C4H2 + 02H2 — C4H3 + 02H 54
Cyll, + CoHy  —>  C,H + C,Hg 58
C4H3 + CQH2 —_— C4H2 + 02H3 ; 21
Collz + CoH, —> Gyl + CyH 10
CyHy, + CoH — .C4H3 +£‘;J § A
Col + CoH  —>  CoH, +(C, 19
C i+ CoHl —>  C,Hy + 55

in shoek tubes using spectroscopic techniques
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A H kecal mole-1l

'C4H + C4H R C4H2 + C4 ] 42

This mechanism suggests that no C-C bond fission occurs,
being energetically unfavourable, However, it has been

reported that scrambling of carbon atoms occurs during the

formation of 02 from:acetylene flame585

84

and during acetylene

pyrolysis®® using '“C,E,and '’C,H,. One possibility for this

is the following rearrangement, possibly between excited states.
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The first order activation energy obtained for ionisation

of 48 keal mole” compares favourably with the value for the

formation of 02 during the pyrolysis of ethylene81. The
value obtained from the induction time data compares well
with the activation energy of 10 kecal mole”! obtained by
79

Hooker'”, from induction time data, during the pyrolysis
of acetylene, though it is not clear whether the induction
time refers to 02 formation or to carbon formation.
However, the'values are sufficiently close to suggest that

ion formation may occur via 02.

The following reaction for ion production from 02 is suggested:
T + - o y - 1
C, + C£3 sl C5H3 + e AH 39 kcal mole

The ion formed initially would be tc=c - CH3 but this
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. + 85

HC .
B

He'¥”

rearranges to give the cyclopropenyl ion

The reaction with ground state Co would be endothermic but
excited C, is formed during the pyrolysis of etlhiylene,
the excitation energy to produce Swan spectra being

55 kcal mole ! 84, so that the reaction

Cr + CH, —» CEY+e
2 3 353

may even be exothermie.

CH3 is formed by the following reaction scheme44

A H keal mole™!

In order to elucidate the reaction mechanism further experimental
work would be useful. Suggested experiments would be

following Cy and investigating CH concentrations during

pyrolysis together with ion yields. On line mass spectrometyy
could also be used to determine species concentrations.

The effect of oxygen could also be determinded.

Despite the uncertainty about the mechanism of ionisation
during pyrolysis the fact remains that in a practical flame
system ionisation would occur during pyrolysis and thus

electrical controcl of the carbon products would be possible.
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CHAPTER 3
DIRECT CLTROL OF CC FbTSTIOE REACTICIS

2.1 LITERATURE SURVEY

The role of electrons and ions in combustion has been discussed

'he discussion has centred on whether they

=

Fh

oT many years.

play an important part in the combustion process or whether

they are. an incidental factor. As early as 1910 J.J. Thomson”-
suggested that combustion is concerned with electrons.

1e physical

Many workers have since drawn conclusions from t

effeets of electric fields on flames.

4 e ‘ : i
Malinowski” 6 studied the effects of an electric field on

i ol s iy T 2T 5y e ST N - T B S e SO
ion of bensene/air mixtures and found that a

Lne pr

ri

field arrested flame propagation. He concluded that ions
may play an active role in the combusﬁiOﬁ process. Lewisé7
studied the effect of an electric field on hydrocarbon/air
flémes. The field was parallel to the flow direction.

Ee found that the flame moved in the direction of positive

ion flow and with appropiate field strengths and directions

the flame could be extinguished, He concluded that the

positive ion plays an important role in the malntenapce of flames,

<
Calecote and Pease’® studied the

electric fields on.the blow off

.
flame pressure of Bunsen burner flames. They found .thet
the eleetric field has a strong influence on flame stability,

‘the direction depending on the field polarity. A model
based on ionie wind explained most of their results.
They concluded that the large number of ions pr sent, 1O1jcm“3,

cannot be accounted for

™ £

hermodynamically and must be due to
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chemi-~ionisation, though the ions did not appear to play

a significant role in the combustion process,

Fox49 found that a continuous glow discharge could increase
the blow off velocity of premixed flames. However, no
change in burning velocity ecould be detected on a porous
plug burner using propane/air fuel.

Heinsohn et a150 have found that the extinction limits of
an opposed jet diffusion flame aré considerably extended

by a DC field. They concluded that probable ways in which
an electric field can influence é flame are (i) ionic wind,
(ii) as a consequence of (i) the concentration of neutral

T O T 1 % NI L A s R R S
es alterine the combustion CRemistry

D

ny

reacting sSpecies chang
and (iii) the combustion chemistry may be influenced by the
initiation of new reactions.

°1 and more recently Weinberg et al*’3

Guenault and Wheeler
studied the effects of electric fields on flames and concluded
that the effects observed were caused by mechanical processes

and that the flame chemistry was not altered.

Other workers have studied the effect of electric fields

[ el
- ' = e -
5 o s PRt £ e 2 2, e £ o P, sy 2
on cnemical species in tThne:flame., Nakanmura found that
electric fields affect the CH, C, and OF spectra of diffusion

e

flames. They concluded that the field did not affect the

flame propagation, the concentration changes being caused

by mechanical effects, but that ionisation and carbon formation

D
(o]

are connect



65

Popov and Shelkin53

carried out a speéfroscopic investigation
of a flat methane/air flame in an electric field. They
analysed for 02 and CH and found that the concentration
profile for each specics was independent of field.

They observed some macroscopic changes in flame structure

but concluded that these could all be attributed to the

ionic wind effect.

These papers lead to the conclusion that radicals, the species
involved in the flame propagation redcticn, are not affected
by the electric field, by other than mechanical means,

although the ion concentrations are, Eence the ions play

little c¢r no part in any propagation or chain branching reactions.

Heinschn et 212+

studied the temperature distribution in a
propane/air counterflow diffusion flame subjected to an
electxric field, They found that the temperature profile
shifted towards the cathode on applying the field - in
accordance with the wind effect. They also deduced that

the flame volume increased but did not draw any conclusions

about any changes in concentration in combustion species.

However, many workers have concluded from their experimental
results andltheoretical calculations that an electric field
has a marked effect on burning velocity and hence flame
chemistry. Boﬁe et a1”? found that flame speeds were
affected by electric fields, They concluded that both
mechanical and chemical effects were responsible for this.

56

Calcote experimented with transverse electric fields on

burner stabiliced flames and observed mechanical effects,

“oalige TREeT

WMETTT T



66
He also deduced changes in the burning wvelocity across the
flame; an increase near the positive electrode and a decrease
near the negative electrode. = He considered this was caused
by changes in positive ion concentration caused by the field.
Fowler and Corrigan57 measured flame speeds in-tubes under
the influence of transverse DC and AC electric fields.
They found considerable increases in flame speed 50% for

I At
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100% for DO Tie
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ds. They concluded that
the field affected the electron temperature and hence the
reachtion rate. Becker)8 suggested that from calculations

on one dimensional flames the burning velocity of methane/air
should increase by 20% on application of a field. Jaggérs
and von 335@159 studied effepts, of DO, AC and HF electric
fields on flames in tubes and on floating flames. Fuels
used wére methane/air and ethylene/air, They deduced
appreciable increases in burﬁing velocity up to 20% in the
case of methane/air; this was attributed to an increase in

the electron temperature caused by the field.

In the case of sooting. flames the chemistry of carbon
formatlon is altered, though this is caused by a mechanical

effect on the particles rather than being caused by electrons.

o eonclusions have been drawn aboul the offect on the flame

vrovagation reactions. laceyiand WeinbergB found that

o

Q

appllcaulon of fields to sooting flames on a counterflow
diffusion burner can markedly affect the growth of carbon
in the pyrolysis zotie. . . More recently viayo and Weinbergg
extendéd this to showing that the effecx is a mechanical one.

Re sulJru can be explained by DOSt*lntlﬂg that the field either
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removes or traps the particles in the pyrolysis zone hence

affecting their growth there.

Many of the early workers supposed that the striking effects
that electric fields exert on flames were caused by chemical

the charge carriers, particularly

"3 ......

changes induced by transposin
elegtrons, Some reactions invelving large charge carriers
are known to be so afiected., Thus the effect on flame

TR

carbon formation of moving the c¢harged soot particles by

applied fields is well documented. However, the influences
of transposing small charge carriers are less easy to investigate.

To doniec .winds, this was. g already by Guenault and

wneeleES 5 It is st ly to be expected, since gas velocities
e S L ; : -1

produced in thls way cen attain values as high as 550 em s

1,41 *6

unfer. ideal -conditidnse " L™ pamore. it ducte

87

and in multi-
stage systems, and are usually Séveral times greater than

burning velocities of hydrocarbon/air mixtures, even under

far from ideal conditions. Such gas flows are accompanied
by entrainment which, in particular systems, can lead to
appreciable changes in mixture composition. It is also

not symmetrical as regards polarity, if charge carriers of

Hh
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of these processes has been fully analysed ™ ; ithe behaviour

of 'practical systiems being quanﬁitativ@ly predietable in the
case of simple geometries and approximately so for less
tractable conditions. This has made it possible to explain

eff s which ha revious en-susnec -uO he hemics |
effectes which had previously been spected to e chémieal
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in origin in terms of the fluid-mechanical consequences of
forces acting on charge carriers. Thus effects obéerved88
only when the flame exhibited a well defined Swan, C,,
spectrum, or showed the onset of sooting, could be explained41
in terms of the above mentioned asymmetry of the wind effect
occasioned bf vositively charged carbon particles.

Similarly a variety of intricate observations regarding flame

48

stability could be described in terms of electron-ion

asymmetries modified by electron attachment over appreciable
path lengths in cold gas. None of this of course proves
the absence of chemical effects nor does the smallness of

the proportion of molecules ionised in flames do so.

At best it has been shown that the ion-driven fluid-mechanical
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calculable, account for experimental observations in many cases.

It was decided to measure burning velocities of sooting

8

flames to try to determine whether the reaction leading to

to carbon formation was separate from the propagation reactions.
Because of the conflicting background to work on non-sooting
premixed flames it was decided to carry out some bufhing

veloeity measurements on these first.
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’

It was considered essential to obtain a direct measure of
burning velocity rather than attempt to deduce it from any
flame speed measurements for it is very difficult to deduce

3E1C

accurate burning velocities from these even in the absence
6f eleetrie fields. The additional ecomplications produced

i

by an electric field are formidable and perhaps subtle.

