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TURBULENT PROPANE-ATR AND ETHYLENE-ATR FLAMES

By Thomass P. Clark

SUMMARY

OH, CO, CH, and Cp radiations from propane-air and ethylene-air
flemes were ilsolated with a monochromator, and the OH, CH, and C2 emitters

were purified by subtracting the unwaented CO background. The changes in
intensity with changing equlvalence ratio were determined for each emitter.
The ratic of the C, and the CH radiation intensities was found to be a

good index of the eguivalence ratio of the flame, but the C2-CH ratio was
good only for the fuel for which it was calibrated.

Redistion ratios were measured in different regions of laminar and
turbulent ethylene-air flames. No changes were found in laminer flames.
Turbulent open flames burning on tubes were found to become leaner near
the base, but in the turbulent brush they sppeared to be burning at the
metered equivalence ratio. No appreciable mixing with secondsry alr was
detected in the turbulent brush, even at 125 feet per second, the maxi-
mum average gas-flow veloclity obtainable.

The amount of radiation given off by the flame per unit rate of fuel
consumption decreased with increasing average gas-flow veloclitles and
Reynolds numbers. This decrease could not be accounted for by admixing
of the secondary air with the turbulent flame brush.

INTRODUCTION

In recent years attention has been focused on theories of turbulent-
flame structure and reaction mechanism. Experimentel verification of
these theories has been difficult to obtain because of the high tempera-
tures, high gas velocities, and rapid reaction rates existing in turbu-
lent flames. Probing technliques have been tried, but they are fraught
with experimental pitfalls. Because of the generally unsatisfactory
nature of the probing techniques in their current state of development,
other methods of studying flame structure and reaction mechanism have
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been considered. One of the most promising of these is the study of the
radiation emitted by a flame.

The radistion from small, nonluminous propane-air flames seated on
bench-scale open-tube burners has been measured with a photomultiplier
tube through blue and yellow filters (ref. 1). At a given equivalence
retlo, the radiation:intensity was found to increase linearly with fuel-
flow rete in both the laminar and the low-intensity turbulent flames.
When the laminar flame changed to & turbulent brush flame at the higher
gas-flow velocities, no discontinulty was observed in the relation be-
tween radiation intensity and fuel flow. In addition, the ratios of the
intensities measured through the two filters were found to be a function
of the equlvalence ratio. '

The filters used in the work of reference 1 were wide-band-pass
elements that trensmitted band spectra from more thar one diatomic
emitter. In addition, a background continuum of CO radiation was trans-
mitted by the filters. Recently, & number of papers dealing with flame
radiation have appeared (refs. 2 to 10), some of which contain descrip-
tilons of lmproved measuring technigues. Reference 2, for example,
describes the use of a quartz spectrograph to isolate the fine-line-band
spectra of the OH, CH, and Cz diatomic emitters. Reference 4 makes use
of narrow-band-pass interference filters to isolaste CH and Cz radiation.
This same reference also describes the use of the ratio of C2o to CH radia-
tion as an index of the changing equivalence ratioc of a flame burning in
a duct. Reference 9 describes the use of a spectrophotometer with wide-
slit settings to isclate portions of the band spectra of the OH, CO, CH,
and Cg diatomic emitters. This reference also describes a method for

subtracting CO background radlation from OH, CH, and C, band spectrsa so
that the pure radiation from single emitters can be compared.

An extension of the type of work reported in reference 1 is contalned
in reference 6. Here, narrow-band-pess interference filters were used to
isolate CO, CH, and Cg radiation regions in the spectra of laminar and
turbulent propene-air flames. (No attempt was made to subtract the CO
background radistion from the CH and Cp emisslon, as was done in ref. 9.)
Theee studies used the emitter intensity per unit fuel-flow rate as an
index of reaction rate and the ratio of Cz and CH radiation intensities

as an index of resction mechanism.

The presence of CO background radiation in the CH and C2z Iintensities
does not permit the unambiguous determination of either relative changes
in the intensity or changes in the ratlio of CH and Cz emitter radlatlon.
These determinations should properly be made using pure emitter radiations.
However, up to the present time, no studies of flame radiation such as
those described in references 1 and 6 have been made with pure diatomlc

emitter radiation.

