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Observations of Soot in the Combustion
of Methanol/Toluene Spray Flames
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The influence of fuel chemical composition on flame structure and sooting trends in a swirling spray flame was
investigated semiquantitatively using a light-scattering/dissymmetry ratio technique. Binary mixtures of toluene
and methanol were examined under fixed aerodynamic and burner inlet flow conditions to show the effect of
liquid composition. The sprays were generated using an air-assist atomizer. Methanol volume fractions ¢ of 0
(pure toluene), 0.25, 0.50, 0.75, 0.85, 0.90, 0.95, 0.99, and 1.0 (pure methanol) were examined. The results revealed
little effect of methanol concentration on soot formation for 0.0 < ¢ <0.75. However, for ¢ >0.75, the scattered
light intensity decreased by almost four orders of magnitude, indicating a dramatic reduction in soot production
above this concentration. Measurements of the dissymmetry ratio, complemented with Lorenz-Mie calculations
of the scattering characteristics for a polydispersion of particles, indicated that no definite trends for the soot
mean size were found with varying liquid composition within the resolution of the data. Direct light photography
showed a hybrid flame structure for ¢ >0.75, which was blue and nonsooting near the atomizer exit, and yellow
and luminous downstream, indicating preferential vaporization of methanol and a delay time for soot formation.
The boundary between the yellow and blue zones of the flame moved toward the atomizer exit as the toluene

concentration increased.
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I. Introduction

ROMATIC flames are highly luminous because of their

propensity to soot, whereas alcohol flames are generally non-
luminous and much less sooting.! This large difference in sooting
tendency between these two classes of fuels suggests the possibility
of controlling flame luminosity and particulate formation by mix-
ing two fuels with large differencesin their sooting tendencies with
alcohol and aromatics representing extremes in this regard. On one
hand, increased flame luminosity (that is, increased soot formation)
with aromatic content can aid in identification and extinguishment
of alcohol flames.> On the other, doping a highly sooting aromatic
flame with an alcohol can reduce particulate formation and emission
into the environment. This possibility has practical applications in
the disposal of highly sooting liquid hazardous wastes, for example,
chlorinated hydrocarbons, via spray-fired incineration.

This paper examines the influence of liquid chemical composi-
tion for methanol and toluene mixtures on soot formation in a spray
flame. Measurements are made within the spray flame rather than
far downstream or in the exhaust gas. Methanol volume fractions ¢
of 0 (pure toluene), 0.25, 0.50, 0.75, 0.85,0.90,0.95,0.99, and 1.0
(pure methanol) were examined. Direct light photography was also
used to record the generic features of the mixture spray flames. The
methanol and toluene mixtures are completely miscible. To isolate
the effect of composition, the operating conditions (that is, atom-
ization air, combustion air, fuel and flow rates, swirl number, and
atomizer type), were held constant for the range of flames investi-
gated. Of the various types of atomizers,* pressure-jetand twin-fluid
atomizers are most widely used. A twin-fluid (or air-assist) atom-
izer is used for this study because this atomizer design is widely
used in spray-fired hazardous waste incinerators, which motivated
the present study.

The extent of sooting and the variation of flame luminosity
in methanol/toluene mixture flames have been noted in connec-
tion with liquid pool fires and wick flames.>* No studies for
sprays specifically related to the methanol/toluene system have
beenreported, although there is, in general, a dearth of quantitative
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information on the sooting characteristics of spray flames. Beretta
et al.>® have carried out measurement of soot volume fraction in
spray flames using a laser light scattering/extinction technique. The
sprays were generated with a pressure-jetatomizer and several light
industrial grade oils were examined. Although the fuels exhibited a
range of sooting tendencies, the results did not emphasize or isolate
the effects of additives on soot formation.

Related studies of individual isolated droplets have shown an
effect of composition for methanoltoluene mixtures. An effect of
methanol concentration on soot formation during combustion of
methanol/toluene mixtures was observed in a study of a spherical
droplet flame.” Soot that forms in a spherical droplet flame con-
figuration is trapped between the droplet and flame in a ‘shell’
structure® thatis concentric with the droplet and flame. From pho-
tographs of this special burning configuration, it was observed that
toluene could burn without producinga visible soot shell by diluting
the droplet with 75% (or higher) methanol (that is, volume fraction).
Whereas single-dropletstudies provide valuableinsightsinto the be-
havior of a spray, the cumulative effects of droplet-droplet interac-
tions coupled with gas-phase mixing in a system having a multitude
of droplets of varying size and concentration (both spatially and
temporally) makes direct extrapolation of burning single-droplet
studies to spray flames difficult. It is, thus, necessary to carry out
experiments directly on full sprays to best understand the influence
of different parameters on soot formation.

