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For solving modern combustion problems, the role of chemi-
cal reaction kinetics must be further examined and de-
veloped. In such processes as autoignition in Diesel en-
gines and preignition and knock in spark-ignition engines,
it is highly probable that low temperature reactions have an
effect, These reactions in many instances give rise to
visible flames termed cool and/or two-stage flames, the
temperatures of which may be on the order of 200° to 500°
C. in the case of the first-stage or cool flame and 800° to
1200° C. for the second-stage flame.

A number of investigators have proposed chemical re-
action theories which attempt to outline the reactions that
lead up to and follow cool flame formation. Insight into the
reaction mechanisms comes largely from fundamental ex-
perimental data which will validate or void previous hy-
potheses. Up to the present time the great majority of data
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Figure 1. Diagrammatic sketch of two-stage flat flame
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supporting various proposed mechanisms has been obtained
by wet chemical methods. These methods have the dis-
advantage that the products of combustion must be removed
from the experimental apparatus for chemical analysis. In
most cases this requires a change in sample temperature
and pressure, and considerable time may be required for
sampling and analysis. As a result, the chemical constitu-
ents determined in the sample could be different qualita-
tively and quantitatively from those actually existent in
the reaction.

One of the most useful means of studying cool flame re-
actions with no external disturbance is by spectroscopic
techniques coupled with a flat-flame burner. Spectroscopic
analysis may utilize either emission spectra of thermally
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excited chemical species or absorption spectra of normal
and/or excited molecules. This optical procedure allows
detection of transient molecular species without their re-
moval from the experimental apparatus and without quench-
ing the reaction at an intermediate stage.

Only infrared emission spectral data are reported here.
Results of a similar study in the visible spectral range
were presented previously (I) with a full discussion of the
characteristics of two-stage flat flames. Infrared spectra of
two-stage ether flames have been reported (2) and are re-
peated here for a convenient comparison with the emission
spectra of ether and the other two fuels, acetaldehyde and
n-heptane. The ether spectra were also investigated at the
Research Laboratories of General Motors Corp. (4); there
more emphasis was placed on the temperature and spectral
emissivity of the various stages of the low temperature re-
actions. The primary purpose of this study is to show that
spectral radiation studies are capable of showing significant
differences in intermediate species present with respect
to fuel type.

APPARATUS

The two-stage flames were produced in a flat-flame burner
similar to that described by Powling (7) and modified by

0.0luV

T NaCl PRISM

Egerton and Thabet (5). The usual parabolic velocity dis-
tribution in a cylindrical flow passage is altered to a flat
(uniform velocity) distribution by use of several layers of
glass helices and nickel matrices. The nickel matrix in
this case divided a brass burner tube 2 inches in diameter
into parallel flow passages, each passage being about Y,
inch in diameter,

On the top of the bumer was placed a square enclosure
which provided a region where the desired flames could be
stabilized without outside disturbances; sodium chloride
windows 2 inches in diameter were inserted on opposite
sides of the square enclosure. While one window permitted
infrared radiation to pass from the flame into the optical
system, the opposite window minimized background radi-
ation. The center portion of the 10-inch-long burner tube
was wrapped with asbestos sheeting and resistance wiring
for heating the fuel-air mixture. It was necessary to heat
n-heptane-air mixtures to around 200° C, before cool flames
could be produced at atmospheric pressute. Figure 1 is a
sketch of the flame zone of the flat-flame bumer, indicating
the position of the stabilized flame zones which are num-
bered to correspond to the spectra shown in later figures.

