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"IONIZATION N mMmAR FLAMES

[Follcwing is a translation of an article by N. N Ino-

zembsev in the Russilan-language periodical Izvestiya
Akademii Nauk SSSR -- Epergetika - 1 Aviomatika ZBulletin"
~of the Academy of ‘Sciences USSR -- Power Bnglneering
~and Aubomation), No. 2, Mosccw, 1960, pages /9-66_,.

At present/it is possible to- consider the presence of unbal-
anced ionization in the front of & laminar fleme as proved. In-.addl-
tion, a number of works have suggested that: “AHe formation of ions in
a flame is connected with the nature of the chemical process of com-
bustion [l _71 In this connection, obtaining experimental confirma-
tion of this proposition would make it possible to judge the velocity
of & chemical reaction and the dimensions of a zone of -intense chemi~-
-al change in leminar and turbulent flames by the value and the width
of the bump in the ionization current. It is obvious that in oder
to prove the proportionality of the ionization cturrent to the velocit:r
of the chemical reaction it will be necessary to mke precise quarti~-
tative measurements of the unbalanced ionization.current in Jaminar
flames and to determine the most important characteristics of the
ionlzation process (concentration of lons -and electrons, the rate of
formation of electrons, the coefficient of recombination, and others),
depending upon the initial parameters of the burning mixtur How~
ever, very material difficulties are encountered in- measuring the
current of ionization in flames on account of the small width of the _
zone of intense ionization and ‘the high temperature in the flame fronIUV’
Moreover, the absolute value of the currént of ionizatlon is very "
omall, which causes additional difficulties in amplifying end record-

Zug this value.

The methods used for inves*igating ionization in flames are
yudte varied, but not all of them are sultable for ouantitatiye evalu-
ation of ionization in the laminar front of a flame. Thus, the methol -
of using langmir probes employed in cited works /2, 3/ is applicable =
only under high-vacuum conditions since the theory of a probe presup-
poges the lack of collisions between charged particles and. molecules
reaching the probe through a space charge layer. Moreover, this methoc
%8 applicgble for comparatively great concenirations of charged parti-
cles (>10° per cubic ‘centimeter), otherwise the probe will not be
Lcrcened from the surrounding dischaerge by a’ ‘layer of the space. charge

+ Jlangmir probes are suiltable when the’ potentials on them ave -
close to the potential of the- charged fpace. o
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The ionization in the front of a laminar flame cannot be meas-
ured by the attenuation of radio waves on account of the small size of
the front, which is only a fraction of the length of the electromag-
netic waves used for this purpose (~1 centimeter). This method is
also not too semsitive in case of weak lonization when the ion con-

" centration is less than 101l ver cubic centimeter, therefore it is
ugsed primerily for measuring ionization of the combustion products
of flames with an admixture of alkali metals [é} QZ; o ; _

Determining ionization by the deviation of the lines of the
current under the actlion of an electric field gives rise to dovht due
to the great complexity of calculetions since this method presupposes
the determination of the value of the product of the ion concentra-
tion in the reaction zone and the width of this zone by the measured
curvature .of the line of the current in the electric field and, more-
over, the effect of a strong electric field which curves the entire
cone of the flame may be material. - o O

Determining the ionization by measuring the conductivity of
the flame between two electrodes requires knowledge of the mobility
of the electrons, . S . . :

At present it is well known that the negatively charged parti-
cles in a flame of gas-air mixtures are free electrons 1, 2-5/. The
values of the mobility of electrons under different_copditions can be
calculated theoretically with sufficient accuracy /[ 4 /. . :

All the methods enumerated above for investigating Zonization
yield different values of concentrations of charged particles in the
front of hydrocarbon flames (from 106 to 1012 per cubic centimeter).
This is explained apparently by the inapplicability of some methols
under flame conditions and the inaccuracy of other methcds due to -
errors in the pick-ups and recording apparatus used. . _ E C

This article contains a method for investigating ionization in -

flames with two-contact bPick-ups, the results obtained from using thig.u'

- method to study hydrocarbon-air Bunsen flames under different initial.
conditions, and an analysis of the results obtained.