- LOLY,
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Because of the apparent interest in using radiation technlques to
study the turbulent-flame reaction rate, reaction mechsnism, and flame
structure, the methods described in references 1 and 9 were combined,
and the improved technlque was used to continue the study of laminar
and turbulent propane-air and ethylene-air flames seated on bench-scale
burners. Some of the work reported in reference 6 was repeated to deter-
mine what differences in results, if any, occur when pure radiations and
radistion ratios sre used. The present report also contains suggestions
for extending this improved technique to other types of flame study.

APPARATUS AND PROCEDURE
Apparatus for Messuring Flame Radlation

A greting monochromator was used to isolate radiation from various
regions of the flame spectrum. The radiastion was detected by & photo-
multiplier tube placed at the exit slit of the monochromator, and the
radiation intensity was read on a microammeter. All intensity measure-
ments were in terms of the photomultiplier output current in microsmperes.
No esttempt was made to convert the relative intensities to absolute

values.

Two types of radiation measurements were made: total intensities
from the whole flame, and local intensitles in different parts of the
flame. To measure changes in total flame radiastion, the monochromator
was placed in position 1, as shown in figure 1. Light from the flame
struck a 450-front-surfsce mirror and reflected into the monochromator.
This light was unfocused radiant flux from the flame as viewed from
sbove ot & distance of 6 feet. The flame thus served as a virtual point

source as outlined in reference 1.

The monochromator was fitted with a collimstor containing an end
glit for close-up measurements of radiation in different regions of the
flame. The monochromator was placed in position 2, relative to the flame,
as shown in figure 1. The end slit in the collimator was made parallel
to the front slit of the monochromstor. The monochromator was then
oriented so that the slit system was horizontal, at right angles to the
flame cone. The glits were made 20 millimeters long so that radlation
from the complete dlameter of the flame at its widest point could enter
the monochromstor. The sllt width was set to accept radiation from a
cross-sectional slice of flame sbout 1.0 milllimeter high. To scan the
flame, the monochromator was fixed, but the burner tube was moved up and
down to bring different regions of the flame opposite the collimsator

slit.

This method of flame scanning differs from the methods used in ref-
erences 6 and 9. In reference 9, the spectrometer scanned through the
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flame front along a streamline to the limits of the outer cone. In ref-
erence 6, a small clrcular sperture was used to measure the relative
intensity of a single emitter up the central axils of a two-dimensional
flame. In the present work, the ratio of Cz and CH radiations at dif-
ferent heights in the flame cone or brush was determined. No measure-
ment was made of the relative intensity of single emitters up the flame
cone. ILikewise, no measurement was made of the distribution of emitter
intensities within the thickness of the flame reaction zone itself.
Measurements of this type have already been made (refs. 6 and 8).

Correcting for CO Background Radiation

Figure 2 shows how peaks of diatomic emitter radiatlon are super-
imposed on & continuum of CO radiation. (This figure differs from a
gsimilar figure in ref. 9 because of the different types of speetrometers
and detectors used in the two studies.) Flame-intensity traces like
those in figure 2 were made for flames of different equivalence ratios.
These traces were examined for the best between-peak band-free area in
which to measure pure CO radiation. A wavelength setting of 4500
angstroms was selected as a CO radiation check point in reference 9.
However, the results of the present surveys indicate that a CO check
point at 4120 angstroms is less likely to be contaminated by the band
spectrs of the other emitters when wide slits are used.

Once & pure CO point was chosen, radistion curves for the lnner and
the outer flame cones Were normalized at 4120 angstroms and compared.
As shown in figure 2, the troughs between peaks of the inner-cone spectrum
are identical with the continuum of the outer cone, once the OH radiation
has been passed. This equivalence suggested that, as a first approxima-
tion, the background-radiation continuum was all due to CO. As a check,
a rich CO-air flame spectrum was normelized at 4120 angstroms and super-
imposed on the propane-alr flame curves; 1t proved to be identical to the
pure CO portion of the outer-cone radiation. This CO curve was compared
with the outer-cone spectra of propane-air flames for a varlety of equiv-
alence ratios. The curve was also compared with the troughs between the
peaks of the total flame spectrum at gseveral equlvalence ratios. In all
cases, the CO points of the normelized curves colncilded slmost exactly
with the CO spectrum. Thus, a single CO spectrum curve wes assumed to
be valid as & calibration curve for hydrocarbon-air flames over & range
of equivalence ratios from 0.6 to 1.5. (The same result was found for

butane-alr flames, as reported in ref. 9.)