Inthe presentstudy,an ensemblelight-scatteringtechnique,based
on measurement of the dissymmetry ratio, was used to obtain semi-
quantitative information of soot characteristicsat various positions
within methanoltoluene spray flames. A number of light-scattering
techniqueswere consideredto nonintrusivelydetectsoot aggregates
in spray flames. These include the light scattering/extinction ratio
(SER),% 19 Jaser-inducedincandescence (LII),'"!? and dissymmetry
ratio (DR).!3~!° The SER method requires more flow symmetry than
is present for the swirling, turbulent spray flames analyzed in the
present study. The LII method has intriguing potential for full-field
measurement of sooting tendencies in sprays and is a subject of
ongoing research.

The DR technique was selected because it is reasonably simple
to apply and can provide information at a spatially resolved location
within the flowfield, regardless of the surroundingflow symmetry. It
has good sensitivity for aggregatesin the size range of 100-300 nm
(Ref. 13). As aresult, scattering from soot particlesin this size range
is used to assess the influence of composition on soot formation. Of
course, measurement of the scattered light intensity (that is, scat-
tering coefficient), by itself is insufficient to determine the amount
of soot (that is, soot volume fraction). Such measurements must be
supplemented by information on soot mean particle size. For the
sprays examined in the present study, we will show that the scat-
tered light intensity varies by many orders of magnitude compared
to the small variation in mean particle size inferred from DR mea-
surements. For this situation, scattered light intensity measurements
do in fact alone give a measure of soot formation. In the analysis
of the data, we assume the soot particles are spheres. Approaches
have been discussed that correct for nonspherical aggregates.!6~18
Our goal here is to indicate semiquantitative trends in the tendency
to soot with fuel composition for methanol/toluene spray flames,
and the DR technique with the spherical aggregate assumption is
adequate for this purpose.

II. Experimental Apparatus

Ensemble Light-Scattering Measurements

Information on soot formation was obtained using an ensemble
light-scatteringtechniquethat was based on measurementof the DR.
A schematicof the optical arrangementis shown in Fig. 1. The appa-
ratus enables measurement of the particle scattering coefficient as a
functionof scatteringangle and polarizationof the incidentand scat-
tered light. The vertical scattering coefficient Q,,(9) is the power
scattered in direction 6 per unit solid angle, per unit volume, and
perunitincidentflux (per centimeter per steradian) for the vertically
polarizedincidentand scattered light. The calculateddependenceof
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Fig. 1 Schematic of the optical arrangement used to measure the dis-
symmetry ratio.
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Fig. 2 Calculated variation of the particle volume mean diameter D3,
with DR, R ./, 5, based on Lorenz-Mie theory; shaded region identifies
range of measurements.

DR on the particle mean diameter is then determined from Lorenz-
Mie theory for a polydisperse system of droplets (Fig. 2). The DR,
Ry /92, 1s defined as the ratio of the intensity scattered at two an-
gles (6, 6,) symmetrical about 90 deg, that is, ; = 180 deg — 6,
(Ref. 19):

qu(ela ¢)
R, 7 = —— 1
e (@) =G o) M
and
0,,0;, )
0, ) = —L—= 2
0,06, ¢) 50 )