. The Method of Measurement., The ionization,curfent in the front .
of the flame was measured by two-contact pick-ups supplied by direct
current batteries. The pick-ups were two-channel ceramic pick-ups
with steel wire contacts inside arranged in such a way that only their -
ond surfaces would come in. contact with ionized particles. . The ex-
ternal diameter of the ceramic insulators varied from 1 to 3 milli-
meters while the diameter of the contacts varied from 0.2 to 0.5 mil-
limeters, The power supply battery set up a constant electric field
between the contacts of the pick-up, and ions were collected from the .
ionized zone of the flame under the influence of this field. ‘The
pulse of ionlzation current I; obtained when the fromt of the flame
was intersected by this pick-up set up an input voltage at the =nds
of the scaled resistance Uy, = IRy (Figure la) which was amplified
£irst by a preliminary one-tube alternmating current amplifier (the
bulse wes fed into the grid of a 6N3P tube) then fed in%o the frmm
of the =rplifier of g 251 cathode pulse cwscilligraph. )
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The output voltage was fixed by a camera from the oscillograph
screen. The electron tube of the standard 25I oscillograph was re-
placed by a 13-L037 tube with prolonged yellowish-green afterglow
which ensured the reliable fixation of the ionization process on the
photographic film at the - high frequencies prevailing in rapid move-
ments of a thin laminar front and in turbulent flames (moreover, spe-x"'
cial, highly sensitive film was used) s ‘

Since special attention was devoted to precise quautitative
avaluation of ionization, all possibilities of tnis apparatus were
checked, _

-Frequency and amplitude characteristics were taken, the effect
of the value of the scaled resistance Ry was tested, and the errors
caused by the conductivity of the ceramic insulation of the pick-up ~
were elso analyzed. The frequency and amplitude characteristics of .
the apparatus are shown in Figures 1b and lc; the frequency ‘charac- |
teristic has a horizontal section in the frequency range of 30-h0 o
cycles to lO6 cycles per second. . This passband mekes it ‘noesible to
obtain undistorted reproduction of ‘current bumps when the laminar
Zront is. intersected at different rates, The linear part of the am-
plitude characteristic is the working section in which the input '
voltage and the ionization current are deternﬂned ’ ,

: SRR | AT
. : . _VYin
hout -~ Uiny - Ii = ﬁ‘;’f“’g

Matching the working sect sion with the linear part of the charac
teristics was accomplished by the proper selection of the valve of
the scaled resistance Ry (in our case Ry < megohms).

Since any insulating materlal has some conductlvity, errers
ere possible due to the conductiv1ty of the ceramic insulation of the
pick-up, and these errors will increase with.an increase in ‘the tem-
perature of the ceramics. :

The layout used here excluded the possibility of such errors o
since an alternating current amplifier was used to amplify’ the signali
from the pick-up, which éxcluded the direct corponent of the cu:rent
and amplified only the alternating signal set up wher the pick-up
intersected the front of the flame. :The conductivity of the ceramic
insulation of the pick-up could affect changes in the voltage on the
grid of the 6N3P tube, which would cause shifting the working point
from the linear part of the cheracteristic of the tube. When it is .
20ld (T = 20 degrees Centigrade) the ceramic has a resistance of ap- =~
vroximately megohms, which is entirely sufficient for the normal op-
eration of the apparatus.. When the ceramic is heated to 200-300 de-
Jrees Centigrade, its resistance drops down to approximately 200
negohms. In this case a large role is played by the value of the
scaled re31stance Ry which, together with the resistance of ‘the
seramic itself, forms a voltage divider for the power supply bat-
tery., V¥ith a biyh-resistance input, wien Rg > 50 megohms, the armors




due to shifting of the worklng point when the ceramic insulation of
the pick-up is heated can become noticeable. A high-resistance input
(R, = 49.2 megohms’) was used in measuring the thermal jonization of
the combustion products. Flames vere studied by rapid movement of
the pick-up, that is, the pick-up was moved manually with a speed of
1-2 meters per second or mechenically (pneumatic insertion) with a -
speed of 10-20 meters per second so that the ceramic insulation would
not be heated up while being passed through the flawe.