‘The changes in flame shape produced by the ionic wind depend

4 : : g 4
strongly‘1 on the flame -~ electrode separation, this may

change during the course of the experiment. It also depends
on the mobility of the don which may be different on either
side of the flame. Complex circulation, mixing and

entrainment patterns can occur close to the electrodes,

where the ionic wind velocity is highest%12

Fortunately it ‘is possible, by combining several recent
techniques, to measure burning velocity directly and with
great accuracy. The measurements were. carried out using a
porous plug burner6o. This was originally designed to
measure the burning velocities of freely propagating flat

FEL oy s R i S N QP O TN R, W TR a8 SO
fZames a3 the flow velocity at which the heat loss <o

-

o
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burner would extrapola
flame temperature would reach its adiabatic value - ie. would
cease to rise with increasing flow velocity. = It became
obvious from the very first measurements of saturation

current in this type of System51 that this is probably the ’

most sensitive method available for monitoring flame temperature;



an increase in saturation current density by a factor of
2-4 for an increase of 100°K in final flame temperaturé
being usual for:hydrbcarbon/air nixtures, ' This wvariation
has since been considered in greater detaii in terms of
activation energies for a variety of mixtures, flames and

: - "
25’35. It has been pointed out 61,62

conditions that this
tjpe of measurement provides a potentially very accurate
method of measuring burning velocity, in principle.

The work at Louvain was based on measuring the potential

at which saturation set in and plotting this against gas

flow velocity, see Pig. 3.1, but the consequences are similar.

Thus saturation current can be used to identify the onsetd

of free flame provpagation, when flow velocity bscomes egual
to burning velocity, with great precision. This provided

an ideal method of checking whether field intensity and
direction can alter the burning velocity,bécause the saturation
current can-be‘attained for a wide range of field intensities

in the flame and in both direcﬁidns, ie. electrons can be
cpnfined to traverse resactants only or products only.

The accuracy of measuring saturation current and the steepness

of its dependence on temperature is such that the accuracy

of burning velocity measurement by this method is determinded
splely by the errors of low reiering. In view of the very

real inaccuracies iﬁ‘tke latter there is indeed no important
loss in precision when some less sénsitive method of
monitoring the final flame temperature is used. Thus a
thermocouple was used when it was desired to repeat the
measurement of burning velocity in the total absence of

any field - in order to ensure that no eleectrical perturbation
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Fig. 31 Method for measuring burning velocity
used at Louvain
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whatsoever could occur. For this purgose the thermocouple
was used solely as an 'end-point indicator‘ which establiéhe
only the flow veloeity at which the flame temperature ceased
to increase with flow velocity. Eenee no tbcrmOCOLﬁWe
calibration, correction for radiation or for convection, 
ete,, is necessary. . The only precaution required was to

place the Jjunction far enough downstream for it ito be unaffected

e o

by the temperature distribution within the flame's structure,

e P Ty gl ey T ] Yo ey -
remained unaltersd "‘r:‘,"' Lae smas .l chans

in the flame's position as its upstream boundary moved in

and out of The porous disc.

The apparatus is illustrated in Fig. 3.2. - When using.
saturation ¢ as the indicator. of zero heal Jloss 1o

the burner, it was found most convenient to plot saturation

aﬁjlied potential

high enough to ensure saturation under all experimental

This regime is most easily established in advance from

A1

current-potential curves such as that shown in Fig. 3.3.

41
9

This was not possible with some burner-electrode configura tlonm

and so an XY plotter was used to obtain curre ,-volu g8

plots at different flow rates., The circuit used is shown
in Fig.: 5.4, 0 aches the porous plug

Durner and

5, £
the gas s

he flame temperature

becomes constant and the rate of increase of the saturation
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current suddenly decreases, It doe
beyond this point the flame area, S, commences to increase

wecording to

£
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with volume flow, V.,
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This relationship has been fully verified in terms of saturation
current 3. The burning velocity can be read off accurately
from the intersection of the two graphs, see Pig. 3.5.

Thermocouple readings also manifest a gradual rise beyond

=

the point of free stabilisation. This .® caused by an

increase in convective peat Sransfer to the thermocoupie
as the flow velocity increases, The relationship between

the Nussult and Reynolds numbers was used for interpolation.
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This relationship was used to extrapolate the gentle
temperature rise at high flow velocities to lower wvelocities
below the burning veloclty, see Fig., 3.6. The burning

velocity was read off as the intersection.

The intensity of the field in the flame was altered by varying

4

the separation between the electrodes, and the field direction

reversed by interchanging their polarity, - When the burner
is positive, the Tange of saturation potentials is less

extensive, due to the earlier onset of breakdown caused by

space charge as the more distant electrode collects the
64

larger positive ions on the hot side ',
&%

27| i Y= © ) e e e A o~ y 2 Ly R .
the total gag flows used were.as follows:—

Ethylene -~ nitrogen - oxygen flames,

1, 101+5 % -5 cn’s”!
05 26-0 i ,3
CoH, 87 % 1
Thus stoichiometry defimed as  (CoH,/0,), o0
(0254/02)stoich

= 4901 L. 403

Tthane - nitrogen - oxygen flames,

bV o]
o A + -1
J2 1075w »hoem™s
o 260 L 3
T + >
CVJI:.;: 7“1\_" W 1
L. (o4

RO e i + B b Lot .
Giving a 101 - 205 stoichiometrie flame.

In each. case [02] was +204 I -004 compared with

[02]+[%2]

air at -212.
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The area of the flame stabilised just below the burning
velocity was measured photographically and the value of

12255 L =025 e’ was used to calculate the burning velocities.

The measured burning velocities of ethylene/air and ethane/air

ey

=

lames plotted against potential are shown in Fig. 3.7.

lMean values for ethylene/air are:

burner negative 691 cm s~ rms deviation 2+0
burner positive 662 b=
averaged together 679 G e R
no field U 6T 146
For ethane/zir these are:
burner negative 41+7 em s~ rms deviation 2@
burner positive 444 : 1+0
averaged together 41+6 1«9
no field L 492 o

The error in measurement eotﬂmat cd on the basis of the
least change 1eglble on bhe flow meters is - 1+*9 ¢cm 8

s no detectable

L

in each case, To-this acguraey, there
effect on burning velocity of varying the applied potential
from 1 to 15kV, under satur atlon conditions (field intensity
22 - 60V cm"1). There may be a slight, 4%, differences
petween the two field direcdtions for ethylene. Values
deduced by thermocouple in the absence of any field fall

for ethylene and 1% for ethane,

If the difference between positive and négative fields in
the case of ethylene is real (it is only Just above the
standard deviation and would not have been noticed, eéven

by this method, had not the two sets of results been averaged
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separately) it causes the burning velocity to be greater
when electrons are driven into the burnt products and removed

from the reaction zone.

Results obtained for methane/air mixtures are similar:

burner negative Z0+6 cm g1
burner positiwve e L?
Thefigures are less accurate ﬁkan for ethylene or ethane

and more difficult to reproduce because of flame instabili

®
]

b

on the small burner used leading to large current fluctuations.

Burning velocity measurements were also carried out on

ethylene/air and ethane/air flames with radio frequency

P L oI Y ) r £Y Yo = s 49, = £y
fields apnliasd. The thermocouple metho vas used for

[@

simplicity. The apparatus used is that shown in Fig. 3.2,
the high voltage supply was replaced by an RF generator

giving a field strength of 1kV rms e at 6MHZ

Values obtained for the ethylene/air and ethane/air mixtures

used were as follows:

02H4/air 685 em s~1 rms deviation +4
Bl N DIBCUBSION

It emerges that if there is a real difference between burning
velocities under conditions of zero field, fields of th
two opposing polarities and AC fields it is very small
less than 4% in the largest case — and could, in all probability,

not have been detected by eny pre-existing method of



measuring burning velocity., = What difference there is,
would suggest fhat a flux through the reactants of positive
ions, rather than electirons, is condueive to increasing
reaction rate. Under saturation conditions, with the burner

negative, no electron could ever reach the cold side.

83

Allowing for the possibility that mechanical or thermal effects

1 <

could account for what little difference there is, the mdst
pbvious mechanisms which come to mind are divergence of
flow-lines due to the 'ionie wind' back pressure and the
increased ﬁ ermél conduetivity due to the additional drift
ﬁelocity of the positive ions. The latter quantity may be
calculated:

(P S
{160 GO Tis

o AAP
—c_ (T.-7) = =2 (2 - 1)
re * P 224 g

@&

Hence T, the raised temperature of the reactants may b

‘calculated. With a current of 130 pA and assuming a final

flame temperature of 2375°K (T - Tr)/T is estimated as 5 pom.

de

i s on N el o g A I o L SV S # - i ot T A A
Tnis guantity is clearly negligable, As regards the former,

o

one of the chief merits ef this burner system is, of course,

that it minimises these wind effects by the small distance

g

(of the order of the quenching distance) between the negative

electrode and the ion source, as well as opposing its for

directly ‘-by the metered gas flow. However, a change in

5

radius of the stream tube of only 2% would suffice to produce
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an area change equivalent to that in burning velocity.

This effect was tested for optically, because of the high
sensitivity required, double exposure laser interferometry65
was used, the optical system is shown in Fig. 3.8. i The
presence of such a small effect is shown in the photographs
I -Pigy 502,85 and ¢,

Pig. 3.%9a is with no applied field and shows isotherms in
the plume of hot products. The interferogram, Fig. 3;9b,
with burner negative shows a wider plume. This could be

-a result of increased flame area due to ionic wind resulting
in a measured increasé in burning velcocity. . The wider
plume a2lso shows that there is increased recirculation

at the edge of the burner due to ionic wind. This would
have ﬁhe effect of increasing healt transfer to the burner
leading to a small increase in burning velocity. Py .96
is an interferogram taken with the burner positive.

The plume is narrower, possibly caused by.a decrease in
flame area lowering the measured burning velocity.

The narrowing is probably a result of the ionic wind entraining
cold air into the flame, codling the flame and hence lowering
the burning velocity.

The conclusions are that zany change‘in burniﬁg velocity
caused by DC or RF electric fields is less than 4% and

can be explained by mechanical and thermal effects. Howevér,
this does not rule out anj chemical effecfs; 2 change in the
final flame temperature of only 1% could account for the

results.
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Fig- 38 Optical system for making and reconstructing
holograms for laser interferometry
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3.3 EFFECT OF DC ELECTRIC FIELDS ON THE BURMING VELOCITY

OF SOOTING FLANES

sl EXPERIMERTAL

The apparatus and method described in section %.2 was usedl
to measure the burning velocity of sooting flames under the
influence of DC electric fields and under cénditions of
gero. field, The mixtures used to produce sooting flames

were as follows:

Nitrogen 52 em® 7
Oxygen 16 ‘
Benzene 2%2
Ethylene 2+8 - 646
Hence [fozj was <235 compared with air at +212.

[0,]+ [Nz]
The partial prescure of ethylene was varied to produce a
transition from non-scoting to heavily sboting flames.

This gave a change in stoichiometry defined as,

(fuel/oxygen)actual

(fuel/oxygen)stoich
from 1+55 to 2+27. The burner gas velocity was varied by

bleeding off different amounts of the above mixtures.