The fuel-air mixture supplied to the bumer was prepared
by bubbling air through containers of liquid fuel. This con-
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Figure 3, Emission spectrum of diethyl ether=air first-stage cool flame from 2.9 to 14.0 microns
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Figure 4, Emission spectrum of diethyl ether=air second-stage flame from 2.7 to 14.0 microns

tact-evaporating system established a fairly well saturated
gaseous fuel-air mixture,

The optical system for the measurement of infrared radi-
ation provided means for focusing radiation from a portion
of the two-stage flames on the slit of a commercial double-
pass infrared monochromator. Both lithium fluoride and
sodium chloride prisms were used in the monochromator to
obtain the maximum resolving power in the various spectral
ranges studied. The prism type and slit width used to ob-
tain the various spectra are indicated in Figures 3 to 15,
inclusive, The extemal focusing device consisted of a
spherical mirror and two plane mirrors so positioned that a
horizontal section of the flame appeared in a vertical po-
sition at the entrance slit of the monochromator. Tests in-
dicated that the horizontal strip of combustion area being
viewed by the monochromator was about % to ¥, inch thick
by 0.25 inch long. The distances between combustion
stages were sufficient to permit viewing only a single stage
at a time.

The radiation signal picked up by the thermocouple in the
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monochromator was fed through a preamplifier and amplifier
and finally recorded on a strip chart recorder as a function
of wave length. No attempt was made to evaluate the mag-
nitude of background radiation. The use of sodium chloride
windows on both ends of the flame region minimized back-
ground radiation, but a small amount was undoubtedly
present.

The spectra shown in Figures 3 to 15 are reproductions
of the actual curves obtained on the strip chart recorder.
The ordinates are thus only a qualitative indication of
relative intensity of the various emission bands. Con-
sideration must be given to the slit width and amplifier
gain used, which are indicated on the various curves, to ob-
tain even a qualitative comparison of absolute intensities
of the various emission bands.

YARIATION OF FLAME STRUCTURE WITH FUEL-AIR RATIO

Various types of flame structure may be formed in a flat-
flame bumer, depending on the fuel-air ratio. The structure
of diethyl ether flames was examined from around 5 to over
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Figure 7. Emission spectra of diethyl ether-air two-stage flame
from 7.6 to 10,8 microns

50 weight % ether. For acetaldehyde and n-heptane data
were taken only in the region of the two-stage flame
formation,

Variation in flame structure with diethyl ether as the fuel
as a function of fuel-air ratio has been discussed exten-
sively (I). Figure 2 is a summary of the types of flames
obtained. With ether as the fuel, incipient formation of two-
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stage flames occurred at about 17% fuel (D, Figure 2). At
almost imperceptibly richer mixtures a separation occurred
between the first-stage cool flame and what has been termed
the second-stage flame. The second-stage flame under
some conditions appears to constitute a second cool flame
and under other conditions has a character all its own. The
transition of the rich normal flame to the two-stage flame as
the mixture is enriched is characterized by a transition in
the visible emission spectrum from the usual C,, OH, CH
spectrum to a formaldehyde luminescence spectrum in the
first-stage cool flame and a predominantly HCO spectrum
in the second-stage flame.

Results for acetaldehyde indicate that incipient formation
of two-stage flames occurred at about 20.7 weight % of
fuel. In the case of n-heptane, two-stage flames were
formed at a fuel content of about 19%.

RESULTS AND DISCUSSION

The three fuels—diethyl ether, acetaldehyde, and n-
heptane—were chosen because they represented three dis-
tinct types of organic compounds that form two-stage flames
readily at atmospheric pressure.

Spectral results are presented in two forms. The first-
stage cool flame and second-stage spectra for each fuel are
shown for the entire spectral range. In addition, particular
regions of the spectrum have been studied in greater detail.
In Figures 5, 6, 7, 10, 11, 14, and 15, position 1-1 desig-
nates ‘‘in the first-stage cool flame zone.'’ Position 3-3
denotes the ‘‘second-stage flame zone.’’ Position 2-2 lies
between the first and second stages, and position 4-4 above
the second stage. This numbering system corresponds to
that shown in Figure 1.

The spectra shown in Figures 3 and 4 are composite in-
frared emission spectra from diethyl ether first-stage and
second-stage flames, respectively. Similar spectra are
shown in Figures 8 and 9 for acetaldehyde and in Figures
12 and 13 for n-heptane.

Figures 5, 6, and 7 are detailed studies of particular
spectral ranges for diethyl ether flames. Similarly, Figures
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10 and 11 are detailed studies with acetaldehyde, while
Figures 14 and 15 are detailed studies for n-heptane.