A developed picture of the ionization process in the flame
front on the given scale and irrespective of the speed of passing
the pick-up through the flame, that is, independent of the time; was
dbteined by the use of a linear semiconductor slide-wire rheostat in-
stead of displacement potentiometer.. Thus, this layout makes use of
scanning in accordance with the coordinates ‘of the pick-up (the pick-
ap is connected with the slide-wire of the rheostat) “Adjusting re-
sistances included in the circuit of the slide-wire rheostat permit
changing the width of the section of the path of the pick-up spread
over the entire oscillograph screen, that is, it"is possible to fix
“he ionization in any section of the flame on any scale by the co-
ordinates., If ore knows the linear size of the worki ng section of
the slide-wire rheostat If shown over the entire oscillograph screen,
it is easy to determine the value of the ionization current and The
size of the ionized zone in the flame by the height and width of the
bump on the photographic f£ilm,

The Results of Measurenments. Current-voltage characteristics
7ere taken in laminar flames, both in the front itself and in the
sombustion products (Figure 2). Up to the power supply voltage Uy =
20 volts, the ionization depends linearly on the voltage on the elec-
trodes of the pick-up, which indicates the equality of the rate of
occurregce of electrons in the flame q with the rate of recombination-
9 = pn," (the diffusion of electrons 1s neglected and n, i8 Set equs.
%o n,), and B -- is the coefficient of recombination.

Saturation begins to take place at Ug 35 volts, that is, alﬂ
the electrons which originate in the flame are carried away by’the
Zield of the pick-up, then .

vhere Ig is the saturation current, e -- the charge on ‘the electron,
¥ 1is the space from which electrons are collected.

A certain increase in the current when Ug > 35 volts is ex-
plained by an increase in the space Lyolume 027'V due to a growth in
“he intensity of the field of the pick-up E.

The concentretion of electrons n wes determined in accod danc=>

with the values of the current in the linear part of the currens-
‘oltage characteristic




Ii = ena K} EFel

(where K. > K K is the mobility of the ions), and Foq is the nrea of
the elecirodes. The rate of emergence of electrons and the coef*icie
of reconbination are in accordance with the value of the saturation .
currert. The average time of recombination is , , .

25 V._._"l L

If we know the average tiwe of recombination, the mobillny of
‘the electrons, and the intensity of the field of the pick-up, it is
posgible to determine the average path of the electroms along the elec-
tric field of the pick-up Pp where recombination of the.electrons. dore '
not occur while they are passing along this path .

'R? _ pKaE
- Then the working space from which the electrons are collected
is equal to ‘ L

v = s + 2302

(d; is the diameter of the electrodes of the pick-un,, that is, the
working space is proportional to the intensity of the fiela, which er«'
nlains the increase in the current in the current-voltage cnaract
istic in the region of saturation with an increase in Up. .

The ionization current and the width of the zcne of unberoncedv
ionization in the linear part of the current-voltage characteristic x
an under seaturation conditions were measured in the laminar front of
the flame and in the combustion products of propane-air and gasoline- -
air mixtures. Typical osclllogramws recording the ionization current .
and the position of intersection of the Bunsen flame have been pre- - . -
sented in Figure 3 [See Note/. The results of investigation of icnize-, .
sion in the front, depending upon the initial parameters of the mixiture,
sre presented in Figure %, The concentration of electrons in the front
of a laminar flame for the hydrocarbon fuels investigated amounted to -
~2,2 x 107 per cubic centimeter for < =:0.9, P = 1.0 atmospheres, anc _
Ty == 20 degrees Centigrade, (Note: A description of the experimental -
=pparatus in which the_ionization of laminar flames was investigatel
ig given in the work / 6_/)

The dependence of the concentration of electrons upon the
pressure can be expressed by the "exporiential law of proportionality

1.82




When calculating the concentration in accordance with measure-
ments of the current, the mobilities of the electrone K; were deter-
mined with Bradbwry's formila / 4_/, taking into account losses of
energy on the part of the electrons in collisions with molecules
during their passage through the electric field of the pick-up.

The rate of production- electrons in the flame under normal
conditions and % = 0,9 was ¢ = 17 x 10 L7 per cubilc centimeter per
second and its dependence on the.pressure;q ~ pLed3, The coefficient
2? recgﬁ%ination B=33x 103 cubic centimeters per second and
{4 v P-l. »

The average time for recombination was found from the calcula~-
tions to be on the order of ~10~10 seconds, then ), < 10°3 centimeters,
which emounts to a tenth of the width of the bump of the ionization
current in the laminar front (Figure 4b). Thus, one ‘can speak of the
local nature of the study of ionization conducted by this method sinca
the pick-up collects electrons from a narrow zone limited by the linear
dimension Ap, which is of an order equal to the value of the free path
of an electron. Therefore, when determining the intensity of the elec-
tric field of the pick-up one can make use of the expression for the
maximum intensity

o=

Epax = §

(H is the distance between the centers of the electrodes) and the voit- -

age drop with withdrawal from tle dipoles for the dlstance AP is not
taken into account.