Tn order to calibrate the CO continuum out of the flame spectrum,
a plot of intensity against wavelength of the CO-alr flame was made for
the same slit sizes used with the propane-air flame. The curve was
normalized by adjusting the vertical intensity scale until the intensity
at 4120 angstroms was equal to 1.00. The intensities at 3100, 4280, and

LOLY
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5130 angstroms were read off the curve, to be used as correction Pactors
for CO under the OH, CH, and C, radiation peaks, respectively, measured
8t the same wavelengths.

Spectral Intensity Meesurements with Photomultiplier Tubes

Unfocused radlation measured at a distance from a flame is so weak
that sensitive photomultipliers must be used to get an adequate signal.
Photomultiplier tubes have an essentially lineasr response to intensity
veriations at any given wavelength. However, they are sensitive to
slight changes in supply voltege. The tubes themselves often have un-
desirable fatlgue characteristics if they are operated with excessive
output current. (These problems are discussed in ref. 6.)

In thls work, a voltage-regulated power supply was used to reduce
supply~voltage effects on the photomultiplier tube. Excesslve fatigue
was avolded by operating the tube at outputs less than 5.0 microamperes.
For some experiments the tube was prefatigued by exposing 1t contlnuously
to a light source glving a l.0-microampere output to the microammeter.
The tube was kept fatigued, when not in use, by the same source. The
flame itself was usually used as a source; otherwise a small electric
light was used. Inasmuch as the tube fatigued rgpidly at first, then
leveled off, and recovered slowly, the prefatigulng gave more consistent
results when relative readings were being made with the tube. Even so,
the sensitivity varied slightly from day to day with the result that
total readings teken on nominally the same flame were not identical on
different days. Therefore, & method of internal calibration was used
each day, with the smallest flame serving as a standard.

Fuel and Alr Supply

C.p. propane and surgical-grade ethylene were used as fuels. Air
wes obtained from a filtered, 100-pound-pressure, lsboratory air line.
Both fuels and sir were metered with Jeweled critlcal-flow orifices
mounted in tubing fittings for convenience in examination and cleaning.
The orifice jewels were cleaned with redistilled acetone before each use.

Because of the large range of fuel and air flows used, a total of
six orifices was required. The individual orifices were calibrated to &
reproducibility of better than 1.0 percent. An over-all accuracy of 1.0
to 2.0 percent was calculated for the total flow range.
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Propane-Air and Ethylene-Alr Burners

Three different burners were used for generatling laminar and turbu-
lent flames. Most of the work on propane-alr flames was done wlth a
water-Jjacketed and piloted straight-tube burner (fig. 3(a)). The dismeter
of the inner tube was 1.01l2 centimeters. The pllot mixture was bled from
the main fuel-alr mixture through a small bypass controlled by a needle
valve. All the ethylene-galr work was done on the same type of burner, but
the inner-tube diameter was only 0.635 centlmeter.

Propane-air flames were also studied with a second type of burner,
shown in figure 3(b). The fuel-alr mixture was injected through two
impinging circular annuli into the central cavity of a water-cooled
doughnut-shaped burner. The mixture burned without admixture of sec-
ondsry alr and exhsusted through two side ports.

Range of Experimentation

Propane-gir| Ethylene-air
Burner tube dismeter, cm 1.012 0.635
Lowest fuel-flow rate, cm3/sec 4.00 4.00
Highest fuel-flow rate, cma/sec 48.00 80.00
Leanest equlvalence ratio : 0.8 0.6
Richest equivalence ratio . 1.5 1.5
Highest average gas-flow velocity, ft/sec 48.00 125.00
Highest Reynolds number 11,000 i8,000

RESULTS AND DISCUSSION
Variation of Emitter Intensity with Equivalence Ratlo

Flames were viewed by the monochromstor at a constant distance for
all total-flame rsdiation-intensity measurements. Thus, variation in
the photomultiplier output current could be directly related to changes
in the total intensity of a glven emitter, provlided a constant slit size
and wavelength setting were used. The vertlcal scales of figures 4 to 6
are in photomultiplier output current per cublic centimeter of fuel burned
per second. Since each emitter was measured at & different wavelength,
and thus with a different photomultiplier-tube sensitivity, the

LOLY
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different emitter curves for the same fuel cannot be compered on an
absolute basis. However, relative changes in the intensity of a single
emitter or changes in the ratico of lnbtensities of two emitters are valid
determinations. Such comparisons form the basis for the results de-
scribed in this report.