An akial ring electrode was used and the burner was made
negative to redﬁce ionie wind effects; this configuration

also gave the maximum effect on non-sooting flames, see

section 3,2, An X-Y plotter_was used to measure the saturation
currents, Ividence of turbulence and aeration, caused by
‘ionic wind, was especially noticeable with heavily sooting

flames, This showed as an increase in the saturation

R T

g - e
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current with voltage and can be seen in Fig. 3%.10.
Values of saturation ecurrent were chosen from the X-Y plotter
curves so that saturation had occured with 1little turbulence.
‘ 1

These corresponded to field strengths from *4 to +8 kV em ',

going from sooting to non-scoting flames. The burning
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against total ethylene flow

As the mixture became fuel rich the burning velocity decreased.
This is8 to be expected and may be compared with the burning

velocities of ethylene/air flames for varying stoichiometry

-—~ Pl A®,
7 1:,

as shown-in Piz, 5, %

The results with an applied field are more scattered then

the thermocouple results, this can be attrivuted to ionic

wind effects which are much greater when particulates are
present. The Yelocities obtained with an applied field may
be 10% lower than those without,-thdugh this could be explained
by scatter in the resulis.

4

- Fence electric fields have little effect, less

ot
oy

an 10%,

on the flame propagation reaction in sooting flames and

it may bLe concluded that the fields applied to manipulate
flame carbon will not do so by eltering the kinetics of
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Fig. 310 Current-voltage plots for a sooting

flame at various flow rates
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5.4 THE EFFECT OF FAST ELECTRONS CON BURNIRG VELCCITY

The experiments described in section 3.2 may not show any

changes in burning velocity caused by fast electrons.because

Iy

of the impossibility of obtaining large fields in an ion

source. To overcome this difficulty the experiment was

repeated using a flame having a similar propagation reaction

ao
O

to ethylene and ethane but producing no chemi-ions.

A separate nhydrocarbon flame was used as the source of
electrons to be driven into the non-ionising flame. In this
way the electrons were able to arrive at a high veloeity

in an appreciable field.

L
1S
i
f-1

The apparatus and method-déscribéd in section 3.2 was used

to measure the burning veloecity of hydrogen/o*dgen/ rgon
flames-under the influence of DC electric fields. The change
in flame temperature was monitored with a thermocouple.

A second flame of propane/oxygen/argon was used as a source

of elecirons.

The gas mixture used was as follows:
A ey A (s 2 oo =7 3 o
ATgOon 1267 em S
Cxygen 151
Eydrogen 247

of +82. The burner gas velocity was varied by bleeding



off different amounts of this mixture.

The apparatus is shown in Fig. 3.13. The hydrogen burner

93

was made positive to drive electrons from the propane flame

into the hydrogern flame. Argon was used as a diluent in

preference to nitrogen because of the high probabil

ef nitrogen compining with free«e

Measyrements were carried out at zero fiel

strengths of 250, 350 and 500 V cn 1.

The results obitained are as follows:-
Field Vem L 0 250
S. cm Sl Lepst SR

M

giving

d and

350
1

ity

nezative

bt =

P o,
ats

24

Hence within the exnerimental"error fast eleectrons

effect on burning velocity in the case considered.

field

have no

This

500
74-5%2

is

to be expected as electrons have a high mobility and so their

affective concenitration would almost be T
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Fig. 313 Apparatus to determine the effect of electrons
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CHAPTER 4

THE ELECTRICAL CONTRQOL OF FLANME CARBON IN PRODUCTS

4,1 THE THECRY OF APPLYING A FIELD TC AN ION SOURCE

4.1.1‘ THE SIGNIFICA NC“ OF CURRENT DENSITY

The current flowing across unit area parallel to the electrode

is by far the most important parameter. in caleulating the

- o - o - . e - s sl ~ % 2
magnitude of all practical effeets and, in add

):'-l

ition, ih8
measurement provides a valuable tool for the study of the
fundamental idnisation processes in the flame. In phenomena
involving the transpoft of ions, knowledge of thé ionic mass

alone is required to convert maximum current densities into

. . 5
v apd v sl oa e AP v v s T
v

v ¢ ¥ Ty N f"! i Tt
SSRTS A 5 4 6 S iy B W R et~ S O T L S PR B GO G

T e
gl b A

The current.density is .given by,
j=en-{l‘: A g L A L ) 4‘01
where k is the ionic mobility and tL field does not exceed

<1

about 3 X‘1O4V cm times the pressure in atmospheres.

4,1,2 THR FACTORS LIMITING CURRENT DENSITY

Two entirely different limitations apvly, either of which

d : : 5 3 2 -
cgould, in principle, determine ithe dbsolute maximum.

The first occurs in the flame and is due to the finite
rate-at which charge is generated, The second occurs in

the electrodesregibng, 18 due o space charpge and is largely

independent of the nature of the ion source.

. In considering the former, it will be convenient to think

of a single plane reaction zZone situated between parallel



plane electrodes. - This model can be reproduced in practice

by using a suitable flat flame burner. For usual fuels,

excepting pure hydrogen, the rate of ion generation in the

reaction zone is so much greater than any thermal ionisation

that the latter may be dlsregarded In the absence of a

field the ion concentration reaches an equilibrium value

-

D

when the rate of ilon generation equals that of recombination.

b1

hods have been used to determine concentrations
,-... "}r:{

Tiggealen

70.

-Various met

eey Lox e

et, Zerendsen and van

9

4]
}. o] |
i._.l

i8]

DReed

[0)]
{

xample,

2>

(
N ?

(@)

Kinbara, Nakamura and Ikegami Padley. and Sugden

4

Bulewicz and Padle yT’). As soon as a field is applied,

the equilibrium concentration is medified because charge

removal by the field is now added to recombination, whilst

e Yot e i o - o O ! gt T s e T LY ey R T v Moy pp ey g w
L Pathel. O @ rafos b BT ¥ B2 X1V 3 STE palame Lel, remagiis
5 o it

in-each zone a property of the reaptant mixbure alone,

As the applied field is increased, the ion current rises
at the expense of recombination, This trend continues
until the current reuchﬂs a maximum valué characteristic
of eéch particular flame. - Further increases in electrode

potential produce no further idricresses in current so long
I P

no secondary ionisation cecurs. This maximum current is

ot
v
m
jth)
<t
o
]
W
ok
f_:

termed lon current and its value per unit area
the saturation current density, jS. In the case . of &
ginglethin Peactioh zZohe which ig plane and paraliel Te’

the electrodes, it is .obvious that the failure of the curr

to increase for further large increases in-field must imp

a5

rent

1y

that charges are being removed so fast that they no longer

have time to recombine. Thus js is equsl to the rate of

generation of charge per unit area of flame front - a
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fundamental property of the reactant mixture.

The second kind of limitation to current sets in when the

field strength becomes so large that ion energies are sufficient
to cause secondary ionisation by collision with other

species. It differs from the first in that, beyond it,

Lerion current once more increases with increasing applied

potential. This increase, however, is not a useful one
.t

+3
i~

reagon is

frame of reference.

3

e’ mal
that the secondary ions do not derive from the flame - the
phenomenoﬁ acquires the characteristics of an electiric
discharge and the secondary ions, moreover, tend to neutralise

those from the reaction zone in the counterflow regions.

The relevant events now occur in the electrode regions.

In the presence of syace charge, the field strength X is

not uniform. Its variation with y, the co-ordinate perpendicular
to the planes of the flame and electrodes, is given by
Gauss'srlaw.

A2

)e- ® e 5 0500 s

div X = ﬁKy/dy =4 (n. - n.
It will be shown below that the solution of this equation
with that of charge conservation yields a field distribution

T O T - o 3 . S " -

. £ e i 4 I TR e R S 4
gernerad 4 ORMISa0Wn AN fi gL LA WALCH 1B SHOI that

roing from the

-k 1a ~1 A ' ~ P 4 — . -y ~ T T 3
the field strength rises continuously in g

flame teo either electrode and reaches its maximum wvalue at

the elecirodes. It follows that breakdbwn occurs first

at the electrode or, in the ' symmetrical case, at both
electrodes. Since the distribution of field strength depends

only on the current density and the relevant field strength
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at breakdown is solely a property of the gés in contact
with the eleetrode(s), this criterion is largely independent
of the properties of the ion source. The limiting current
density at break&own, jb, is simply that j for which the
distribution of space charge causes secondary ionisation
in‘the,gas at one or both electrodes. 'This obviously
depends on electr odé spacing, since space charge continuss
to increase X over .the extent of these regions, unlike js,

which is a property of the flamsealone.

It transpires that this second criterion is the one that
ultimately limits all practical maxima.  For flames which

are such strong ion sources that 3b<:3 for all reasonable

~_r1.+1—11r1f-‘?*-i_:-,7=r.‘:_ 4 g obhvionsl vy Timitins
COEL LS P L S PGS o e ANUGT GO IOLY B M 4 L«

D o =

For flames which are weak ion sources, js<:jb’ and with
electrodes close to the flame the saturaﬁion ﬁlateau in the'
current-potential curve may he quite extensive; ie. the
difference between the a?plied potential at which saturation
occurs, and thaﬁ larger value at which secondary ioniéation
sets in, may be very large; Under these conditions js is

limiting.

4.1.3 THIN ION SOURCES IN ELECTRIC FIELDS

The development of the theory of field and space charge
distribution is therefore a.necesséry and sufficient ﬁreliminary
to prediecting practical maxima. It is also @ necessary
prreliminary to the measurement of saturation currents, for
the following reason. The mean field between the electrodes

is always greatly in excess of that in the flame, because of
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the éffects Of Space_charge discussed above. If breakdown
oceurs before j  is ;—s.éﬁ:ained, ie. if j > J,, no saturation
curren nt is, of course, measureable. Since j, and the fraction
(field at the flame)/(field at the electrodes) depend on the
separations of the two electrodes froﬁ the flame, the théory

4.

is necessary to caleculate how breakdown may be delayed long.

enough for saturation to be attai ned First. Without special

vrecautions, saturation currents are attainable with only
tne weakest lon sources.

The simplest b“‘ls on which a ep*e entative theory may be
‘developed is the following model. The flame, consisting of

a. single, plane and infinite reaction zone is held between

e ol SR P g s b Wik 3o REA Tt T
b W0

JECT R ESN B A B Ul el v Bl B B 1)

DaLa: 18
con%tant thickness within which the rate of ion generation
and the coefficient of ion recombination are constant,

4

The 'reaction zone thickness! is ms defined a5 the thickness

that slab which combines the above properties with the net

Lh
L

enbratLon of the real flame. . ThHis is a tconvenien

charge is generated and no charge is destroyed (because,

when a field is applied, only one kind of charge exists in
each space). Thege electrpde spaces are usually vastly

In the absence of a field only recombination rivals ion

he .effects of convecltion being negligable,
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L4

and the concentrations of negative and positive charges

are equal, Thus

2

O(I}+l'l_=0<l'l ® " 0 e B O s s e s e s 4’.3

o
t=at
iy

oY
oF
I

o ;
n = - < B & % & B 8 LS S8 S EEE eSS e st T -
Tt/ : 4.4
Consider now the application of a field so smell that this
condition is. virtually unaltered. By Gauss's law (4.2)

AFfain A : . : .A_
f {0+ Xy ‘...."‘I"-..'-.. .I5

The. current 18 given by

i

J'= enX(k 4 X In A( /Dw (k,+ k_)

+
{ jv 13
= Ee(‘f - ¥ )/y‘(wr /o) F (%, + X _)
= OOI’lS'taIlt x (V - VO) o 8 o e 8 8w s 4-6
Thus, under conditions approaching zZero field and zero

current, the flame oeh ves as an cohmic conductor of resistivity

(dv ) /o( c ¥ Since in the flame zone the negative
; 7
ion gpbears to ‘be & Ivee eleciyon, k° is of the order 10 K ,

so that k+ becomes negligible in the above expressions

T g value of kK s assumedy the 1on concentration under

equilibrium conditions (or rather neslicible devnarturs from

23

them) can be deduced from r Vu;&bl?l‘* measurements.

o
=

aturation within the reaction Zone.

