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Two-Dimensional Spectroscopic Analysis of a Flame Using Highly
Preheated Combustion Air
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The effect of highly preheated combustion air on the combustion characteristics of propane � ames is presented.
Data havebeen obtainedon the spatial distributionof emission intensity from selected radicals, � uctuationsof emis-
sion intensity, and � ame temperature using several diagnostic techniques. Several propane and high-temperature
air � ames, produced with the cross� ow diffusion of gas into highly preheated combustion air (obtained by a re-
generative combustion facility) having normal oxygen content and reduced oxygen content (<21% by volume)
have been examined. The diagnostics used include a UV-charge coupled device (CCD) camera integrated with an
interference � lter, a high-speed video camera, array of thermocouples, and gas analyzers for NOx and O2. The
UV-CCD camera � tted with the desired optical interference � lter provided the spontaneous emission signature of
the � ames produced. Fast Fourier transform applied to the video camera recorded image provided informationon
the two-dimensionaldistributionof emission intensity � uctuation. The emission results show that the intensity level
of OH and C2 radicals in the � ame with highly preheated and lower oxygen concentration air is much lower than
the corresponding normal air � ames. The � uctuations of emission intensity with highly preheated combustion air
are signi� cantly lower in the high-temperature combustion region of the � ame. The temperature measured from
the ratio of the emission intensities had much higher spatial resolution than those obtained with the conventional
thermocouple array. The results indicate that preheated air drastically reduces both the temperature gradient and
temperature � uctuations in the � ames. NOx measurements were made in the exhaust gas using a chemilumines-
cence analyzer. The results showed that reducing the oxygen concentration in the high temperature combustion
air reduces NOx emission levels in the exhaust gas.

Nomenclature
A = Einstein’s transition probability for spontaneous

emission, s¡1

E = excitation level energy, J
g = statistical weight
h = Planck’s constant, 6:626176£ 10¡34 J/Hz
I = spectral intensity of spontaneous emission, W/sr
Iav(x ,y) = average spectral intensity, W/sr
K = vgA=Q.T /, s¡2

k = Boltzmann’s constant, 1.380662£ 10¡23 J/K
N = number density, combustion radicals/m3

P f .x ;y/ = intensity at frequency f in the frequency-domain
spectrum after FFT

Q.T / = partition function
Sf .x;y/;sp = spectrally observed � ame � uctuation, W/sr
T = vibrational temperature,K
º = frequency, Hz
Á = equivalence ratio
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Introduction

T HE use of highly preheated air as an oxidizer in regenerative
combustion systems is of signi� cant interest in all types of in-

dustrial furnaces, boilers, and power systems.1;2 This technology
has been demonstrated to provide signi� cant energy savings and
reducedlevelsof pollutantsemission as comparedto other available
advanced technologies for fossil and derived fuels. Furthermore,
the results have shown that the size of the equipment is smaller
for the same throughput, or higher throughput of materials can be
obtained for same size of the equipment.1;2 Energy savings directly
translateto reductionofCO2 emission to theenvironment.The lower
� ammability limit of the mixture is signi� cantly extended to the
fuel-lean combustion zone.1¡5 At very low oxygen concentration,
� amelessoxidationof certain fuels has been shown.3;5 Furthermore,
the mixture can be combusted with air containing very small con-
centration of oxygen (only about 1–2% or less). Fuels of very low
heating value and very fuel-lean mixtures can also be burned under
high-temperatureair combustion conditions.5 This reveals that gas
streams containingonly a small amount of fuel can be burned rather
than using some gas cleanup device for pollution control of the gas
stream.This technologyalso allows one to use � ue gases containing
a very small amount of oxygen concentration as the oxidizing gas.
A direct bene� t of this technology is in the high-enthalpy recovery
from the exhaust gases of any furnace or power plant, which also
reduces the requirementson the amount of excess air and input fuel.
In addition, reduced oxygen concentration in air has the capability
to reduce NOx emission from the combustion of hydrocarbonfuels.