Spectral Range 3.0 to 4.0 Microns. It is difficult to iden-
tify or even detect the presence of transient product mole-
cules by means of their characteristic emission spectra in
the C— H stretching range shown in Figures 5, 10, and 14.
Because the fuels containing C-——H bonds are in excess
in all cases, all spectra will contain a wide variety of
C — H stretching radiations arising from the original fuels
and numerous intermediate and final products of pyrolysis
and oxidation. Nevertheless, distinct differences in the
C— H stretching bands of Figures 5, 10, and 14, indicate
differences in the reactions for the three fuels.

The band peaks near 3.21 and 3.32 microns occurring with
all three fuels are apparently due to C— H stretching vi-
brations in unsaturated molecules (3, 6). For all three fuels
the emission from unsaturates is stronger in the second-
stage flame than in the first-stage cool flame, Of the three
fuels, acetaldehyde, which contains a carbon-oxygen double
bond itself, showed the strongest unsaturate emission,
diethyl ether had the next strongest emission, and n-heptane
the weakest.

The CH, group stretching frequency would be expected to
result in two emission peaks at 3.36 to 3.39 and 3.47 to
3.49 microns (3). Because all three fuels contain this
grouping, and certain of their degradation products would
also contain it, it is not surprising that emission peaks ap-
peared in all of the spectra at one or both of these wave
length regions.

The CH, group is present in two of the fuels and probably
also in the degradation products of the third fuel, acetalde-
hyde, so again it is not surprising that emission peaks
occur in most of the spectra at one or both of the two CH,
stretching group frequencies, 3.40 to 3.43 and 3.49 to 3.52
microns (3). Diethyl ether (Figure 5) presents an interest-
ing case because the CH, emission is particularly distinct
in the first-stage cool flame but appears to be absent from
the second-stage flame spectrum.

The tertiary CH group stretching frequency gives weak
absorption in the 3.45 to 3.47 micron region (3) and thus
might be expected to show some emission in all of the
spectra in this region.

The CH stretching vibration in the H— C==0 group
gives absorption in the 3.45 to 3.70 micron region (3), and
emission in the burner spectra near 3.6 microns may very
well arise from vibrations in this group. The acetaldehyde
first-stage cool flame spectrum (Figure 10) shows the
strongest 3.6 micron emission, which might be expected
since H— C== 0 appears in the original fuel. With di-
ethyl ether (Figure 5) and n-heptane (Figures 12 and 13)
emission near 3.6 microns is probably not from the fuel but
due to formaldehyde or acetaldehyde formed as an inter-
mediate product. In both of these latter cases the emission
in this region is weaker in the second stage than in the
first-stage cool flame, indicating consumption of the alde-
hydes. Evidence is presented later, with diethyl ether as
the fuel, that formaldehyde ccncentration is greater in the
second-stage flame than in the first-stage cool flame, so
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Figure 8, Emission spectrum of acetaldehyde-air first-stage cool
flame from 2.7 to 10,9 microns
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Figure 9. Emission spectrum of acetaldehyde-air second-stage
flome from 2.1 to 11,0 microns

that the decrease in the intensity of the 3.6 micron radi-
ation shown in Figure 5 indicates consumption of the alde-
hydes higher than formaldehyde.

Spectral Range 4.0 to 5.4 Microns. In this spectral range
radiation from carbon dioxide and carbon monoxide was ob-
served, in addition to a band near 4.85 microns with diethyl
ether as the fuel. The 4.85-micron band was strongest in
the second-stage of the diethyl ether flames (Figure 4).
This radiation may result from dimethyl ether, which is
known to have a strong band in absorption at 4.8 to 5.0
microns, There is also evidence for this species in the
first-stage cool flame of diethyl ether (Figure 3). This
band was not observed with either acetaldehyde or n-heptane
fuel, which supports its identification as dimethyl ether.