where Qw (8;, ¢) is the measuredscattered light intensity (arbitrary

units) that is corrected by the system response function S(6;), to
obtain an absolute value of the scattering coefficient Q.,,(6;, ¢).
The subscript j represents the two scattering angles, j =1, 2. To
obtain S(6;), calibration of the scattered light detection system is
required to account for the effects of incident laser power, measure-
ment probe volume, light collection efficiency, detector sensitivity,
and electronic gain of the system. The calibration is carried out by
introducing gases of known Rayleigh scattering cross section (that
is, propane, butane, etc.) directly into the measurement volume.
The optical arrangement (Fig. 1) used a 4-W argon-ion laser as
the light source that operated at the 514.5-nm laser line. The inci-
dent beam intensity was modulated with a mechanical chopper that
operated at 1015 Hz. A polarization rotator sets the incident light
polarization to the vertical orientation. Two similar light-detection
systems were used to measure the scattered light intensity of the
soot particles: one mounted at a scattering angle of 6 =45 deg and
the other positioned at = 135 deg. (The scattering angles are mea-
sured from the forward scattering direction of propagation of the
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laser beam.) Each detection system consisted of a polarization an-
alyzer (positioned to obtain the vertical component of the scattered
light), circular aperture that was placed in front of the optics to de-
fine the collection solid angle, collection lens, narrowband filter to
reject background radiation, and a photomultiplier tube (PMT) de-
tector. Both detection systems were mounted onto two concentric
circular tracks to permit easy adjustment of the scattering angles.

A lock-in amplifier was used to reject background radiation and
enhance the signal-to-noise ratio from the output signal of each
PMT detector. An average of 2500 samples/reading were recorded
by amicrocomputer-baseddata acquisitionsystem to ensure a better
than 5% measurement repeatability at each position, with the lock-
in amplifier set at a time constant of 0.03 Hz. Measurements were
carried out at the stated positions in each flame several times and
repeated for certain flames to ensure that the detected phenomena
were indeed present.

Temporally resolved measurements of Q,,(9) were also carried
out at # =105 deg to check for the presence of liquid droplets in
the pure methanol spray. This particular angle was chosen because
the polarization ratio (that is, ratio of the horizontally to vertically
polarized light), is sensitive to droplet Sauter mean diameter (see
Ref. 20) though we did not actually determine the polarizationratio
for the present study. Other angles could just as well have been
selected for the purpose intended. A four-channel, 1-MHz, 12-bit
data acquisition system was used to measure Q,, on a temporal
basis over a 120-s sampling period.

Combustion Facility

To determine the DR, Q,,(0, ¢) is measured at two different
scattering angles. The measurements are made in a spray combus-
tion facility designed to simulate practical combustionsystems 2!~
The facility consists of a swirl burner with a movable 12-vane swirl
cascade (Fig. 3); the vanes are rotated simultaneously to impart the
desired degreeof swirl intensity to the combustionairstreamthat sur-
roundsthe fuelatomizer. The nominalswirlnumber S was calculated
from theory developed for a guide-vane cascade Experiments
were carried out for swirling (S = 0.53) combustion airstreams un-
der burning conditions.

A research air-assistatomizer was located along the centerline of
the burner. Atomization air was supplied at a flow rate of 0.8 kg/h
to atomize the low-pressure liquid fuel. A swirler located inside the
atomization air passage (having a fixed vane angle of 60 deg) pro-
vided a nominal 60-deg hollow-cone spray. The fuel atomizer was
operated at total air and fuel flow rates of 64.3 and 3.2 kg/h, respec-
tively. The unconfined spray was injected vertically upward from
the atomizer, located at the burner exit. A stepper-motor-driven,
three-dimensionaltraversing arrangement was used to translate the
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Fig. 3 Schematic of the movable-vane swirl burner.

burner assembly in the vertical and horizontal directions. All optical
diagnostics were fixed in position about the burner assembly so that
the burner translates independent of the optical equipment.

A methanol spray flame was used to identify regions devoid of
droplets. The vaporization rate of methanol is about the same as
toluene based on a simple quasi-steady prediction using standard
equations,® that is, methanol’s higher heat of vaporization com-
pared to toluene is offset by a lower product of gas density times
mass diffusivity divided by liquid density for methanol compared
to toluene >’ When the aerodynamic conditions are kept fixed and it
is noted that the thermophysical properties of the fuels used in this
study do not have a strong effect on the overall hollow-cone spray
structure for this air-assist atomizer,* regions devoid of methanol
droplets will also be devoid of toluene droplets.