As shown in figures 5 and 6, peask Intensities occur at different
equlivalence ratios for each emitter. CH and Co vary markedly with
equivalence ratio, whereas CO varies only slightly wilth equivalence ratio.
Below an equivalence ratio of 0.8, Cp radiation almost disappears. The
sensitivity of the intensity of C2 radlation to equivalence ratio 1s

most obvious in figure 4(d). Here, a 10-percent change in equivalence
ratio, from 1.0 to 1.1, represents a 100-percent change in intensity.

For meaningful measurements of changes in the intensity of single
emitters, it would be desirable to meter mixtures of fuel and air to a
composlition accuracy of 0.1 percent. This is 10 times more accurate
than the results usually obtained with orifice metering systems. Such
accurscies would entail difficulties in flow calibration. At the high
flow rates involved, it 1s also unrealistic to premlix the gases in a
large storage vessel prior to burning them. Thus, accurate gas metering
systems for flame-radistion studies still present a problem.

The ratios of the intensities also change with equivalence ratio,
as can be deduced from the manner in which the radiation curves in figures
5 and 6 peak at different equivalence ratios. With four emitters, 12
different ratios can be tsken, half of which are the reclprocals of the
others. Of the six different emitter ratios, only the two containing
C2 and CH come exclusively from the inner-cone reaction zone. Of these

two ratios, CZ/CH plots best.

The ratios of Cz2 and CH radistion intensities determined from figures

5 and 6 are shown in figure 7 as a function of equivalence ratlo for
propane-air and ethylene-air flames. The curves represent C2-CH radiation
ratios independent of varying amounts of CO. If varying amounts of CO
were present, which might occur if only a portion of a flame were examined,
radisetion ratios would fluctuate about the curves, even though the metered
equivalence ratio remsined constant. The desirability of subtracting the

CO rgdistion is obvious.

The Cp-CH ratios for ethylene-air flames do not decrease at rich

equivalence ratios as do the ratios for propane-alr flames. Even at
leaner equivalence ratios, the C2-CH ratios for the flames of the two
different fuels, although similar, do not coincide exactly. These 4if-
ferences emphasize the necessity of calibrating with the fuel to be used
in any radiastion study. The prospect of & unlversal radiation
"eguivalence-ratio meter" does not appear too promising.
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The sensitivity of a single emitter to equivalence ratioc is an ad-
vantage in using radlation retios as an index of equivalence ratio. As
shown in figure 7, radiation ratlos in the rich reglon are very sensitive
to changes in equlvalence ratio. For ethylene-air flames at an equiva-
lence ratio of 1.3, for example, a change of +1.0 percent in egulvalence
ratlo represents a change of 15.0 percent in the intensity ratio. Thus,
being eble to determine intensity ratios within 1.0 percent can mean
determining equivalence ratios to an accuracy of 0.2 percent. The
radiation-ratio principle could therefore be used to detect very small
changes in equlvalence ratio in flames.

Calibration of the radiation characteristics of flames was done
with laminer flames burning on open tubes. The question arises as to
how pertinent these data are to flames burning in enclosed burners. The
results of experimentation with a doughnut-shaped burner are also shown
in figure 7. Wlthin experimental limits, the radistion ratios for the
open and the enclosed flames are the same for ldentlcal equivalence

ratios.

From an examination of the radiation characteristics of flames, 1%
appears that meaningful radlation measurements reguire precise control
of the egulvalence ratios of the metered geses. The ratlo of C2 to CH
radiation 1s a sensitlve index of the fuel-air ratio of the flame; however,
rediation-ratio calibrations should be made wlth the fuel being studied.
C2-CH ratios become lnsensitive to equivalence-ratio changes at equliva-
lence ratios less than 1.0. Both open and enclosed flsmes exhiblt the
same radiation ratios at identical equivalence ratios.

