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Electrical Structure of the Jet of a Gas Mixture Flame
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Abstract—The combustion of the open flame of an air—donwegts mixture in air is considered. The
concept of the stoichiometric ratio for such a systis specified. The combustion of an enriched
mixture, a stoichiometric mixture, and a depleteiktore are singled out. For each case, the strectur
of the flame and its variations under the conditadrthe transition of the combustion into the puisg
mode are found by electric and optic measuremeAtsignificant role of the secondary (ambient,
atmospheric) air for the stoichiometric flame coratian is noted.
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INTRODUCTION

The development of energy intensive technoloi
stimulates combustible minerals conservation.
efficiency of combustion depends on its correspngd
organization. For example, practically all fuelsolfd,
liquid, and gaseous) burn in a pulsating darstion mode
under defined conditions. The mode controlled
prescribed limits provides the efficiency of theefwse in
view of the acceleration of various heamass exchang
processes (mixture formation, evaporation, and
transfer) and an increase the heat intensity of the furna
volume and the combtisn efficiency of the fuel ir
comparison with steady- state stationary combusf{iba-
3],

Houshold technical equipment and commercial pli
most often use gas mixture flames. The contions
mechaism for such flames is considered using an exar
of the flame jet of a propanebdtane mixture. As noted

EXPDER1 MENTAL TECHNIQUE

The schematic of the experimental device for
measurements is presented in Fig. 1.

The gas pressure was determined by redutfm
the range of 1.2-4.5 atm. The gas consumption w
controlled by needle fauce®. Air was supplied b
compressorl4, and the air consumption was doulled
by needle faucetll. Air and gas were fed into tt
operating volume of the burner, where they wereeadi
and the prepared homogeneous operatingtuméex was
fed into a nozzle. The consumtion of the sot
components was recorded by a set of parallel caealk
rotameters18 and 19 (for the air oxidizer and th
propane—butane combustible mixture, respectively).

The obtained flame has the typical structure of
flame of a Bunsen burner and is composed of
cones-—the external and internal ones, the sizes, sk
and the ratio of te volumes of which depend on t
ratio of the oxidizer—fuel in the source mixture. T¥

[4—5], the pulsating combustion mode for a propane—internal cone is closed at a defined ratio of

butane mixture occurs in a defined range of thel-fue
oxidizer ratio and presents the intrinsproperty of the
flame jet, which leads to the charadstic changes in it
structure.

Below, we consider the combustion of an openitean
(Re « 780) jet of a propanebutane mixture used as fu
(40% propane, 60% butane) in a vertically arranbadner
with the forced feeding of the reacting componefas—
oxidizer) within an air atmosphere under normal ditions
(ambient temperature of 20°C, pressure of 768 mjnHg

27¢

oxidizer—fuel, forming a sharp vertex, and we obse
the disappearance of the yellow glow characterific
the presence in the flame of soot particles of tba-
denced phase, which are formed by and excess ct
of unburnt carbon in the flame jet. It is evidehat this
case corresponds to the stoichiometric ratio of
oxidizer—fuel [6] (if, in general, it is lgitimate to
introduce the conception of the “stoichiometricioat
for organic fuel (the propane—butane mixture, Hiae
vapor, etc.) in view of the ambiguous sequence
intermediate chemical reactions).
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The stoichiometric mixture burns with a flame
with a disappearing yellow glow within the upperri
of the internal cone (Fig. 2a).

In the case when there is a gas excess in the s
mixture with respect to the stoichiometric ratio (
enriched mixture), practically all the flame jetspe-
cially its upper part) is colored by a yellow gloi¥ig.
2b). In the case of a gas deficiency in the soumodure
(a depleted mixture), the flame jet is strured and ite
glow has a dark blue color (Fig. 2c).

The described flame jet, beginning from the sto-
ichiometric ratio and up to its extinction with deasng
the gas feed (at a fixed air supply), demonstrajascal
pulsations of the brightness of thglow [4, 5], the
amplitude and frequency of which increase with iegr
of the source combustible mixture.

ELECTRICAL MEASUREMENTS

A great body of information concerning the stwe
of the flame jet can be obtained from electri
investigation of the flame.

Based on materials of monograph [6], one can n
out three aspects of the effect of charged phasiin the
flame upon it.

The first is that branched chain reactions wsthges
including many radicals proceed within the flaménisl
results in the appearance of higher concentratioh
ions and radicals in carbon flames than at the ldgui
rium ionization in hot combustion products.

Fig. 1. Schematic of the experimental device: (/, 27) sub-
stages; (2, 15) pipes; (.3) investigated flame: (4) thermo-
junction placed in the investigated flame:; (5) S1-112A
oscillograph; (6) V7-35 voltmeter; (7) direction of the air
flow; (&) direction of the gas flow; (2, 77} needle valve;
(/) flame damper (metal chips); (/2) gas reducer for
coarse adjustment; (/7) gas vessel: (/4) compressor;
(/6) photodiode: (/7) amplifier. (/&) rotameter unit mea-
suring the air consumption; (/9) rotameter unit measuring
the gas consumption; ( 20) VS-23 high-vollage source; and
(22) electrodes.