A

-

The opposite extreme occurs when the aprlied potential has
Just reached 'a wvalue beyond which the ecurren

increases with increasing field, Jon removal
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has now become So large as to make recombination negligible

H

by comparison. Thus for vositive ions, for instance,

1 83 : :
+ d LI :
S e ﬁ‘ﬂ—o(ﬂl’l :'—,;é‘ ® s e 4 s s e e e e ss 4‘-7
e dy
so that j.  increases linearly across the reaction zone and
j_ behaves symmetrically (Fig. 4.1a) because equation 4.7

st apply to either charge, Thus,

AT AN
- Ly . Lt -
P e g BN s o \ 46
_j_‘_'— A s J,S"‘ S e and 4 = =T R L]
O = LA b

However,

] |
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and J s k n Xe )

so that where J, 18 symmetrical with j_ the two concentration
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must be entirely dirf
mobilities. This becomes importan

distribution under the influence of a space charge which is

e
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now almost entirely due %o

into Gauss's law gives

33
ax irsze (v Y-y )
= e ('—“ ), > e 00860250888 ﬂ-‘]f}
£ g T 3 j
U % L :‘+ o i

in which the second %term in the brackets is entirely negligible,

excepv where y tends to gZere, . The contribulion of these
regions to the integral X-dX is obviously insignificant,

wn
(5]
i
.
W
et
N
(hS]

L S (?WLﬁe/k+)y. REETETETRRTEE 4.12
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T )

As long as the field does not exceed saturation conditions,

so that

= 2 (.r dlf

e/k)y ® " 90 e T s 00N 4‘13
Substitution into equation 4.10 gives the positive ion

concentration as

an .
+_ (d_t/v_{ D)H L . I 4’.14
and an electron concentration less than 3% of the above,
wnich has been deemed negligibls. The distribution of
potential follows from 4.13
3
am "y
y (r Te 5 i :
V= 'X dyz ( y T EE R 4‘.15
o ( X,
AN 1,2
+he patential draon gorns tha flame heing (e /1 Y=V
Ly Mwiolib LC Ao ~ R e VLT S5 SIS BE et i 55 B ] i \1_;:-’,‘ -)_M‘r,) i »

These results are sketched in Fig. 4.1.

Subsaturation within the reaetion zone.

When & field is aprlied to a flame some ions recombine in
the gap while the others are collected at the eleegtrodes,

Assuming that the two rates are constant throughout the

”) Sl ORI By TURRI S 1

dt‘generation £ig 2 g A
: SN )
Sy 2N ; = 23 v ek
ity \3trac X it
Jreldeo s gl enly v ) o= enklle £k )
s = + o -+ =
Substituting for n
by
B“ 04 F
g5 B = ' 4 17
Bb rec i e 80 8 e e 00 S
2. 2 i
‘ e“X°(k.+ k.)
i él\" * e }T‘.T
Also j = ed(Z%). Yence (57) .
ot 5 3 257 ]
N AN
Qg o R : ol i e ANy e
Substituting for (S?)j and (S?frec in 16 gives a



Fig. 41

Distribution of electrical parameters

within the flame during saturation



guadratic in j the solution of which is:

; Lagal
e(k++ o ) X
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Cutside the flame.

In the electrode spaces, the same general ecguations apply,

ut there is no generation or recombination, ie.
am k :
A i P > f ol B 3 I‘_q - RS . f s - + s
rEs —_O, aithex n, Or I .= O, and j = j, = § = constant.

in a one dimensional system. The other major difference is
that, provided the electrode spaces are at room temperature,

the negative charge carrier is no longer an electron.

Eleetrons asstociate with nsuitral molecules during very short
path lengths in cold air and k¥ "will here be of the same
grdexr- as k+. This has been confirmed experimentally by

he flame and by measurements showing similar potential-

e

current characteristics on beth sides'™,

3 5 1 3 A
Je = ko oex : v win i B e e ¢ | i
/ 3 at e < 3 +
(the plus or minus sign will henceforth be omitted on the
L

: i ; :
or .A{ "—'1\-0”%'87]_::};/1{ R R N A S I I 4020
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The potential,
}]’

= | 1
Y= : Xdy = + %(
0 ZTU ! (( k

\ i
% -—Xg sl e @4

MLuatlons 4520 apd 4,21 can be integrated towards each
electrode. Cnce j becomes constant at j_, equations 4.20

and 4,21 can be written

2 2
et S T 3 5]
W - A "—‘“CO."LSL»X}( ® # & 3 % B 5 & ® B BB F B P BT SO0 O NS 4:2(-
' O
o
= =
S S (RSN Frga 2 o ! A Tz
ana ; el T T gls Kaahie l.\_'"'f' - :’1‘_) P ot s e e e B Ee YN L e LA
. £

The field in the flame now rises rapidly with ap lied potential

hu

ot

its variation across the flame zZone remains negligible.

St

The behaviour of the system can be illustrated graphically.

- ar Ol S8 G L <o ] e 0 T o MR o AR B 5

4.2 illustrates a single Flame surface which ds

: -5 ke g
rather a weak ion source (j.=2 x 10 “A em ~ which is equivalent
&
AR
To il x 103) ion pairs generasted per unit area per unit
time and corresponds, eg., to a mixture of 8+6% methane in

air) placed symmetrically between electrodes bHocm apart.
The total potential applied is wvaried and the corresponding

distributions of field (full lines) and potential (dashed

lines) are shown.

Figure 4.% shows the effect on field distribufion of varying

: ST e O I SRR e e Epe o Y
the positidn of the sams flame betwesn elecirodes at. the
£
;
<~ i | ~ A r iy sl B G
same total separation with condifions maintained al The

measurement of

ot
i
5

Conclusions may be drawn concerning

o

s
‘T

saturation currents., The field a2t 2 electrodes is so -

much greater than that in the flame that the ohvious danger
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breakdown a

180} saturation b.
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Fig. 42 Field and potential distributions for a
flame placed midway between electrodes
6cm apart
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j= 20 pAcm™?
| flame's position
30 i
T
5 201
>
=
O
2
10+

0 1.2 3 ke w85, 48
distance from cathode (cmr!

Fig. 4-3 Distribution of field strength for various

flame positions
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r

is that it will cause breakdown before the field at the flame
reaches the saturation condition. The discrepancy between

the two fields increases with j_ (equation 4.20) so that speecial
measures must be adopted for strong ion sources, The graphs
show that, in order to extend the range, the flame should be
placed symmet rwcaITJ between the electrodes and the separation

=

between them shoulu be kept as snall as considerations of

quenching will permit. The condition of symmetry appl
yecause the mobility on either side of the flame has been

4.1.4 THEE EFFECT OF APPLYING A FIELD TO A WEAX TON Sn CE

CVER TARGE DISTANCES

One possibility for removing carbon particles from a flame

a5

in-a practical system might be to place the electrodes at
a large distance from the filame. It will be shown below

that this is impossible because of breakdown at the electrodes,

; 81y
Xzz X2+ ® B WG Es s OB s 4‘.20
o X
When jJ =3 XO =10
so, 5 8Ty

¥ _ PR

S G e | S, R S 1 il e P NN iy 5 e
4.24 18 derived with tThe uniits in esu ~ using SI eleectrical

units it becomes

=y
5 8Ny
X
The limiting field strength Xb for breakdown in air at STP

i85 % 104 ¥ o
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Rearranging to give y, the distance of the electrode from
the ion source -

b -
y= X LI B B B B B B N B BN BN B BN 4’.25

815, 9 x 1017

The consequences of equation 4.25 are best demonstrated
graphically. Fig, 4.4 shows y plotted against B (the
current at breakdown) for various values of ionic mobility.

2_-1 3 2 =1

Values used are 2 em“s” V_1 for small ions. and 10~° em¢s™y~1

for carbon particles.

It can be seen that for carbon particles with electrodes at
a separation likely in a practical system of 10 - 100 cm.

8 to 10-9 A cm_2

_The limiting current before breakdown is 10~
which would lead to mass deposition rates of around

*5 pg cm_z min—1 - obviously of no practical use.

T M s R
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4,2 TER ELFEC¢.OF ELECTRIC FIEIDS ON FLAME PRODUCTS

It was demonstrated in section 4.1 that it is impossiﬁle

to remove carbon from a flame with electrodes placed at a

practical distance from the flame. An attempt was then

 nade to collect carbon from the flame products by appying

a field to these downstream of the reaction =zone. The
apparatus used . is shown in PFig. 4.5. It consisted ofra

s

counterflow diffusion flame using sguare burner mouths.

The flame was vertical and was enclosed in a mica chimney

eliminate convection and entrainment effects. There was

191

.t lo]

&

separate set of upper collecting electrodes zbove the flame,
D Pr g

t
e

U

g
85}
w
i=hy
i3
i
=3
o
o
4]
0
£

which protruded 1em from the top of the chimney,

5 =1
bBenzene 295 em’s
Ethylene 5o

Ni brcgen 129

o

Oxyﬁen gide

Oxygen = 31

Nitrogen b
These flow rates gave a stable slightly fuel-rich flame,

SR i L e s + : ST & M UG I
uXygen regulrement Eod todchiome "_j,.‘ AWt CIHTS -

flat flame was obtained

Using this flame with no voltsge across the bottom electrodes,

current was plotted against woltage using the top electrodes
at varying heights above the flame, see Fig. 4.6. The

experimental v01nto are somewhat scattered because of small

fluctuations the flame and because of the difficulty of
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Fig. 46 Current-voltage for top electrodes at
various heights above the flame



measuring small currents accurately. During the experiments
carbon collected on the negative electrode.

A graph of log current against height of elecircdes above

the flame was plotted for a fixed potential of EkV, see Fig., 4.7.
It is linear and can be used to propose a model on which to

discuss the experimental results. =

The negative current may be carried by electrons or ions.
These may be from either the flame or from the flame vproducts,
see Fig. 4.8. "he former is more ?robable as saturated
currents were not observed. Assuming that the current
arose from the flame the coriributionfrom electrons may be
- calculated on the basis of published attachment coefficients.
Considering attachment of electrons only

dne

—_— = =k.,n,n
at see

The ions are moving with a velocity Ve due to an applied field.