Variation of Radiatlon Equlvalence Ratlo in Flame Column

The C2-CH ratioc should be an indicetion of loeal equivaslence ratios

in g flame as well as of over-all flame equivalence ratic. ILaminar and
turbulent ethylene-ailr flames were scenned from base to tip with the
collimated slit system. Figure 8 showe how the equivalence ratios varied
up the length of the flame column. The first result of interest was the
manner in which the portion of the flame just above the burner exhibited
8 progressively lower equivalence ratio as the average flow veloeity in
the burner increased. The percentage decrease seemed to be more related
to average flow velocity than to equlivalence ratio. The most logilcal
explanation 1is that this point in the flame was the region of maximum
secondary-air admixture. This decrease in equlivalence ratio might have
been more extreme than the curves indicated but was integrated out by
the 1.0-millimeter width of the scanning slit. The return to richer
equlvalence ratios at the extreme base was caused by the presence of the

flame from the bypass pilot.

LOLY
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The second interesting fact was observed higher up 1n the brush of
the fleame. Here, the radiation ratio returned to the value equal to the
original metered fuel-air ratio. Apparently, no appreciable mixing with
secondary alr occurred in the upper brush of the turbulent flames. Since
the experimental error in metering was about 1.0 percent, the occasional
l.0-percent excursions in the plots of figure 8 are not considered signif-
lcant. The date near the tip are also erratic, probably because the flame
tip was unstable and flickered in and out of this region. One might
assume that the slight decrease in equlvalence ratio in the upper brush
of the rich turbulent flames was caused by mixing. However, stoichio-
metric flames at much higher average flow velocities did not exhibit
this effect. The apparent decrease in equivalence ratio might have been
real, or slight differences from the calibration of lsminar-flame radia-
tion might have existed in the turbulent flames.

The measurement of local radiation-intensity ratios Just described
is an example of the use of flame radiation to examine the detalled
structure of flames. It might be worthwhile to make similar measurements
on. enclosed flames burning in a homogeneous reactor of the type described
in reference 11l. The details of flame-surface structure for the type
of flames described in references 7 and 8 might also be investigated by
these radistion methods. Transient equivalence-ratio measurements could
be made by having two exit slits on the monochromstor - one for CH and
one for C2 radiation. The radiation could be detected by two photo-
multiplier tubes end displayed simultaneously on a dual-beam oscilloscope.
It might also be desirable to display the radiation ratio on a single-
beam instrument. Similar work has been recently reported in reference 12.

Variation of Emitter Intensity with
Fuel-Flow Rate and Reynolds Runber

The aversge gas-flow velocity of the propane-zir opern burner 4id
not reach very high values before blowoff occurred. Therefore, propane-
alr flames were consldered unsatisfactory for studies at high gas veloc-
ities in open tubes. The use of g hydrogen pilot was consldered but re-
Jected because of its unknown effect on the hydrocarbon-flasme radiation.
With ethylene-air flames, gas-flow velocities as high as 125 feet per
second were obtalned for stoichiometric mixtures.

As shown in figure 4(d), Cz radiation in ethylene-air flames is very
sensitive to small changes in equivalence ratio. Slight errors in fuel
and air metering resulted in C2 date with too much scatter to be plotted
accurately. Inasmuch as the total flame was being examined, the CO
radiation, which is relatively insensitive to equivalence-ratioc fluctua-
tions, was used to monltor CH radiation. The results are shown in fig-
ure 9.
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The most noticeable characteristic of figure 9 is the break that
occurs between Reynolds numbers of 6000 and 8000. The curves seem to be
made up of two approximately streight-line portions, each of which rep-
resents an almost linear change of intensity with increasing gas-flow
velocity. Figure 10 is a replot of the top greph in figure 9 in terms
of the emitter intensity per cubic centimeter of fuel burned per second.
It closely resembles figure 14 of reference 6. The breaks in the curves
occur within about the same average flow-velocity region in both studies.
The percentage difference between the low and the high gas velocity
portions of the CH and CO curves in this report and in reference 6 is
elso about the same. Thus, determinations of this type with CH and CO
radiation, with the CH intensity uncorrected for the CO background,
give about the same results as do determinations with pure radiation.
The sbsolute values of radlation intensity are naturally not the same.
However, the results of the two studles are probebly similar because
changes 1n the relative intensity of radiation from the total flame
were measured, and CO and CH vary to about the same degree.