Several fundamental studies on highly preheated air combustion
have shown that the features of such � ames are signi� cantly dif-
ferent than those obtained with normal air at room temperature or
some moderate degree of air preheat.1¡5 The global and detailed
characteristics of the � ames are signi� cantly different with high-
temperature combustion air. Under certain conditions, � ameless or
colorless oxidation of the fuel has been observed.5 The � ame color
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has been observed to be green, purple, or orange under certain op-
erational conditions.3;5 The uniformity of temperature within the
combustion zone is high while the temperature � uctuations are ex-
tremely low in the entire burningzone. The thermal � eld uniformity
and � ame stability with high-temperature air combustion are dis-
cussed in Ref. 6.

In a previous study by the authors,7 spontaneous emission anal-
ysis was developed and applied for nonintrusive observation of a
methane–air diffusion � ame using highly preheated combustion air
in a small burner. It was shown that � ame uniformity and stabil-
ity are signi� cantly enhanced with highly preheated combustion
air.6;7 These important characteristic features of � ames with high-
temperaturecombustionair,obtainedusingregenerativecombustion
systems, are � nding many new applications in almost all kinds of
furnacesand boilers, fuel energyconversionand utilizationsystems,
and power and propulsion systems.8 In this study, two-dimensional
distributions of temperature and � ame � uctuation have been ob-
tained for liqui� ed petroleumfuel (LPG), which is mostly propane,
� ames formed with the cross� ow diffusion of propane into highly
preheatedcombustionair in a regenerativecombustionfurnace.The
� ame features have been examined using several diagnostic tech-
niques, such as an UV-charge-coupled device (CCD) camera cou-
pled with an interference� lter, a high-speedvideo camera, an array
of thermocouples, and an NOx analyzer. The results obtained are
discussed along with the thermal � eld uniformity and � uctuations
of the � ame.

Experimental Apparatus
A schematicdiagramof the experimentalapparatusused is shown

in Fig. 1. The regenerative test facility, designed and fabricated by
Nippon Furnace Kogyo (NFK) Company, Ltd., Japan, provided the
high-temperaturecombustion air. The facility consists of two com-
bustion chambers, each � tted with ceramic (Cordierite) honeycomb
regenerator [Fig. 1(8)] and controllers for � ow and switching se-
quence[Fig. 1(10)]. The temperatureof preheatedair is measuredby
a thermocouple (R type) located above the regenerator [Fig. 1(6)].
The temperature of the preheated air in the test section reduces
temporally after the � ame ignition at a rate of 4 K/s1 . The high-
temperature combustion air can also be produced on a continuous
basis using modi� ed version of this facility, also designed and fab-
ricated by NFK. The continuous-typehigh-temperature air facility
is now availableat the University of Maryland CombustionLabora-
tory. Further detailson the furnace and combustionsystem are given
in Ref. 2. The fuel gas used for all of the results presented here was
liquid petroleum gas (LPG), which consisted of propane (>90%)
and butane plus butylenes (<10%). The � ow rate for the fuel gas
was held constant at 0.05 m3/h at normal temperature and pressure

Fig. 1 Schematic of regenerative test furnace facility used for providing the highly preheated combustion air and arrangement for the measurement:
1) test furnace, 2) focusing lens, 3) optical interference � lter, 4) UV-CCD camera, 5) high-speed video camera, 6) thermocouple for measurement of
preheating temperature, 7) window for observation, 8) regenerator, 9) NOx analyzer, 10) four-way valve, and 11) microcomputer.

(NTP)conditions.The fuelgaswas injectedfroma 1-mm-diam.noz-
zle, located in the � rebrick, in a direction normal to the preheated
air� ow. This air was preheated via its passage through the ceramic
honeycomb regenerator. The maximum temperature to which the
air could be preheated with this facility was about 1200±C. In this
study the oxygen concentrationin air was regulated at either 21.0%
(which provided the equivalenceratio of Á D 0:08), or 4.0% (which
providedthe equivalenceratio of Á D 0:41), obtainedby diluting the
air with nitrogen. Other oxygen concentrationin air could easily be
obtained with the facility by mixing the appropriate amounts of the
two gases. The total � ow rate of air plus N2 was maintainedconstant
at 15 m3/h at NTP. The ratio of air-to-N2 � ow rate was 1 : 4.