Assuming that ve§> v

Ve = %% = kX =

Hence substituting for dt

eV

2y

o _ 2k3nA
n kev

ydy L I I S RN BN I N 4-26

This relates the electron concentration ng to the distance y

from the flame.

The measured current j with the electrodes at distance y

from the flame depends on the electron concentration n,

at the elecirodes,
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Fig.4'7 Current at 5kV-height above flame
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Fig. 48 Representation of theoretical models
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2y
can be obtained.

H o and d
1enc I’le n Gne

Substituting for these in 4.26

2k-n

'117

- &

427

. A
+ 5 - 22y ay
i e o
J e
) E k.on, g
Hence J = - exp - 3 A XE\' R MR g S
b cpid : ( )
(@4 AT )7 s )
Using:
I = = 2-> cm
O b
R ﬂf_10jjcm -
5
W= = :* 1 em
Ve ] el e 4/\2 P Ry il GOSN 73
i'\-"_.. e == N RF Ty R L U | Wy anit
; 2y e o o -8 g
R s [ 114 cm el s 56w 18 A em as measured.
Henee: the current must bg'icarried by ions.
ow assuming the current is carried by ions collected from
he flame products which are unner# rhed until the inter-
electrode region and that the current at 5 kV is indicative
of the ion concentration between the electrodes.
Using 2 &
2. L n” and "l Sl n vl
it can he deduced that
: joevivg
-2 e B
s St s
J§ B, bﬂ.l‘eg
. : ~10, -?
Using the experimental result that j = 6 x 10 104 em
at X = 6cm, see Fig. 4.7, a value for £ was calculated:
; ~5 Z =1
A = R B 20 e Y S e e

C’”_LV.L_..LLJ
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Hence a theoretical curve was plotted for log j against x,
see Fig. 4.9, This is not in good agreement with experiment
and it therefore seems likely that the ions causing the
current are collected from the flame.

The current voltage relationship for a field applied to a

o
=2

flame under sub-saturation conditions is given by egquation 4.18.

2ol d
; . ce B 3
Using X = V/4 where d = (4x° + 6:25)°% , see Pig, 4.8,
then
] !
: > : dN = )
e(k, + k_)zv g; 4a4o<(§t) 2 )
j = : 4 ‘(\) ’i % d e o N ﬁ, ot A: (i L B ‘:E -‘:“‘?;
: 2 - N 1 AN, - Sl Tl £ oA )
2ol E( (:{+T :.__) v ) 5 :
-~ - . ¥ . : ﬁh; . A =
Solving simultaneously for «£ and op using two values of
] and 4 gives:-
sl s R
el + & )Y (. d. =5.4.)
+ - s L%
o< = 2 7y Lo ) I L R R R T T O I Y 1'-_;0
a4 (87458595
e by el b i
e B
N L e 4.3
-1 = v T G + bkl D A I T T ) T e
dt £ S
e " (k. + Xk ' ed
+ —
Usding the followitig data from Fig. 4.7,
e = 16 x 10“19 A s Keiw 2 szsmiV"1
+
¥ = 5000 ¥ k= 2
ul o = f‘“8 A —2 1 . 9
dq= 8 X 10 A ecm : d1 TP
it A . ey E
Jo= 6 x 1 dy = (150+25)=cm
: o N
the following values of K and %E-were calculated,
B TN RS
Vs el (a._'\ — A 1
olid Bv12 ik MO e si= 3 Bh X 10 en™s1,
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Fig.49 Current density in products - height
above flarne
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Using these figures a characteristic was calculated and
plotted, see Fig. 4.10. This is in reasonable agreement

with the experimental curve.

Hence the system behaves as if the majority of the current were

carried by ions from the flame, so that relatively few would

o ~ T
exist between the

1

eight above the flame

)

¥

electrodes at any h

in . the absence of a field.

In order to confirm this experimentally a mica sheet was
placed between the electrodes with the current flowing.
No detectable current change was observed, demonstrating

that the ions came from the flame and not between the electrodes.

The deduction that recombination in the products oeccurs

rapidly was tested theoretically. The model chosen was a

thin rectangular flow of gas at a uniform temperature containing
carbon particles of a constant size, see Fig. 4.11.

The temperature profile with height above the orifice was
célculated. It was assumed that all the healt loss was by

radiation from the carbon particles and that the temperature

in a cross section at a given height above the burner was

uniform.
ag : ' '
T 3 O.l’]\-t = Eo"'——4'\‘- ® " & & b P O F O P 4’.32
at g rad
now ¢ = mnme 4T
4 5
an = N =T r A s
a m PIPB T8 Pad
A m
' N = 2 .5'1'.::. - rp4
B B .§7Tr Je . = c:—ﬂg
now € O N _y
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F}g, 410 Current density in products - height
‘above flame
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- Fig. 411 Representation of tﬁleoretical model

for 1on recombination above flame
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and the gas velocity is proportional to gas temperature

S50 Vi A
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Using the following data a temperature profile was calculated

see Fig. 4.12.

TO = 2400°%K g 5T ¥ 10 Tt cw93*1.oK_4
Ta = 300 r.= 20 nm
p = 2ig em™> o RE B b gl g_1

oL -1

«Q

2
I

i
@]

It
e
@]
O
Q
=
w0

"

s

6]

9]

mper

[4))

In order to determine the effect of te ture on the

ion concentration and hence the current that may be drawn

the temperature dependence of recombination coefficient and

mobility must be taken into account.
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Fig 412 Calculated temperature profile in products
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Tor solid sphere collisions:-
ol is proportional to T =7/2 41
also ko o=const ol
k is proportional to T
2 2 ax )2
(}: + k ) \ 4@ ﬁ—:l_- D< 2 3
Bow ' " = KE i e - 1 bive i B18
2 d (¢ R 5
( SR

In the case under ponsideration

2 an

447 == K
RS E A
(k,+ X _)°K
So that' ' j is proportional #6 k/L'=.
Hence Jj is proportional to T11/4
or g b
now from Fig. 4.10 j = 8-2 x g nd S

-

ience a profile of current versus height was caleculated.

This is shown in Fig., 4.13.

Comparison of Figs, 4.10 and 4.135 show that the current
expected from this model is perhaps not insignificantly
smaller than the current measured, though in calculating

-y

FPig. 4.1% cooling of the hot products by entrainment was

i i S R ST S L PR B e L e TR T
gnore d /' sothat this current . ds ProbdEbLy LowsXu

However, the experimental result that the ions must come
from the flame itself eliminates this posesibility.of the
ions eoming from the hot products. Whatever model 1is uged

g.:
S
by
Q
<1

to describe the results, and these are most certain
attributable to only one model but a hybrid of these, the.

‘practical consequences are quite clear,  The small currents

han calculated,
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measured in this experiment are almost entirely due to
small flame ions and not carbon particles and even these
currents are two orders of magnitude lower than those
produced when the electrodes are applied directly to the
flame. ‘Hende the collection of carbon from the products
of a sooting flame under these conditions is impracticél

pecause the product temperature falls rapidly causing

U

<

recombination to ocecur.



OF A SFA

=l
]

L. PERTURBIHE

In'seetion 4.2 %
downstream of the flame in the products.

to try to enhance the product

e F

urm i

. ¢

he ions and

I Foe S .
pplied to
onisatiocn.

was

prevent. pee
o
2 products

sho

wn that 1ittle ionisation existed

ionisation

section 4.7 was

the chimney The gauzes wer eplaced by brass sinters
and the burner mouths e moved closer together, The
electrodes were placed on top of the burner and insulate
from it by mica sheels, see’ Fig, 4.14.
The fuel and oxidant flow rates were adjusted to give a
yellow luminous flame equidistant from the electrodes,
The flow rates required were:-
Fuels
Benzene 2 emos”]
Nitrogen 54
Oxidant
Cxygen 19
senaration: 6 mir
Top electrode separation 34
Top electrode area 1250 mm2
The current-voltage characteristic of the flame was meas
using the. burner mouths as electrodes, with the fuel sid
negative; this 1s presented in Fig. £.15.

decided

modified to eTlmlna e

128
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Fig. 414 Apparatus for determining the effect of a sméll

perturbing field across the flame
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Fig.415 Current -voltage characteristic for flame -
using bottom electrodes
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A series of current-voltage characteristics for the top
electrodes were measured using varying potentials between
the bottom electrodes. In each case the fuel side electrodes
were made negative, see Fig. 4.16. These experiments were

repeated several times and the mean top electrode currents

at Elxea V,_  were plotted against V.. see Vit 4t

m Sl e 3 T £ o s s b s e sd iy
4Lne Ccurrent a% uwne Lop electrgles drops oIl uRnlirormiy wika

voltage and shows no enhancement at lower voltages.

in attempt was made to account for this by considering the
flame as an ion source with fixed rate of production of ioﬁs.‘
Some of these were removed by the field across the bottom
electrodes thus reducing the effective ion conc ntration

in thHe fldme .  from'w

B

A J 1 = el SEE e F e b
1300 S0 ourepene aL-hkne Tos-elefulonss

The rate of production of ions by the flame and their rate

of removal at varying V.. was deduced from Fig. 4.15 assuming
each lon béars unit chargeq From these figures the remaining

concentration of ions in the flame was calculated, see Fig. 4.18.

eleetrode also varied with Vbt' Fhig area carries at least
$0% of tThe votal current &t the vop electrode, ‘see & 10,
A geries ‘of photographs weye taken to measure this; see Fig., 4.19.
Using the ecuation that,
¢ LA
e b: an
e (ke ik ) v g( 40.404 3t 5 ;
\-} = 3 (E 1 + \(_! :}- — ’}) s e e wee 4‘&29
- 1 1=
2ed d ( (e e ) V") )
= F
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Fig. 416 Top electrode characteristics as a function of bottom electrode
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Fig. 418 lon production rate avajlable to top electrodes
vs. bottom electrode voltage
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a value for the recombination coefficient was calculated

using data at V= O and Vi = 2 XV giving
o = 1+18 x 10 2cm’s”

Hence wvalues of current were calculated as a function of

Vou Tor Tixed W, see Tig., 4.20. The difference between
ow [ =

the curves is appreciable especially at intermediats voltages.

This could be caused by the current at the bottom electrode
being preferentially carried by small ions, leavin
mobility carbon particles for the top electrodes. However,
the nronor‘;on of current carried by carbon particles is
unlikely to exceed 1% so this effect is prbbably negligiblez.

The discrepancy could be caused by ionic wind effects and

guenching of the flame,' At low Tk the flame may be slightly
quenched by being brought nearer the elecirodes, hence
reduecing (‘1 )*ot At higher voltages turbulence caused

by ionic wiﬂds may counteract this returning (%%)tot to

its former wvalue.