III. Lorenz-Mie Calculations

Calculations using Lorenz-Mie light-scattering theory (see
Ref. 28) were carried out for a polydisperse system of droplets for
interpretation of the light scattering data. For these calculations, a
probability distribution function P (D) is assumed, which is repre-
sentative of the size distributionencounteredin sprays. In this case,
a two-parameter logarithmic normal distribution function is used,
which is expressed as

2
P(D) = exp<_w) Q3)

1
N2no,D 20;
where D is the soot particle diameter (micrometer), D, is the geo-
metric mean diameter (micrometer), and o0, is the geometric mean
standard deviation. The size distribution is normalized such that

/ P(D)dD =1

Based on the measured (that is, as obtained by means of various
sampling techniques) or assumed particle size distribution, a mean
particle size can be defined. In the following discussion, the volume
mean diameter Dj;, is used to characterize the soot mean particle
size,! and is defined as

1

Dy = [/ P(D)D? dDi| “4)
0

Note that the value of D3, is dependenton the assumed form of the
distribution function.

The light scattered by an ensemble of spherical particles of vary-
ing size, at a given scattering angle 6, is determined from

0,,(0,¢) = N(¢)C..(Dso, 7, 0) ®)

where N is the particle number density (per cubic centimeter) and
C,, is the mean scattering cross section (per square centimeter per
steradian). This cross section is defined as

Coo(D39, 0,,6) = f Cy(0,x,m)P(D)dD ©)
0

where x = D/ is the size parameter, m = n — ik is the complex
refractive index, A is the wavelength of the incident light (micro-
meter), and C,, is the differential scattering cross section for a spec-
ified particle size (per square centimeter per steradian). Also note
that N is dependent on liquid composition ¢ (that is, the focus of
this study) among other parameters. ~

The mean scattering cross section, C,,, is calculated from
Lorenz-Mie theory, as a function of scattering angle, for prescribed
values of m, o,, and D,. From Egs. (3) and (4), the volume mean
diameter can then be expressed as'
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Dy = D, exp(%crgz) 7

The DR is then calculated, using the definition given in Eqgs. (1)
and (5), by

C,, (D3, 0, 6)

= ®)
CUU(DSUa Uga 02)

RB] /62 (¢) =

It follows, therefore, that Ry, 9, is independentof the particle num-
ber density. The measured values of Ry, from Eq. (1) can then
be used to determine the particle mean size at any point in the
spray from the calculateddependenceof Ry /s> on Dsg, thatis, with
Eqgs. (7) and (8). Once the particle mean size is known, the particle
volume fraction f, can then be determined from the local measure-
ments of Q,, for one of the two scatteringangles, and the calculated
relationship of C,, to D3, thatis, with Egs. (6) and (7):2®

fo = (/6)(Q,,/C,,) D3, ©)

Note that measurement of the DR does not require any calibration,
whereas the Q,, measurements do because the volume fraction is
dependent on the absolute value of the scattering coefficient.

We choose 8, = 45 deg and 6, = 135 deg based on past work.!+13
Figure 2 presents the calculated dependence of Ry, on D3 (us-
ing Eqgs. (6) and (7)). The computations were carried out using the
numerical code of Wiscombe ?* For this study, m is assumed to be
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Fig. 4 Variation of the vertical scattering coefficient Q,, with axial
position z along the spray centerline at a scattering angle of 105 deg for
a burning methanol spray.

1.90 —i0.55 (Refs. 18 and 30), and the values of o, and D, are
unknown. Concerning o,, the computations were carried out for a
range believed to be representative of a sooting flame, namely, 0.1,
0.2,0.28515 (which approximatesthe self-preservingdistribution,'?
solid line in Fig. 2), 0.4, and 0.5. For D,, values were selected be-
tween 10 nm and 1 um (in 10 nm increments). This range of D, is
inclusive of measurements for both small and large aggregates for
flame-generated soot."” For each o, and D,, the corresponding Ds,
was computed from Eq. (7), and DR was determined from Eqs. (6)
and (8). As shown in Fig. 2, D is multivalued for certain ranges of
Rys;135, for example, 2.2 < Rys)135 < 130 for o, = 0.001. This issue
is overcome by selecting the range of mean particle diameters for
a given o, from a reasonable expectation or direct sampling of the
flame to measure soot aggregate size.

IV. Results and Discussion

Because the air-assistatomizer used in the presentstudy produces
a hollow-cone spray, regions devoid of droplets will be along the
centerline of the burner. Figure 4 shows the variation of Q,, with
z along the burner axis, that is, r =0, for a burning methanol spray
at a scattering angle of 6 =105 deg. In Fig. 4, Q,, decreases by
four orders of magnitude in the range 0 < z < 50 mm and thereafter
remains in the range of 6 x 1073 cm™! st~ ! to 4 x 1077 cm~! sr™L.
This low signal strength for z > 50 mm is comparable to the scatter-
ing intensity of unpublishedresults for a propane flame. As already
noted, toluene droplets are predicted to have the same vaporization
rate as methanol, and thus, if there are no methanol droplets at a
given location, toluene droplets will also not be present.