_ One can neglect errors due to distqrtion of the electrlc fileld
of the pick-up by the space charge under the conditions prevailing in_
the flame since the concentration of electrons is smell here: 10(-1CY
per cubic centimeter, ‘In this cCase one. may consider that the charges .
move independently of each other in the gas in the flame and that the
charge per unit volume is so small that the field at any point in the
interval between electrodes is determined by the electric field of the
electrodes, that is, it is possible t0 neglect the distribution of
charges in the space affected by thé electric field of the pick-up.
The density of the current under which the field is distorted by the
apace charge can be determined by comparing:the nunber of lines of -
force in the field set up by the electrodes with the number of llnes
from the charges [_‘7].

The charge per unit surface of the flat electrodes is
B 3 /e - CGSE N
c— = = 80010 S —— , 15:
BT B [ 7o )

(with a field intensity of the pick-up g1 Z:.eb CGSE

47)




The charge in the space [yolumg/'corresponding to & unit of the |
surface of the flat electrodes is L O ‘ _
en.a 3 K B . c —_ o A=

Disuortion of the field by the space charge should be taken inso
consideration in those cases when both values of the charges become

comparable., :
In our case the space charge is equal to

> o OGS -
=g/

= enyH = 4.8 + 10710 ¢ 0,0k - 107-108 02240 + 1073 L
cnm

qfo\j

(22)

that is, the fraction accounted for by space charges under the condi-~
tions prevailing in a flame amounts to only 0.25~2.5 percent and the
affect of the space charges on the electric Tield-of’ the picP-un can ‘
be neglected. '

The concentration of electrons in the c0mbust10n products im-
zgediately behind the flame front is, according to our measurements,
-pprO}imately 047 x 109 per cubic centimeter under normal condi- .
Lions -- this is roughly 1/500 the value in the flame front. The
rate of production of electrons in the combustion products is ~0.7 x .
10 cubic centimeters per second and the coefficient of recombinaticn -
B =23.0x% 10* cubic centimeters per second. If we calculate the ef-
Pective ionization potential by SAGA's equation [H-Z7'f0” thermal
ionization in accordance with the known degree of ilonization in the

combustion products x = n. /N (where N is Loschmidt's number), tuen we
shall obtain Uj = 13.k ev, that is, ‘the effective potential of Ionlza-
tion is equal to the ionization potentials of the combustion products
\002 H20) When vapors of the salts of the alkali metals (for exam-
nle, sodium‘ are added to the corbustion products, the *onization 1“-
treases. o
Thus, our exneriments confirmed the presence of unbalanced o
ionization in the laminar flame front. The bumps irn the ionization
surrent (Fzgure 3a) remind one of the distribution of the unbalanced
roncentration of CH, CC, and others in the flame front. The width of
the zone of unbalanced ionization Si_is -according to our measurements
upproximately 0.2 millimeters under normal condltions and when (22 0.9
{Figures 4b and 4e) and depends on the initial paramecers of the mix-
ture., When the laminar front of the flame is intersected quickly ‘
with a- speed ofzvlo meters per second) sonme expansion of the ioniza~
ion zone is observed, which can be explained by the effect of the di~
mensions of the pick-up. However, the height of the bump remains coa-
stant when the speed of intersection is changed, which confirms the
localized nsture of this method (the action of fhe field of the pick-wx
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is spread over a distance roughly equal to the free path of an elec-
tron) and the presence of a wide frequency passband for the appara-
‘tus, which makes it proper to use this method for studying turbulent
flames,

It can be shown on the ba.sis of the relationships obtained
that the rate of production of electrons in the front of the flame is
proportional to the velocity of the chemical reaction. -

For this purpose we shall make use of the derivation of the
formula of the normal velocity of the propagetion of a flame Up (ob-
tained by A. G. Prudnikov) for the case of heat release as a function
of distance in the front of a flame

U L +oo“( ax /250y 5 v
? Cpf‘l(T’c‘ ) T,l) éo? i cpPl(ﬁ‘z - Tl) 1

where O . is the maximum release of heat R w(clT) is tne velocity of
Ghe ckemical reaction Ppuy ~ w(c1T)pays 51 18 the width of the laminar
front of the flame, £, is the initial density of the mixture, T; and
T, are the initial and the final temperatures, and cp is the heat
capaclty.