Emission from carbon dioxide is attenuated by atmospheric
absorption at 4.25 microns; this results in two peaks from
carbon dioxide at approximately 4.2 and 4.4 microns. In the
first-stage cool flame spectra considerable carbon dioxide
emission was observed with diethyl ether and acetaldehyde
(Figures 3 and 8), but it was almost unobservable with
n-heptane (Figure 12). In the second-stage spectra, the
carbon dioxide radiation was quite strong with diethyl ether
and acetaldehyde but very weak with n-heptane (Figures 4,
9, and 13, respectively). Radiation from carbon monoxide
is characterized by the peaks near 4.54 and 4.77 microns.

318 INDUSTRIAL AND ENGINEERING CHEMISTRY

While carbon monoxide radiation was relatively weak in the
case of n-heptane, it was stronger than the carbon dioxide
radiation; for the other two fuels the carbon dioxide radi-
ation was much stronger than the carbon monoxide radiation,

Spectral Range 5.4 to 6.0 Microns. This range includes
the strong emission from the carbonyl linkage, and in re-
spect to the difficulty of identification of transient inter-
mediates, it is similar to the 3.5-micron C— H stretching
range.

In general, aldehydes, ketones, acids, esters, lactones,
peroxides, and anhydrides are the most likely emitters in
this region, and the information on absorption spectra given
by Bellamy (3) indicates three rough groupings., Anhydrides
and acyl peroxides might be expected between 5.4 and 5.7
microns; saturated aldehydes and esters might appear at
5.75 to 5.8 microns; and ketones, acids, lactones, and un-
saturated aldehydes might emit between 5.8 and 6.0 microns.
Evidence for each of these groups appears in the spectra,

Spectra in the various flame stages for diethyl ether,
acetaldehyde, and n-heptane are shown in Figures 6, 11,
and 15, respectively.

The diethyl ether flame in Figure 6 shows a band peak at
5.85 microns which does not appear with the other fuels.
Diethyl ether itself has no band here, so the radiation must
result from a product molecule. The strong peak at 5.74

YOL. 3, NO. 2
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Figure 12, Emission spectrum of n-heptane-air first-stage cool
flame from 2.3 to 11.5 microns
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microns is probably from aldehydes which are apparently in
highest concentration in zone 2 (between the first and sec-
ond-stage flame fronts). On the other hand, the 5.5-to 5.7-
micron region (anhydrides and peroxides, perhaps) grows
relatively stronger in progressing from zone 1 to zone 4.

With acetaldehyde (Figures 8, 9, and 11) the 5.76-micron
band, which is probably due at least partly to the original
fuel, decreased somewhat in intensity in the second-stage
flame. The 5.64-micron band intensity followed that of the
5.76-micron peak closely, but the secondary maxima at 5.58
and 5.67 microns disappeared in the second-stage flame,

The dominant feature in this portion of the heptane flame
(as with ether) was the 5.77-micron region. The n-heptane
flame spectrum also resembled that of ether in that the in-
tensity in the range 5.5 to 5.6 microns tended to increase
relative to that at 5.75 microns in progressing from the first-
stage cool flame to the second-stage flame.

Spectral Range 6.0 to 8.5 Microns. In this spectral range,
atmospheric water vapor absorption complicates the inter-
pretation, but the interference is only serious at wave
lengths shorter than 7.4 microns.

A number of emission peaks were observed in this spec-
tral range. In the ether spectra (Figures 3 and 4) the strong-
est bands at 7.30 and 7.32 microns are very probably due to
the symmetrical C—CH, deformation frequency in the fuel
molecule, Similarly, the asymmetrical C—CH, fuel mole-
cule deformation frequency may be responsible for the bands
marked 6.96 and 6.89 microns, the discrepancy in wave
lengths between the first and second-stage flames probably
being due to inaccuracies caused by atmospheric water
vapor absorption. The strong band at 7.81 microns in
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Figure 4 is believed to be emission from formaldehyde. The
increase in intensity of this band as a function of flame po-
sitién in the ether flame can be seen more clearly in Figure
7. The 7.95-micron band in Figures 4 and 7 is also probably
a part of the formaldehyde system.