A series of experiments were carried out at very low “bt
varying in steps up to 100V, Yo change in Iy, was observed
with any value of th hence 0o value of Vy+ &ppears to enhance

product ionisation. This can be explained using the following
 »y (a=] Lo

Positive ions and electrons are drawn out from the flame,
the latter soon becoming .attached to become negative ions,

ositive and negative charge carriers then have a similar

1_

e

4]
L

mobility of~2 em"s 'Y . . These ions drift to their res-
pective electrodes against the gas stream under the influence

of a field XV om and their velocity . is given by
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20 Plots of mean current at fixed th/ Vbt
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sk =1
i = mems

Taking the case of the bottom electrodes the field required

v

to give the ions a comparable velocity to the gas,. so that

the ions may be carried downstream To the top electrodes
34 ! s

cm"1. This field would cause hardly any separaulon

of eharge in the flame because of space charge, As soon

e AT L S e e R S Y el e 3 ~ ]
as any lon separation occurs this engenders a large field
T - 34 f 33 + x .| e
by space charge. oo -that. 2n order o maintain the charge
separation a large field is reguired. ¥ith such fields

the jions go to the electrodes and do not remain in the produc
Space charge is large because the electrons have a much

hig her mobility than positive ions and are easily removed

from the flame. Fence no enhancement in top electrode
current is observed with smell voltares ascross the flame.

separated in this way and collected downstream of the

reaction Zone, but the amount of carbon collecied was founu

to be insignificant when compared with the amount deposited
on the bottom eleetrodes in the process, Ho Significant

amount of carbon ever accumulabes on the top electrodes at

any value of Vb*' . This is probably caused by
7

particles losing their charge before reaching the uprper

=

1 - - - ek e T 3= 9 o
electrode region. 1% 18 ctopcludec

¥
3 matroam Af the vrazetimm o ranrnot e arnmracighls
gownsorea O 4 il ...epv_-rh.l\) 1 ZGT_V, EaAN06% CDe =R .gn.-\.—_._w-v_k_‘tf
P i o A ~ p o ,‘;i > 2 £ ~1 e = = -
affecled by the application.of fields to the flame, An effect

was observed with carbon particles, but the number collected

[
o
35

4

4
ok
by
0]
"d

was small compared with those collec v erturbing
field.. These effects may become more significant at much
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4.4 THE TRANSFERENCE CF CARBON INTQ A CARRIER STREAM

One of the major problems with the experiment in section 4.3

is that most of the soot was collected on the burner eleetrodes
rather than the collecting electrodes. Hence an attempt

and to-collect it al-separate . .electrodes. The method of

T s BEEET o T } ~ea e y o) : g g s | = S,
separation used relies upon the large difference in mobility
between the soot and Flame jons.

The apparatus used is shown in Fig. 4.21; the counter-flow

diffusion flame was replaced by a scoting premixed flame

pod
s
=
[
0]

=4
(=7
off
C

Carbon was initially separated by applying a sma

E fe b o % P s e o
e - DOL e 2.8 gTades

G

the ion drift fo Trans?f

into the product stream

electrodes using another

had the effect of prolonging the life of the charged earbon

so inhibiting recombination.

1

The following flow rates were used:

SMElraren v 58 em’s”
Oxyzen G
Benzene 242
Ethjle:e 4:5

Electrode separation 1.8 em
m 3 2
Top electrode area 12+-5 em



collecting electrodes

O, N, separating
B === R N electrodes
g

+ve: -Ve

Fig. 421 Apparatus for the transfer of carbon into a carrier stream

071
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The flame pfoduced'was fuel rich and burnt as a part diffusion
flame unless nitrogen was counterflowed, when the excess
fuel pyrolysed. The application of a field aerated the flame,

the ioniec wind entraining air.

A series of current voltage plots were taken for the flame

with and without nitrogen flow. These are presented in

Fig. 4.22. The curves indicate that the flame becomes
aerated at high voltages and hence burns more fuel and

increases the saturation current, Thus no saturation current
is reached before breakdown, Quenching the flame with
nitrogen decreases the ionisation initially but appears to

increase the efficiency of aeration at higher potentials.

In order to gather some data on the transfer of carbon to
the top electrodes a series of exneriments were carried

out with th fTixediat B k. Ibﬁ and It were measured as a
-

function of Vbt‘at fixed walues cof Voo These are presented

as two sets of data; Fig. 4.23 shows current voltage plots

of Ibt and It Versus Vbt a¥ fixed Wﬁ?-and varying nitrogen
i -

s
o
flow velocity. Fig. 4.24 shows plots of Itp versus nitrogen
flow velocity at fixed v, and th.

o

T s = =S e R s o £ = ) : A 3 e
Luring these experiments the ma r of carbon was deposited

=

o
on the top electrodes and very little on the burner mouths.

To estimate the total rate of ion production as a function
of nitrogen flow rate the same data was used to plot graphs
] : _ : i
of I,  versus flow velocity for fixed V,, and th, see Fig, 4.25

E ) A
see Pig. 4.

F\)

o rersus V., for fixed and V,_ 26 .
.and Itot versus Vi, Tor fixed vg nd Jt?,
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Fig. 422 Current-voltage plots for flame ¢ nitrogen counterflow R
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It is evident from Figs. 4.25 and 4.26 that the rate of
production of varies 1little with nitrogen flow velocity

“?, at this point it f4lls off. This only

up: to 8 cm S
affects the current at high voltages ie. when saturation

would normally occur. No plateaun occurs because the flame

oy

@

igi¥ich,: Indreased aeration at high voltages increases

the rate of production of -ions and hence satvuration current.

«reduced by high nitrogen

o S Co o O, LS P e eI iy P Sy e iy b S 1T o PROE S  SfS T E
velacity rmust be.the true saturation current at ‘this degrse

oy

of aeration and cooling. It can be seen from Fig., 4.26

The data presented may be used %o obtain the mobility and

ticle radii

(AT o i 3 £ v
ities, ‘and hence data on the pazx

assuming unit charge, of theicarben particies. produced during

ot
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in good agreemenﬁ with published figufesz.

Nitrogen veloc. Vit Lyt k

] 6ot 10_30m2551v_1

Ze4 cm S~ 1 kV *56 kV cm
4+9 1 "+56 8.8

6.5 1 56 1147

4 1+2 67 " 38
9.5 1+5 .83 11+6
11+1 16 -89 1244
1247 18 10 127

Data on the distribution of mobilities may be obtained from

Figas 4.24 and 4.25, The proportion of current transferred

i 4 - ; P L S B R 3 S, o~ L . .. - %
tathe top electrodes by ithe counterflow of nitrogen ds. given by
[ 3
3 J - I ]
Veply tp’v =0
- = t:) : - r
P il L S B B O 4.30

The current transferred to the top electirodes is caused by
carbon particles having a mobility up to and including that
12,

which gives a drift velocity corresponding to the field

strength and nitrogen flow velocity.

1

A plot of the log of equation 4.36 against this highest

mobility 1 shown in Fig. 4.27. Readings were taken up to
s geleEng - the g¥aph- (i ddngar yp to This point, Assuming
that the graph represents a distribution of mobhilities,

L
L

and that this distribution is symmetrical about the mos
probable mobility then the line cannot be extrapolated

beyond p = 0+5, This point corresponds to a mobility of
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=

proportion of‘current transferred to top electrodes

001 e ' |
0 5 10 1B
| highest mobility (107 cm®*s™'V™)

Fig. 427 Current transfer - mobility
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R Ay |
0«2 em s L

How

; dn
so that n,K = s e
From Fig., 4.27:
A & SO
AL | — n _',__ME!'..: o e 1

hence  n sl B BRplhal a Bl eian Fud i Ravha gl s 31

Plg. 4.28; FParticle size distribution deduced from the
o e 5 e e e i
mobility according to FMayo and Weinberg  is also shown.
This walue for the mean mobility obtained here is in reasonable

agreement with the mobility obtained from Fig. 4.23% considering

(&

-

the assumptions involved. = Cne of the major assumptions whieh'
is almost certzinly not valid is that it is assumed in Figs.

AL Toand 4,28 Thatial 1l -the 6t

R 3 T . i 7 A v oa - SR L g < ) ~ oy ¥ =
particles. This is almost certainly not the case but the

meehanism of the increase in I, is considered. During the
. & _
transfer of carbon particles to the tvop electrodes under the

influence of V,, and v_ the particles have an appreciable
= o

momentum and will entrain other parts of the flame and cause

B LY s oA =~ 1~ 1 S 337 Lar A oAvgm Poris S £ q e g - .
6. _Llo‘u!.-ﬂ wid DRI ihy 682847:;._5_1}' UEOWAEES - wie 0D eilTtroCe,

8]
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This will have the effect of increasing the current transferred
£

0o the top electrodes but this increase will reflect the

inerease in transfer of carbon to the top electrode.

particles -in an electric field in prder i

o]
ot
H
L
o
(0]
th
)
ki
of
e
D
3

o collecting electrodes 1

L]

seen &8s & possible method for

L S £ f = W R = S o 0 Fa- <+ b g %4 ] 1, =)
removing soot from flame producte., It could, however,
) 7 ”\f_\ 5 ™ 0 T o " .—I T3 8 b e Y cﬂg;y.ﬂ"' Xy -~ "ﬂf\‘twm'“"—- TV Q '3?7'1
DIILY  B& ( Rl eca s NG ceruvdll ClYrCulsSuvadnces ang
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4.5 CEARGING TVE PARTICIES WITHECUT USE CF THE FLAIE'S

CWN CEENMI-ICHISATI

It has been shown in the previous sections that while it

may be more efficient to use parent flame ions as a means

of manipulating particles it is not always practical or

even possible under certain circumstances., These include
internal combustion engines and industrial applications

where the products have coocled sufficiently to allow
recombination to occur and where it is usually not possible

to apply electrodes directly to the flame itself.

Hence it was decided to devise a system for charging uncharged

~carbon particles and then manipulating them.

4.,5.,1 USE OF A CCRONA DISCEARGE

The use of a corona discharge to generate charge for attachment
to particles is in common use in 'elect?ostatic' precipizators.
It is, however, very inefficient due to its wastage of the
charge generated, A great deal of power is required to

ionise the gas in a corona discharge, following.whiﬁh the
‘majority of the free charges created flow to the opposite
electrode without attaching, their great velocity being a
necessary consequence of the high fields required to reach
breakdown; though a limited amount of slowing down can be
arranged by caﬁéing the field lines to diverge. A quantitative
idea of this may be obtained when it is considered that
'electrostatic' precipitators operate at mean field strenghtis
of around 10 k? cm_1 whereas other sources of charge will
operate at field strengths as low as 400 V cw_T for the same

rate of production of charge.