Krowing the experimental dependence of the normal velov:.ty on
the initial parameters of the mixture /[ 6_/ and substituting the valu:
found for the rate of production.of electrons in the flame Apay 804"
the width of the zone of unbalanced ionization §; for Fpey and $; ; onz
can calculate the relationship of the experimental value of- U, and th’a :
theoretical k : «

Uncpp'l(m'g -T) (@)
Ve qmaxsi B

The results obtained from calculating k for different inltial
parameters of the mixture are presented in Figure 5. Tha constancy
of the values of k with changes in the composition of the mixture,
the pressure, and the initial temperature indicate the presence of a
Jroportionality between the release of heat (or the velocity of the
reaction) and the rate of productlon of electrons in the front of the
flame [?ee Notg7'and since q ~ I, the ionization currert measured by
the given method is proportional to the velocity of the chemical re-
action in the flame. (Note: The different absolute values of k are

explained by the fact that quantities which are functions of the given -

inltlal Parameter of the mixture were teken into account in calculating
the relationship of the experlmental value of Un_with the theoret ical
value.

In addition, experiments were conducted to measure the parameters
of ionization and normal velocity when the fresh propane-air mixture -2
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diluted with carbon dioxide [See Note/ (Figure 4c). The equality of
+the relationship with k for different percentages of COp content in
the mixture (by weight) also confirm the proportionality of Iy ~
w(c, T). (Note: The temperature of combustion of the propane-air
flame was measured by an infrared pyrometer and the reversal of the
spectral lines of sodium.)

Conclusions. Measurements of conductivity with two-contact
pick-ups produced quantitative data on the different parameters of
1onization in laminar hydrocarbon-air flames and their dependence
upon the initial parameters of the mixture. The concentration of-
ions and electrons in the front of the flame was two orders higher
than the thermal concentration in the combustion products. The con=-
clusion of the proportionality of the measured jonization curreat and
the velocity of the chemical reaction was based on an analysis of the
dependence of the parameters of ionization in the flame front and the
norral velocity of propagation of the flame upon the initial parame-
ters of the mixture. ' .

Submitted 29 September 1959
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Figure 2. Cucrent-volibage chnracteristles of propane ~g iy flemed
o ~~ 10 the fro.t of the flame (pick wp with a dlamoter
of 1 mill.weger, T, = 20 degress, of = CO); b it eGi-

buation producys (3fak-up with dlamever of 2 @ llinethers;
Ty = 20 Jegrees C, <{= 0.5)
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Figure 3. Oecillograms of the 1onization current in o lamipar Tialk!
f -- in the fiont of the flame (pick-up with e diumeter of
1 midiueter, Ug = k.5 voits, Ry = 1.2 wegtars ), b -- i
the combustion preducts (pizi-up with & dlameter of 3 it~
limeters, Ug = TO volls, Ry = 49.2 regchs )
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unbalapced lonlzatiocn in the Jaminar frovt of & flame upon
the initial paremeters of the nmixture: a -- Dropape T =
20 degrees C, » = 1 atmosphere, U; = 13 volts (pick-up with

- 12 -

. L 4 z :E s ;
= gy Prepane 4 : P s




Pick-—u‘p 348 biiiz]
e L o

Yy mm H,0

T PR T
,-“, ma ”2')

diameter of 1 milliweter); b -~ propane, _v.l n 20 dewess O, & » 0.9
(5 o p=13); ¢ -~ provhne; d ~- propané ard gascliye 1~ I ~T;9.93);
owe prODBNE, T4 = 20 degrees Crk 2 0.9 (§ ~pkel) 7 - Tropane,

Te ® 20 degrees C, o _= 0,0 {pick-up with dlameter £ L millim-tev,

Ug = 15 volts, L~ pls3) '

“ . &”’“’

”F%

{
-

'a