The second aspect concerns the conditiofisthe
soot formation. All soot particles in the flame feo
densed particlesthe condensed phase) are charge
least at the presence of an electric field. Thiskegeines
the possibility of the electric effect on the c@mtration
and the disperse cqmosition of the formed particles !
the condensed phase and the processes of the
formation based on electrical measurements.

The third aspect is the effect of charged particies

particular, radicals incoming from the combusticme)

Such an optical approach to the determination ef to" the processes of the fuel pyrolysis and thentfon

concept of stoichiometry has an advantage with eesp OI] soot pafrtir(]:les in this casfe,hwhich resu(;t_ in_gmtial
to the calculational determination of the stoichatny Cchange of the structure of the energy disttibn (an
based on the weight, molecular composition, etc'h¢réase in the role of radiation) within the flamkhis

relationships, which in the last case is diffi- licwas it iS5 especially characteristic_ for t_heasn yvhen fuel i
is impossible to take into account the effect ok thSLJppIIed to the flame and it attains a high tempee

. X . mainly in the absence of oxygen or, at least, ai
secondary (atmospheric) air. Meanwhile, the presesfc y ¥

. . deficiency.
this secondary air affects the structure of thenta The described mechanisms lead to the appearan

Nevertheless, referring to the parameters accessildlectrical heterogeneities in the flame, which
to our measurement, we say that, at our organiaadifo localized in plaes of passing combustion reactions,
the flame jet (the burner geometry used and thw the effect of these heterogeneities on the flanself.
consumption of the oxidizer and fuel), stoichiometr It should be noted that the electrical changes frame
combustion (based on the above-mentioned opticate primary with respect to the temperature oned
postulate) occurs at a ratio of 600 units of the\ail- have the greater rate.
ume and 140 units of the propane—butane mixture Thus, the object ofhte electrical measurements
volume in the source combustible mixture. Photogsap our investigations is the use of an electric fiakla too
recording various combustion modes of the sourderoviding for the determination of the flame jetust
mixture are represented in Fig. 2.
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ELECTRICAL STRUCTURE OF THE JET OF A GAS MIXTURE FLAME

Fig. 2. Photographs of flame jets of the propane—butane mixture at various oxidizer—fuel ratios. (a) stoichiometric ratio (600 a.u.
of air and 140 a.u. of propane—butane mixture): (b) enriched mixture (600 a.u. of air and 200 a.u. of propane—butane mixiure);
() lean mixture (600 a.u, of air and 80 a.u. of propane—butane mixture).

ture and the change in the structure with the glvam
the ratio of the oxidizerfuel in the source mixture.

should be noted also the probably of greater suscep
bility (in comparison with the temperature measure
ments) of the proposed method for electrical measur
ments taking into account the presence of the abov?h

mentioned localized branched chain reactions withig
flame, which generate excessive carriers of chavgés
respect to the ones present in hot combustion pri
at the equilibrium ionization.

A substage of the experimental deviceeguippec
with a unit of electrodes placed in the oppositedion
to each other in the horizontal place. The diste
between them can be changed symmetrically from
center of their contact. We measured the voltag¢he
electrical breakdown in the flame of a propanddtane
mixture between two platinum electrodes
0. 5 mm in diameter. Measurements with a step «
mm were carried out along the line passing throtigg
symmetry axis of the initial flame jet in horizolr
planes placed at differentstances from the nozzle e:
section of the burner.

It should be noted that the breakdown voltage \
the occurrence of the pulsating combustion moda
lean mixture practically remains constant with amce
in the distance between the electrodes ia tkactior
zone of the flame jet in the range of 1.B-mm, thougt
it may somewhat vary in absolute value at the dubst
tion of metals used as the electrodes. The menti
fact allows us to consider that the breakdown s
measured is characteristiorfthe flame state itself (tf
intensity of the reactions, the presence of radigahnd
changes in it allow one to determine the flame
structure.

The obtained results are represented for the stc

ichiometric composition (Fig. 2a) in Fig. 3, foret
enriched mixture (Fig. 2b) in Fig. 4, and for the e
mixture (Fig. 2¢) in Fig. 5.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

As is evident from the graphs, the distributions fo
the enriched mixture and the stoichiometric composi
pass through minimum breakdown voltages. Figure 6

reflects the positions of the voltage electricaédtdown
minima along the flame symmetry axis depending on
eir position in the horizontal distribution of
breakdown voltages.