An sctual decrease in equivalence ratio due to secondary-slr inter-
mixing at high gas-flow rates would result in lower unit intensities for
CH rediation. It would thus seem loglcal to attribute the change in
slope or decrease in intensity per unit fuel flow in figure 9 to mixing
phenomena. Several factors make such an assumption highly questionable.
Figure 6 indicates that CH is more sensitive than CO radiation to
equivalence-ratio changes by an order of magnitude. Yet, in figure 9,
the extent of the break in the CH and CO curves is about the same.
Furthermore, in figure 9 for an equilvalence ratio of 1.1 where CO radia-
tion should show no apprecisble change with small changes in equivalence
ratio, the bregk in the curve is as decided as it is for the other
equivalence ratios. Also, mixing does not appear to occur in the mejor
portion of the turbulent flame brush for near-stoichiometric flames;
the C2-CH radlation ratios of the flames in figure 8 indicated an equiva-

lence ratio almost identical with the metered value. One might suspect
that the reduction in total intensity is related to epparent mixing in
the portion of the. flame just above the burner lip. This would suffice
as an explenation for some decreasse in CH and Cp radiation but would not
explain the decrease in CO radlation. It is poseible that in turbulent
flames the reaction rate decresses, with an accompanying decrease in
temperature and radistion. Thies decrease might be very small because
radistion intensity is very sensitive to temperature. However, flame-
radietion studies up to the present time have not been able to answer

this question.

Flame-radistion methods might possibly be extended to determine
relative reaction rates in localized regions of both laminar and turbu-
lent flsmes. Space heating rates of open turbulent flames, for example,
have previously been determined by measurements on photographic negatives,
with uncertain results (refs. 13 and 14). The scenning technigue

LOL7
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described in the present paper can be used to determine the relative in-
tensities of the OH, CO, CH, and Cp emitters in different eguivalent

flame volumes up the column of the flame. Figures 125 and 126 of refer-
ence 6 show such plots for turbulent propane-air flames. The intensity
can be related to the amount of fuel being burned in the volume by proper
calibration curves (such as appear in fig. 9). The local intensity values
cen be monitored by the radiation ratio technique shown in figure 7, with
correction data obtained from figures 5 and 6. The size, shape, and
thickness of the turbulent brush and the spatial concentration of emitters
in the cross sectlon of the brush can be determined by direct scanning
across the flame with a collimgted-slit monochromstor. Curves of this
type are shown in figures 122 and 123 of reference 6. The traces could
be interpreted by methods ocutlined in reference 10.

SUMMARY OF RESULTS

The relative amounts of OH, CO, CH, and Cp radlstion from propane-
alr and ethylene-air flemes were isolated and compared at different
equivalence ratios of the combustible mixtures. The following results
were obtained:

1. The intensitles of CH and C2 radiation from the flames were found
to be very sensitive to small changes in egquivalence ratio.

2. The C2-CH ratios were found to be an accurate index of the initisel
metered equivalence ratio of the combustible gases. Thia relation held .
for both open and enclosed flames.

3. When localized radiation measurements were made up the columns of
laminer end turbulent open flsmes, the radiation equlvalence ratio was
found to decrease near the bases of turbulent flames. The greater the
average flow velocity in turbulent flames, the greater became the apparent
decrease in equivalence ratioc at the bases of the flames. However, no
appreciable change from the metered equivalence ratio was observed in the
radiation equivalence ratios of the major upper portion of turbulent
flames burning at stoichiometric equivalence ratlos and aversge gas-flow
velocities as high as 125 feet per second. Turbulent flames at a metered
equivalence ratio of 1.3, on the other hend, showed an apparent 1- to 2-
percent decrease in the radistion equlvalence ratio of the upper flame

brush.

4. At gas-flow velocities greater than 50 feet per second, all
emitters in turbulent ethylene-air flames exhibited a decrease in the
relative radiation intensities per unit fuel-flow rate. This decrease
in radistion intensity could not be accounted for by changes in relative
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radiation-intensity ratio, which might cccur from the mixing of alr from
the surrounding atmosphere with the combustible gases.

Iewls Flight Propulsion lLaboratory

National Advisory Committee for Aeronautlcs
Cleveland, Chio, February 13, 1958
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Figure 4. - Calibration curves for OH, G0, CH, and Cp radiation intensity as a function of
equivalence ratio in ethylene-alr flames.
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