In the acetaldehyde spectra (Figures 8 and 9) bands ap-
peared at 7.52 and 7.73 microns in the first-stage cool
flame. The 7.73-micron band persisted in the second-stage
flame whereas the 7.52-micron band did not. Also, in the
second-stage flame new peaks appeared at 7.66, 7.88, and
and 8.06 microns.

With n-heptane as fuel (Figures 12 and 13) the situation
with respect to the acetaldehyde bands was different. The
8.06-micron band appeared in the first-stage cool flame.
This band did not appear in the second-stage spectrum, but
the 7.73- and 7.88-micron bands did appear. There is a
slight indication for the presence of the 7.52-micron band
in both spectra for n-heptane.

The 7.81-micron band, which was so prominent in the
ether spectra (Figures 4 and 7), is not present in any of the
spectra for the other two fuels (Figures 8, 9, 12, and 13), a
fact which is rather surprising in the case of acetaldehyde.

Finally, minor peaks, such as those at 7.02, 7.08, 7.11,
and 7.22 microns in Figures 4, 8, 9, and 13, are believed to
be real, but assignment is difficult because of interference
from atmospheric water vapor absorption.

Spectral Range 8.5 to 11.5 Microns. The strong band at
8.96 microns (Figures 3, 4, and 7) is undoubtedly due to
emission from hot diethyl ether. The decrease in intensity
in the successive spectra shown in Figure 7 would corre-
spond to increased fuel consumption, Similarly the rather
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Figure 13. Emission spectrum of n-heptane-air second-stage flame
from 2.4 to 11.5 microns
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Figure 14, Emission spectra of n-heptane-air two-stage flame
from 3,2 to 3.5 microns

strong band at 8.86 microns in Figure 8 is believed to be
due to heated acetaldehyde; it is much weaker in the sec-
ond-stage flame (Figure 9).

The bands at 9.4 and 9.5 microns in Figures 3, 4, 7, 8,
and 9, may be due to emission from primary alcohols; both
methyl and ethyl alcohol have strong absorption bands near
9.5 microns. Weak emission was observed in the vicinity of
10 microns in both stages of the acetaldehyde flame and in
the second-stage flame of diethyl ether (Figures 4, 8, and
9), No assignment has been made for the 9.75-micron band
in Figure 8, a remnant of which can be seen in Figure 9.

A band was observed at 10.57 microns with ether as the
fuel (Figures 3, 4, and 7); and with n-heptane as the fuel
(Figures 12 and 13). This band is very probably due to
emission from ethylene.

In Figure 7, the ethylene concentration, as indicated by
the intensity of the 10.57-micron band, increases in pro-
gressing from flame zone 1-1 to flame zone 3-3, reaches a
maximum in zone 3-3 (the second-stage flame) and then
decreases.

With n-heptane as the fuel (Figures 12 and 13) the ethylene
radiation again was stronger in the second-stage flame than
in the first-stage cool flame. Also a band at 11.42 microns
appeared in the n-heptane first-stage cool flame but was not
present in the second-stage flame. Of the three fuels tested,
only acetaldehyde showed no evidence for the presence of
ethylene radiation at 10.57 microns.

Spectral Range 11.5 to 14.0 Microns, Only diethyl ether
gave detectable emission bands in this spectral range
(Figures 3 and 4). Weak emission bands were observed at
11,03, 11.79, 12.11, 12.30, 12.43, 13.07, 13.32, 13.48,
13.74, and 13.96 microns in the second-stage flame and at
13.75 microns in the first-stage cool flame. No specific
emitters have as yet been assigned to any of these bands
except the band at 13.74 microns which may be due to
acetylene. Some of these bands may be due to organic
peroxides which are known to have absorption bands be-
tween 11.2 and 12.2 microns.
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Figure 15. Emissiaon spectra of n-heptane-air two-stage flame
from 5.4 to 6,0 microns

For purposes of comparison, the wave lengths at which
maxima were observed in the emission spectra of the three
fuels tested are listed in Table I

CONCLUSIONS

Although the over-all aim of this work is to understand
the reaction kinetics of low temperature oxidation, the data
presented permit little speculation as to the actual sequence
of the reactions. However, a number of intermediate prod-
ucts of the reactions have been identified from the infrared
spectra. Formaldehyde, ethylene, carbon dioxide, carbon
monoxide, and water vapor were identified with reasonable
certainty; other possible emitters were dimethyl ether,
ketones, acids, esters, lactones, anhydrides, aldehydes,
peroxides, primary alcohols, and acetylene. Several spe-
cific observations were made.