The following mechanism proposed by the authors of
[7] for the combustion of a gas flame jet is corsid as
conventional: the boundary of the internal and exat
cones corresponds to the flame front, and the aater
cone is afterburning the excess fuel (essentiallythe
form of CO and H) and the source fuel undecompazed
incompletely decomposed at diffusion into the react
area of the oxidizer of the sec-
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Fig. 3. Distribution of the breakdown voltage in the hori-
zontal section of the flame jet for the stoichiometric mix-
ture (Mame image, Fig. 2a).
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Fig. 4. Distribution of the breakdown voltage in the hori-
zontal section of the flame jet for the enriched mixture
(Mame image, Fig. 2b).
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Fig. 5. Distribution of the breakdown voltage in the hori-
zontal section of the flame jet for the lean mixture (Rame
image, Fig. 2c¢)

ondary (ambient) air. The combustion is addition
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Fig. 6, Mertical distributions of the location of the minimum
breakdown voltages of the flame jet along the symmetry axis
as a function of their position in the horizontal distributions.
(@) stoichiometric ratio; (b) enriched mixture

RESULTS AND DISCUSSIOI

The obtained results allowne to state that tt
changes occurring in the flame jet at the trangitd the
source mixture composition from enriched to leawe
the following character.

The flame of the enriched mixture (Fig. 2b) hasag
linear sizes and is little structured. The breakn
voltage within it maintains low values at a sigo#nt
distance from the burner face (Fig. 4). The breakad
voltage can be determined by the presence in thmd
of excess radicals preserved from the t&ac in the
combustion front as eesult of branched chain reactic
and by finedispersed particles appeared dut
pyrolysis of the source mixture. In any case, thisra

maintained by hot gases and active centers—free radeed to note that electrically charged chemicablifive

icals formed in the area adjacent to the combus
front.

As is evident from the represented graphs, in
case of the stoichiometric ratio of the oxidizefitel,
the set of minimum electric breakdown voltagesiatd
in various sections of the flame jet forms a geaigat
surface coincident (or close) with the fage of the
internal cone of the flame jet (Fig. 2é88uch a surfac
corresponds to the combustion front, and the irak
completely formed cone (closed in the upper patd
the occurrence of the pulsating combustion mode.
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particles exist practically along the total flanet jn the
flame. They may be beyond the scope of op
boundaries of the flame jet. The limiting componés
the air of the primary combustible mixture. Theealf
the secondary air is insignificant.

With fixing the level of the air supply and decrews

the level of the gas supply, one can attain the sto

ichiometric ratio of the air—propanebdtane mixture
In this case, a closed internal flame cone formi.(
2a), the presence of which corresponds to otagrof
the pulsating combustion mode in the flame.

2014
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The electric breakdown voltage in the boundarieshe

(IV) A conception of the stoichiometric ratio is pro-

external cone also increases in compamiswith the posed based on the optical structure of the flaetefgr
enriched mixture (Fig. 3), which indicates m¢ organic fuels characterized by the ambiguity of sle¢ of
complete combustion of the gas. The structure & intermediate chemical reactions.

flame jet is determined by the balance of three gom
nents: the primary and secondary air and the combus
tible gas. The secondary (ambient)r aignificantly

affects the shape of the internal flame cone. 1.

The further decrease in the level of the gas su
(leaning of the mixture) results in a decreaseha lin-
ear sizes of the flame jet (Fig. 2c) and broaderghthe
reaction front into a zom The electric breakdow
voltage increases in the boundaries of the extecnak

and decreases in the boundaries of the small oige 2.

5). The amplitude and frequency of the recordedocap
pulsations of brightness [5] depend on the ratiothod
oxidizer—gas and the geometrical flanjed- structure
determined by this ratio. The limiting cgmnent is the
content of propane—butane in the meary combustible
mixture.

Thus, the transition from the stoichiometric ratmm 4

the lean mixture causes a rise imet combustiol
temperature, which conditions an increase bothhia
amount of radicals supplied by the excess oxidized
in the heat flow towards the motion of the comblil&t

mixture. This prohibits the preliminary preflameepr S.

aration of the latter ahthe geometrical broadening t
reaction front, which is transformed in the zones the
mixture is leaned, the linear sizes of the dwstion
zone increases, and its arrangement in the flarhésj
closed to the nozzle. For example, based on tha dht
papers [8, 9], the linear sizes of the zone magiat6—

8 mm in the direction of the motion of the flow. e 6.

same time, the pulsating combustion mode is atthi
the mechanism of which [5] is deteined by the

presence of local volumes in the soumiture with the 7.

oxidizer—fuel ratio differing from the average.

CONCLUSIONS

()  The electrical and optical measurements deter-
mined the flame jet structure corresponding to
transition of the combustion into the pulsating ra

occurred with the formation of the closed intercahe g

of the flame jet.

(1) It is noted that, with transition to the pulsati
combustion mode, the flame front broadens in thm-co
bustion zone, the size and arrangement of whictede
on the oxidizer—fuel ratio in the source mixture.

(1)  Consideration is given to the role of the ambi-
ent air in the formation of the fuel jet structusarning
in the mode of the stoichiometric ratio.
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