Figure 5 presents temporal sequences of the scattering inten-
sity Q,, at 6 =105 deg for a nonburning methanol spray. Results
are given for three different positions: along the spray boundary
coincident with droplet trajectories (at z=10 mm, r =8.9 mm,
Fig. 5a), along the centerline (at z= 10 mm, r =0, Fig. 5b), and
again along the centerline but farther downstream (at z =100 mm,
r =0, Fig. 5¢). A 20-s interval of the total acquisition time for each
position is presented in Fig 5. Each data point in Fig. 5 signifies
the total light scattered from an ensemble of particles presentin the
measurement volume during the microsecond data acquisitiontime.
The relative infrequency of the signals (indicative of the presence of
droplets) along the centerline at z =10 mm and z = 100 mm indi-
cates that few, if any, droplets are present in this case where droplet
vaporizationis negligible (as compared to the burning case). Again,
the overall hollow-cone structure of the spray will be similar re-
gardless of the fuel because the atomizer type controls the spray
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Fig. 5 Time-resolved measurements of Q,, (arbitrary units) over a 20-s interval for a nonburning methanol spray at a) z=10 mm and r=8.9 mm,

b)z=10 mm and r=0, and ¢) z =100 mm and r=0.
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structure. As a result of these findings, axial positions of 102 and
152 mm along the burner centerline were chosen to carry out DR
measurements for the methanoltoluene mixture flames. These po-
sitions are sufficiently downstream of the atomizer that droplets
should not be present.

The variation of Q,, with methanol compositionis presented in
Fig. 6 at z=102 mm (Fig. 6a) and 152 mm (Fig. 6b) for 6 =45
and 135 deg. The scattered light intensity is relatively insensitiveto
concentrationover the range 0 < ¢ <0.75, whereas it decreases by
four orders of magnitude from ¢ =0.75 to ¢ = 1.0. Because of this
large reduction in signal with increasing methanol dilution, more
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Fig. 6 Variation of the vertical scattering coefficient Q,, with methanol
volume fraction along the burner centerline for scattering angles of 45
and 135 deg for a) z=102 mm and b) z=152 mm.
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laser beam

a b
methanol
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compositions were examined at higher methanol loadings (that is,
volume fractions 0f 0.85,0.9, 0.95,0.99, and 1.0) to show the trend
better. The large decrease in the value of Q,, for ¢ > 0.75 is also
close to the compositionwhere sootoxidationextendsover the entire
plume of the flame, as will be shown by color photographs of these
flames. However, we cannotrelate Q,, to the amount of soot (in the
sense of the soot volume fraction) until we know more about how
D5, varies with composition. This point will also be addressed.

Figure 7 is a series of color photographsof the flame structure for
four of the methanol/oluene spray flames investigatedin this study.
The laser beam (horizontal green line) that is visible in Figs. 7a
and 7bis positionedat z = 102 mm. For volume fraction greater than
50% toluene, the spray flame structureis essentiallyunchangedfrom
Fig. 7d. The highly nonsymmetric nature of the spray is evident.
The nonluminous blue color for the pure methanol flame (Fig. 7a)
signifies a nonsooting spray flame. With 10% toluene (Fig. 7b), a
hybrid flame structure exists in which the region near the atomizer
is blue and nonsooting, and the downstream portion of the plume is
yellow fromthe lack of soot oxidation.The dotted line marks qualita-
tively the boundary between the upstream nonsootingand the down-
stream sooting zone. This hybrid structure may be attributedto three
effects: 1) preferential vaporization in which methanol dominates
evaporation early followed by toluene evaporation with its highly
sooting nature; 2) a delay in soot formation after ignition, which is
a natural byproduct of any droplet and spray burning process; and
3) strong convection, which spreads out the boundary between the
upstream nonluminous (blue) and downstream luminous (yellow)
zones. Methanol will vaporize first in a methanol/toluene mixture
because its boiling point is lower than toluene, that is, 337 K for
methanol and 383 K for toluene (Ref. 31). As more tolueneis added
to the mixture, methanol is depleted sooner during combustion, and
the blue zone boundary is reduced in size near the atomizer exit.
At higher toluene loadings, for example 25% toluene, (Fig. 7¢), the
blue zone disappears altogether as toluene dominates the vaporiza-
tion process throughout.