The ratio of carbon monoxide concentration to carbon di-
oxide was higher in the case of n-heptane than with either
of the other two fuels in all stages of the low temperature
reactions.

Formaldehyde was present in increasing amounts as the
diethyl ether reaction was traversed from the first-stage
cool flame through the second-stage. No unambiguous evi-
dence for formaldehyde was present in the case of n-heptane
and acetaldehyde.

With diethyl ether as the fuel, ethylene was formed readily
and reached a maximum emission in the second-stage flame.
Ethylene was also detected with n-heptane as the fuel, and
again the emission was greater in the second-stage flame
than in the first-stage cool flame. No ethylene was de-
tected with acetaldehyde as the fuel.
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Table |, Maxima Observed in Infrared Emission Spectra of Two-Stage Flames of Diethyl Ether,
Acetaldehyde, and n-Heptane in Air

Wave Length, Microns

Diethyl Ether Acetaldehyde n-Heptane
First-stage Second-stage First-stage Second-stage First-stage Second-stage
cool flame flame cool flame flame cool flame flame

3,20 321 3.21
3.35 3.32 3,32 3,32 3.32
338 3.38 3.39 3,39
3,43 3.46 3.43 3,43 3.43
3,475 3,475 3,47
3.52 3,55 3,55
3,60 3,59 3,60 3,65 3,65
4,54 4,54 4,59 4,59
4,85 4,85 4,77 4,77 4,77 4,77
5,51 5,51
5.59 5.59 5.58 5,57 5.57
5,64 5.64 5.64 5.64
5.67 5.67
5.74 5,74 5.76 5,76 5.77 5.77
5.85 5.85
5,98 5,98
6.80 6,80 6,80 6,80
6,89 6,90 6,91 6.91
6.96 7.02 7,08 7.08
7.22 7.22 7.22 7.22
7.30 7.32 7.38 7.38
7.47 7.52 7.52 7.52
7.66
7.73 7.73 7.73
7.81 7.81
7.88 7.88
7.95
8,06 8,06
8.86 8,86
8.96 8,96
9.40 9,40
9.50 9.50
9,75
9,99 10.05 9,96
10,57 10,57 10,57 10,57
11,03
11,42
11,79
12,11
12,30
12,43
13,07
13,32
13.48
13,75 13,74
13.96

There was evidence for the formation of dimethyl ether
with diethyl ether as the fuel,

Some of the variation in intensity of the various bands is
undoubtedly due to temperature variation in the various
flame zones. The temperature in the second-stage ether
flame is known to be approximately 1000° K. as compared
to about 750° K. in the first-stage cool flame (4).

Eventual! identification of other emission bands, such as
those at 7.52, 7.73, 7.88, 8.06, and 11.4 microns, will
further define intermediate species which should contribute
to the understanding of the reaction mechanism. More work
must be done toward identification of these unknown bands.
Such identification will be facilitated by improvements on
the bumer geometry and optical system which will increase
the intensity of the emission spectra. Also, both emission
and absorption data will be taken in future studies. I[denti-
fication of emitters will be implemented by studying emis-
sion and absorption spectra of pure known compounds alone
and in the presence of varying amounts of oxygen.
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The effect of additives on flame structure and emission
and absorption spectra should be studied. Such research
should provide useful information concerning the reaction
mechanism for the oxidation of hydrocarbons and have prac-
tical application in affording a better understanding of the
relationship between the occurrence of low temperature re-
actions (cool and second-stage flames) and knock in the
internal combustion engine.
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