S e



A.5.2 USE OF A SECCNDARY FLAME

It has been shown7 that 2 small secondary flame will act

as an ion source for charging by attachment,  The power
input required would be considerably smaller than that
required for a coroné discharge producing a similar number
of charges. This appa:

further when the probabilities of aittachment of the ions

. 2 55 by
manner produces one charge per partiecle ) 1 thus reducing

o

the charging power still further, This can be demonstrated

by the following example,

e : e R LW IS S e | e p: B el 2
Consider an ethyvlenefair flame as the sourc

i e

o

of scharas

;
a stoichiometrie ethylene/air flame will give a current of

- - : ; : X =155 .
100 pi cm at a burning velocity of 68 em s k2 being

~

. ~ 1 "'2 " >, A 1 —2 =
eguivalent to 143 W cm ~. g Portder--of W ehn would be

1% thesparticles at a rate of

wrge and depo

yil 3 - -2 g :
14 particles s 1 cm assuming unit charge per

{49]

. ,
particle, ie. requiring 2:2 W/10 “particles deposited/seecond.
118 compares favourably with the .fi

Sy : : 4 : 1)
precipitation of 6 h/101'partlcles/second, A

obtained together with a discussion on the mechanism of

particle charging is also to be found in this reference.

154
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in section 2.1 that hot surfaces, particularly
those containing alkali metal ions, are good positive ion
sources. It was decided 1o investigate the possible use

ttachment to carbon particles

(@]
0]
g
=]
3
W

of these as an ion sour

Stainless stesl plates were used in-an attempt tTo cul down
r 1 - i’ « P | 28 ™ i e et
corrosSion problems and the plates were coated with a potassium

compound, which behaved as the ion source. Some difficulty

non-corrosive, It was applied to the plates by dissolving
in water containing a wetting agent and painiting the solution
on to the plates which were then gently dried over a small
fiane, The firs¥ experiment” was

current obtainable from the plates at workin

The apparatus used for this together with the plate configuration

~ ht Yy
=
A o o C"1
nir o I i, S e 5 B

Bthylene 62,

In order to reduce heat losses by radiation a %o

seventeen plates were used with *b em spacing. With this

configuration the maximum plate temperature obtained

estimated at 1200°C. With an applied potential of 200V
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Fig. Apparatus to measure the current .
430 available from hot plates
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(400 V em ' mean field strength) the measured current was
200 mA, This was the meximum that could be obtained before

breakdown. The total conducting area was 800 cm2 so this

2

e .

o
current corresponds. to the theoretical maximum of 25 mi em

41

in air'’', although this latter figure is taken at STP so it
secems likely that some 'silent' secondary ionisation was

occuring at ths electrodss, Hone the less the usefulness

A . simple calculation was performed to determine the best

electrode spacing. Assume a stream of carbon particles

The -eleetry separaticn isig and tensth of collec
glectrodes pargllel to. the flow direction is 1. Then the
minimum field induced ion veloeity for 100% particle collection
Vi A8 given by:-
v_d
Wi S e e L T e W S ST W

However v ., 1s controlled by the applied wvoltage V so that:-

g
i
% boe §
=
'r_l.
1
o)
AN
Lo

® ® 6 0 & ¥ 8 8 B ¢ VB S8 EE 6 &I e e

4.40

4 4 4 v e 8 B 0 5 e % e 888 T eI B T

Yow the current-voltage-electrode spacing relationship
' Eiop : oo e ; LG
for positive ions produced from hot plates is given sy“’
: odfce: :
Ok ¥
;] = ¢ ® & @ 9 & & v F F S S TS f‘i-.41
Tz
- RO
e (s
o~ .1 i % PR s > 'rr2 ,5 5 iy £ 5
so that for a given j . V7 /d° is constant.
LalChs
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Substituting for V gives:-
3
kIB~

v . . _—_1_— @ 2 O % 5 B8 8 S 6 e E B G S S e e LSO 4-4—2
where B is a caonstant,

tT AN S o 7 % b iy o v y * % e ~ L3t ant
Hence, the smaller the electrode separation, the more efriclent

the precipitator. This:is also True :from the point of view
of radiation losses from the ‘plates, however, 1f the-plates

-

are positioned too close

(_.i_

_.I.

ogether the light fluffy carbon
deposit builds up and eventually shorts them out. In view

of this a compromise separation of 2 cm was chosen as optimum,.

may be calculated for a particular flame, Consider a
flame with S = 30 e¢m s ', typical for a sooting flanme,

gge:. seation 3.7, If the products are allowed to undergo
1700°K after heating the plates, *

4 Ay 144 ; - . -
B A0 Fens 1V , then using eguation 4.40 gives the
mimimum potential as %+6 kV. It was found in practice that
3 kV was the maximum potential that could be applied before

sreakdown so that 100% efficiency could nol be achieved,

The final precipitator arrangement is shown in Fig. 4.31.
The plates were heated from one side and the soot introduced

R -

from underneath using a benZene in nitrogen diffusion flame

(6 en’s™! bvenzene in 10 ems” ! nitros gen). The effect of

m
wn

is skovwn 1ir

ot

applying a field to the plat the photographs
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to exhaust

\\\\\\ filter

~1kV L % | plates heated

from rear with
C,H, /air flame

+ .

''''''''' ]

KCrQ, coating

CH*N, sooting flame

Fig.431 Hot plate precipitator
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of Fig. 4.372, To measure the precipitator efficiency a
filter was included in the exhaust and the deposit on the
plates vag weighed. Cver a series of runs an average of
7 mg min~! was collected in the exhaust with no apprlied
field and 5 mg min~" on the plates with 2+1 in the exhaust
with a field applied, giving,én_efficiency of Ti%. This can
be considered reasonable when it is taker iﬁto account that
the configuration used made 100% efficiency an impossibility.
Also the plates were hotter in the centre than the edges-and

L.T

some soot may have escaped this way.

4.5.,4 DISCUSSICH OF METEQDS OF FRECIPITATICN

The three methods of precipitation described above are
perhaps not as distinet as it may seem and in practice a
combination of these may be found to be more suitable.

The most efficient method of precipitation would be to use
plates in the hot products to be cleaned so that they provide
the heating for the plates, It may be necessary to use a
separate collecting field or probably longer path lengths

within the plates to achieve 100¢ efficiency.

However, under most circumstances it may not be possible to
heat the plates sufficiently in this way eg. for precipitating
acid smut in a power station exhaust. Here the exhaust
témperature is only of the order of 200°C so that an external
heating source would be required. Heating the plates
electrically would probably make it more expensive than

using a corona dischar;é but if fuel was used only a small

flame would be needed and it could be fairly cheap. If this




a) no field

b) with applied

1d,




second flame were used it could be done in one of two ways.
The flame could be made wo sit on the electrodes and so
heat them to provide jions or it could be used a2s an ion

source itself, thus only heating the gas, which would be

more efficient, If it heated the electrodes it would bhe a
combination of these. if the flame is gtabilised on 2

porous burner which is also the emitting electrode then the

disvietion merely hecones & difference in gas flow velocities.
By using hot electrodes brezkdown would occur at lower voltages
so that in some cases secondary ionisation might be used as

an alternative source of charge. In this system a combination

This is done mechanitally in industrial precipitators by
rapping the electrodes, In some cases where a eycle of fuel
rich - air rich operations is envisazed, eg. an internal
combustion engine it would be possible to burn the carbon
off the plates, The soot.de9051ts in the fuel rich-ecycle
and burns off in the air rich cyclé, In other applications

the injection of excess air into the sxhaust could be made

the depositec



COACLUSICHS

There is no difficulty in manipulat

the field, mobility and charge acqui

which can he caleulated and are wel

ting charged particles,

isition are all parametlers

A
5 ﬂ;"lown‘1

.
iimitation to practical effects is the breakdown strengih
of @i, This is related 1o currens density and elegtrode
spacing by 4,04
Dy
e Ty o P
a"l-T} - et T h L T I S S S S S S S I Y bt R
] k
From this other maxima may be calculated, if the mass and
mobility of the particles are known then the maximum mass
deposition rate can be calculated as can the maximum ionie
1
The practical problem, in the work diseussed in this chapier,
has been vo disecover the most efficient way of producing the
charged particles in a position where they may be collected
gn.-elsctrodes,
The most efficient way of dulﬁé this would be tc make use.
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space wched, Section 4.% de
apply a small pe*tdrfl”” field to %

scribed an attempt to
he flame to initiate the
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effectiveness

by the ionisa

within each

tion poten

o)

THE EFFECT OF ELECTRONS OX TEE EMISSICH OF SOCT? TFROM FLAMES
The effects of additives on soot formation in flames has
been studied by several worker"1“"16 et “’67; the most
effective addcitives have.generally proved to be substances
which have low ionisation petentials or form particles of

oW work funciions. Thus--d4t. . has been known Tfor a long time
in the carben black industry that the alksali metalé, when
introduced in parts per million,:alter the 'structure'! of
the blaé? and that the efifectiveness of the ufﬂlthP in
breaking long chains is in the inver order of its jonisation

otential, It has been

groups, the alkaline em?uhs for example, differing from
the alkali metals, barium additives which produce Ba0Z' a
the positive ion being the most effective. It has also been
found that the same additive can produce-supyression of soot
formation, or its promotion, depending on the amount and the
position in whiech it is introduced. Where the position
addition is not 100)71 ed, the pattern is that small
mounts of additive produce promotion whilst large amounts
sroduce suppression with a cross—-over point of zero eiffect
inbetween, nen the additive is invroduced locally - é.;.
on a wire —~ insertion at the base of the flame produges

suppression

of soot produ

0ﬂd10

wnile introduction h

_J
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Chemical as an alternative to electrical effects have been
18

considered responsible for these observations Sinece

tructure is inevitably related to chemistry,

]
6]

electroni
the issue is most likely to be resolved by the application

of electric fields. Different groups of workers, however,
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for controlling soot emission, this does not, of course,
constitute a proof that chemical effccts could not also be

important,

531 "HIPCTHES IS

diffusion Tlames, ie. flames in:which the reacitants are

initially separate, the maximum temperature and the mein reaction
zone occuring close to the stpichicmetric contour, Now this
is al close to the surface along which ionisation will
Rl o * =3 et 5 ) R awydes
‘peak, being a strong function of temperature. Ig5ie: Hot,
however, since conditions
> 43 Fr:al gt fia ] "e‘l:; -y
rogr Dy L TR SI0e - wask
%
Thove g o Taglk: - Mlhase 1 F o AT = p
vnere L & AdiEst ODF T 1S LR O 13 GO T J.re..;
a2 majer part in soot formaitisn, Ehe diffusion coefficiens
s L A Sk P S o T e by = -
-0of the ‘eharpge ecarrier must be a most impertant parameter,
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of flames is an electron It is therefore supposed,

as an initial hypothesis, that the effect of additives

],...h

s entirely due to the free electrons which they produce.
s

An attempt 1s then made to account for all previous experimental

observavions in terms of such a hypothesis and, if that is

positive charges, this can have two diametrically opposed
end results. Where -all or moét of the particles2’5’A1
dr-chains of particles, are positively charged, neutralisétion
of positive charges at their extremities would stop them
repelling one anpther and thereby remocve tThe obstaclzs to
agglomeration, Agglomerat
less likely to burn away during their subsequent ;aésage

he high temperature zones in the presence 51 oxygen.
When orly é fraction of the echains is charged, on the o
Tloneration oecurs by dipole action, the rate reaching
2 maximum when the fraction cha“bpc &5 & - halfl For smaller

£

proportions of charged particles, electrons wil

|._f
2
—
]
Lp
()]
Fh
Q
3
[¢)]

decrease f"“onew tion rates,

observed facte, Thess are best discuszed in terms of the
results presented ddn Fig. ;.ﬂ67. The fundamental parareters
are the particle ra diué and-number; the mass is a consequence
cf these, The facts requifing expl%nauion are i=
1) particle radius always decreases with amount of additive
2) 2 veak in particle number occurs



prosoot antisoot

I
|
|

no!
effect!