A hybrid spray flame structure has also been observed for single-
component spray flames,?! binary mixtures of methanol/dodecanol
spray flames,?>3? and spherical droplet flames.” Single-component
sprays sometimes have a blue upstream region and a yellow down-
stream zone that is attributed to the delay in soot formation after ig-
nition. Spherical droplet flames of methanol and toluene mixtures®
have also shown a tendency to be influenced by mixture compo-
sition, namely, the soot shell around the droplet disappears for
methanol volume fractions above 0.75.

burner exit——»

c
75/25 methanol/toluene

50/50 methanol/toluene

Fig. 7 Influence of mixture composition on flame structure and tendency to soot for volume fractions: a) 100% (pure methanol), b) 90/10%
methanol/toluene where dotted line marks the boundary between the upstream nonsooting zone and downstream sooting zone, ¢) 75/25%
methanol/toluene, and d) 50/50 % methanol/toluene. Laser beam for the scattering measurements visible in Figs. 7a and 7b.
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Fig. 8 Variation of DR R,/,;; with methanol volume fraction for
z=102 and 152 mm, along the burner centerline; shaded region of Fig. 2
indicates range of D3 expected from these values of R 5/, 35-

Figure 8 presents the variation of the DR with mixture com-
position at two downstream positions along the spray centerline.
Results are not given for ¢ > 0.9 because of the low signal levels
at these higher methanol mixture fractions. The combustion gases
will scatter light in the Rayleigh limit as ¢ — 1, corresponding to
methanol (which is nonsooting under atmospheric conditions) and,
thus, Rys/135 — 1. As indicated in Fig. 8, there is no clear trend, that
is, Rys;135 does not have a clear dependency with ¢. The DR ranges
from 2 to 6 with mean values of Rys; 35 =3.79 for z =102 mm and
R45/135 =3.66 for z=152 mm.

To determine the volume mean diameter, it is necessary to deter-
mine which curve (that is, value of crg) to use in Fig. 2. Unfortu-
nately, not enough information is available from the measurements
to determine o,. Also, the curvesin Fig. 2 become multivalued with
increasing values of R,s;135, and, thus, one must identify a portion
of the selected curve that is relevant to the particle size range (that
is, D3g) of interest. As noted above, the values of Rysi3s varied from
2 to 6. Koylii et al.'” state that soot aggregate size varies from about
10 nm at the start of soot formation to about 1 um for large buoyant
turbulentdiffusion flames. Therefore, it is reasonable to assume that
the soot aggregate sizes detected in this study within the flame will
generally be under 500 nm. The shaded region in Fig. 2 indicates
the range of volume mean diameters, which is reasonable to expect.
The results in Fig. 8 indicate that since 2 < Rys;135 < 6, one obtains
55 < D3y <213 nm from Fig. 2, which is a reasonable mean size
range for soot aggregates. For this range of mean diameters, D3,
changesby a factor of 58, whereas Fig. 6 indicatesthat Q,, changes
by four orders of magnitude over the range of 0 < ¢ < 1. As aresult,
the dominant factor influencing f, [see Eq. (9)] is Q,,, and thus,
variation of soot formation tracks with Q,, for the methanol/toluene
mixture flames examined in this study.

V. Summary

The influence of liquid composition on soot formation
in methanol/toluene spray flames was investigated using a
light-scattering/dissymmetry ratio technique and direct light pho-
tography. The light-scattering measurements were carried out at
selected positions in the spray flames devoid of droplets.

The resultsindicatedno systematic variation of aggregate volume
mean diameter with methanol volume fractionin the range of liquid
compositions that the DR could detect particles. The vertical scat-
tering coefficient, however, decreased by almost four orders of mag-
nitude for ¢ > 0.75, indicating a strong reduction in soot formation.
These results suggest the existence of a range of methanol/toluene
mixtures over which the sooting tendency is strongly influenced by
liquid composition. A hybrid flame structure, consisting of a blue
transparent zone near the atomizer followed by a yellow luminous
zone downstream, was attributed to preferential vaporization of the
mixture droplets.
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