0 additive —>

Fig.' 51 Particle parameters - additive concentration

69l
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The rate of nucleation of particles is assumed to be constant
and unaffected by the additive and the particles are ail
assumed to bear an initial positive charge - this being

lost through recombination. - Particles continue to'grow

on the surface, regardless of charge, thus increasing théir

diameter until agglomeration and chaining occur. ne rate

=3
i

of agglomeration and chaining depends on the proportion of
charged particles present and is at a maximum when this

gquals a half,

The introduction of large electron concentrations neutralises
all particles and prevents agglomeration. The particles

grow no further than the limiting size before agglomeration
ocours and: so .most burn up giving a small number of small

'y articles. .

The peal in particle number mist occur because fewef particles

are beinr Burnt: um. This must be caused by an increase
g I | _

0
i

in chain size -~ if the chains are shorter then they must be

composed of larger units caused by increased agglomeration

before chaining.

The introduction of small electron concentrations reduces the

charge on particles and promotes agglomeration and chaining

o ¥

L300 5 S

row to a

gcause this now occurs more guieckly particles g

larger size by agglomeration before forming chains - also
the number of chains growing will be increased. Once a chain’

has started growing ther

1)

ig. little likelihood of it ecombining

with another chain, irrespective of whether its growth has
3 o, £

-t
@
(a]
ot
H
()

4

irated by an rhe *ﬁ“ﬂwww namper nf
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particles must correspond to the maximum rate of agglomeration

and chaining.

With no additive agglomeration and chaining occur more
slowly, the rate belnu controlled by 'natural' recombination

1

of ‘particles, The chains formed are longer and thinner

made from particles with The largest fundamental radius.

come echaing burn up.

Reduction of particle size is explained by the earlier onset
r o) Y

0L avcloueratlon and chaining and by increased burning rate

when agglomeration and chaining does not oeccur.

Large electron concentrations wildl eventually inkibiy
agglomeration and thereby supnress soot formation.. Blectron
coneentrations insufficient to heutralise a wvery large

proportion of'particles under cornditions - where the majority

of particles 1

s charged will act mostly as a'"'glue' in
encouraging sagll particles %o aggregate and thereby increase

the mass ol soct escaping.

my

into place, although the role attributed to it is diametrica

opposed to what has been supposed hitherto. Iin terms of

B

the above hypothesis, the positive ‘ion act chiefly through

r'ecombining

£
R

meets away from the ni

The dependence on the mobility of* the positive ion also falls

temperature zone (it is of course muck more likely to encounter

an electron than a carhon particle). The larcer the ion the

smaller its excursion.
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r

ive hypothesis thus accounts for all
the experimental observations, a much more direct test
would be one in which the additive would be discouraged

d
1d i d

from migrating by being hel

on 2 wire at a relatively low
temperature, whilst the charges emanating from it could be

control

St
lichrome wires coated with barium oxide and uncoated wires
of 0+2 mm diameter were inserted at various heights into

creatly increases the
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fishtail

" nozzles wire

o 7p05|tions

Ar CH,+Ar 7‘ T

Fig.52 Apparatus to determine the effect
| of electrons on the emission of soot
from flames



Wire in mid-flame

above wires,

coating

none

BaO

BaO

BaO

none

polarity Wire in flame base

none f
none 9
negative h
positive i
negative i

ig. 5.3 The effect of coating and polarity on soot formation
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C Ba0l coated wire

U uncoated wire __ | C

| current (}J/—\
)

potential (V)

-400 200 200 400
U “ e
<{
- 3

e O T s | T ar e o0

Fig. Current/potential characteristics of wires in
54 mid-flame, wrt. the burner
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positive potential prevents the effect altogether (Fig. 5.3d);
removal of electrons causes all particles to end up charged

garlier, tk. erminating chain development.

U‘

t transpired from the voltage-current characteristics that

+

-

ionic wind effec
The absence of Bo0%t formavion in the czse of positive jon

enission casts doﬁbt on previous suppositions that positive
inorganic ions bhemselves act as nuclei; they do of course

mop up electrons.

It was tried, wasuccessfully, to explain these effects in
terms of what is already known about the effects of electric
fields on carbon formation, According to this, the negatively

(J
what haprens in the case of the uncoated wire (Fig. 5.3%e) -
rather than to increase soct formation. Cnce a layer of

ed with additives is manifested

by free electrons. AGd1%ion of electrons at the hass of
|



it

r

the flame reduces the positive particle concentration,

and‘the'particles

(q

preventing agglomeration and chainin

burn up. Removal iof electrons from the base of the flame

has the opposite effect.
i IS

T4 i 2 <+ L. R i B ) L 1 ” ] v S <+ -
It is not intended to suggest that the entire subject of
= ey - Y e Y . 6§ - A T o 3 wm L3 - 5
S00T1iARg AN 3 LaRes colild be. deccountven Tor in terms-of Ifree

electrons and it is thought very likely that the underlying

chemical processes retain the importance that has been

attributed to them. However, it does appear possiblé to
account for the behaviour of ionising additives entirely

in terms ofithe electrons Phey produce "as Tegards. belh
suppression and promotion, the effect of the amount of additive,

the site of its introduction and the effect of ion size.
What is probably much more Iimportant is all the observed
effects cazn Ye produced by controlling the emission of

1=

free charges electrically, using coated surfaces maintained

- hot by the flame, and connected to

W

£

source of electrical
ential - without introducing additives into The fuel and
;i ]

£r.
<

thereafter, into the atmosphere by way of exhaust
The power that would be involved in injecting electrons in

this manner would, of course, be cuite small, one milli-amp

s

,.*
~

being sufficient to provide 6 x 10 particles per second.
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6.1 CONCLUSIONS

The carbon particles produced, durlnc the pyrolysis of ethylene

i

P O o v e o~ - A ~ 1 3T - -
on-hot surfaces, are charged and would be amenable to conirol

by.-elecyric Tields] Charged particles are also produced

tube, suggesting the: formation of C-H <40 In anv event
T
charged particles are produced during pyrolysis. of ethylene

with and without hot surfaces present and so are amenable to

p1ectr1c_g_f_ control,

he.effect ofelebhyid 'Tigles on The vronasationireactidn
in sooting flames is less an 10% and so the effect of eleciric
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the burning velocity is less than 47,

Tast electrons have no effect on the burning velocity of
hydrogen-oxygen-argon mixtures though this may be because

their concentrzstion in the reazction zone is reduced almost

to zero.

Tt i87ef no practical uce Bo apply fields to flanes with

i oo e"{ &t ey v S v ey a1 +a rem e -r* """" T cl -§ =

i oH- 3 F)I}L.. 2 l.-_.l_é-')g ﬂ S ahe 'S  S A oW 5 ' I ¥ < .
m
n

In such a system breakdown is a limitation and the maxim

mass col?e tion rate with electrode

"_J
5
(6]
w3
i)
&)
i.. <,
,3

would be +5 pg em © min ', . Application of a field direct

to the flame. products is also not.practical as the soot



.
i
-3J

£

rarticles lose their charge rapidly before the inter-electrode
space 1s reached and attempts to prolong the life of these
charged parcticles failed because of space echarge efievis.:

It was posscible %o transfer charged carbon particles into

& carrier stream and to collect them but this had little
practical importance and the pr1nc1n?e of having to charge
the particles separately was acoenteu. The most efficient
way of charging them would be to use hot coated plates in
the product stream maintained hot by the products themselves,
A second flame could also.be used. either to heat the plates
or as a source of charge. The least efficient method is

to use a corona to charge the particles. These methods are
compared numerically; for a corona precipitator the total

. . . 4
power reguirement is 6 w/101‘

particles/second compared to

22 W for a flame precipitator and <11 W for plates heated

by the product stream.

Electrons were shown to affect soot formation in diffusion
flames and it is possible to account for the behaviour of
additives in terms of the electrons they produce. 7The
observed effects can be reproduced by controlling the emission
of free.éharges electrically, using coated surfaces maintained
hot by the flaw y and connected to a source of electrical

potentlal thout intrecducing additives into the fuel and

hence into ths dfm sphere.

The investigation wac instigated to look for methods of

controlling flame carbon in a way that would be applicable

to practical systems. Two solutions were found based on

o
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r

different theories but using similar apparatus having coated
surfaces heated by the flanme, In the first case emitting
positive ions using high potentials and in the second electrons

using low potentials.

LTI AT L St TAT) TIITRMEITY LA T
2. RECOMKENDAT TONS '7OR -FURTHRR WORE

1ol v Further worik should be carried out on the shock tube

bk o R ) R o B i AL, TRV vk B e E 2 A e L1 = AP T - G SR B
pYrolysis o evdylene To Buv.toraellucidate the jon Torming

mechanismn, This might include work on systems containing
£

no oxygen and following the CZ and CH concentrations

spectroscopically during pyrolysis as well as the ion

i 7

concencration, ¢ On line mass

using moleculapivean  sampling
2., An attempt should be made to perturb the burning velocity
of non-sooting flames using electrons excited by &an HF

field. & DC component added to this field could be
used to ensure that the excited elechrons had their

maximum concentration in the pre-reaction zZone.

Work should be done on applying the effects of electrons

N

on soot formation to more practical systems. This

] o W 2 5 X AT Mo oy .-...,, B e e 2 AR S Wt P & e e
conld take the form of a wire metrix, possSibly electrically

i T = e x T e L ~ fra s R o S -

hezste i Inserted into sthe TFame base LNe Poc sipil it Vi
£y o oy onihagy a3 viplda £2 239 P b e aiorad ann

Ox L i 2 enasancel gL U O I L O 1 gt S00%0

ical precipitator for use in a furnace exhaust

An attempt to develop



tassium-doped conduc
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te material should be made; this could
ing eeromic, The life

-+

material should be investisated.
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flame electrode spacing.
constant, as subscript refers to breakdown.
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space co-ordinate,

distance from burner.

area, as subscript refers to neutral molecules.

Arhenmius frequency factor.
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constant,

activation energy.

current.
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incident shock Mach To.
Avagadro nunmber,

concentration of particles.

Tusselt Ho.

rate of ion generaticn.

pressure.
heat content.
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gas constant.
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recombination coeffiecient.

ratio of specific heats.

viscosity.
density.
dielectric constant

Stenhans constant.

enissivity.

of-

free space.

initial conditions,

incident shock.

initial conditions in the

reflected shock,

sign of jon.