The UV-CCD camera [Fig. 1(4)] (SBIG Model ST-6UV) con-
sisted of a UV-CCD detector having 241 £ 250 pixels and a quartz
lens (Nikon UV, focal length, F D 105 mm). The light signal, af-
ter passing through an interference � lter [Fig. 1(3)], was detected
by the UV-CCD camera. This arrangement provided spontaneous
emission from only selected radical species. Four interference � l-
ters have been used to detect OH (306 nm), CH (431 nm), C2 (471
nm), and C2 (515 nm). The background emission was measured
between the Swan bands at 490 nm. In each case, the background
emission was subtracted from the detected signal. The temperature
of the preheated air reduces temporally at a rate of 4 K/s due to
the cooling down of the heat accumulatorwith the incoming air. To
reduce the experimental uncertaintyand enhance reproducibilityof
results caused by this change, the shutter of the CCD camera was
opened for 0.5-s time duration after 2 s from the � ame ignition.

The high-speedvideo camera [Fig. 1(5)], having the highest time
resolution of 25,000 frames/s, incorporated a CCD detector having
192£ 239 pixels (Kodak Model UV). The shutter speed of the video
camera was set to 5 ms. The framing speed of the camera was
125 frames/s. This high-speed video camera without any optical
� lter provided the means to detect emission from the � ame over a
wide range of wavelengths. The total measurement time to record
1091 frames was 8.73 s. Fast Fourier transform (FFT) was then
applied to each 128 set of 1091 frames, to give frequency-domain
spectra, which then allowed one to construct the two-dimensional
distributions of � ame � uctuation. The lens [Fig. 1(2)] focuses the
� ame image from a region of 20 £ 25 cm to 1/10th of the original
size. The CCD camera or the high-speed video camera provided
information on the focused � ame image.

The measuredspontaneousemissionfromC2 (at 471and515nm),
CH (at431nm), andOH (at 306nm) radicalshasbeenmeasuredover
very narrowwavelengthbands.These chemical speciesare amongst
the important radicals that provide key role during the combustion
process.Figure 2 shows a typical spectrumof propane-air� ame and
the emission peaks from these chemical species. The two C2 bands
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Fig. 2 Typical spectrum of propane–air � ame.

(at 471 and 515 nm) were used to calculate the vibrational temper-
ature as well as the two-dimensionaldistributionof temperatures in
the � ame, based on a modi� ed two-line method.6;7

In � ames with temperatures below 2000 K, the vibrational
temperature approximates the gas temperature measured with the
thermocouple,or in some cases the overall temperatureof the trans-
lational, vibrational, and rotational states. This condition is the
so-called local thermal equilibrium (LTE). However, there may be
non-LTE conditions due to transfer of excess reaction energy to
a certain system, for example, the vibrational system. By taking
into account such a case, the relationship between the measured
temperature with a thermocouple and temperature obtained from
the spectral intensity ratio of the two C2 bands has been obtained.
When this calibrationcurve is used, the band ratio was converted to
the thermocouple temperature.

An arrayof 8 R-type Pt–Pt/Rh thermocouplesof 0.1 mm diameter
was placed in the combustionchamber.This arrayof thermocouples
was used to measure temperatures at 24 points in the combustion
chamberusing three consecutivemeasurements.The calibrationand
correction of the thermocoupleswere conventionallymade using a
radiative heat balance equation between the thermocouples and the
combustion chamber wall, respectively.

The NOx concentration in the exhaust gas was measured with
the NO/NOx chemiluminescence gas analyzer [Fig. 1(9)] having a
response time of <30 s (Best Sokki company Model BCL-611A).

Data Processing for Calculating the Flame Fluctuation
A microcomputer [Fig. 1(11)] acquired the signal from the high-

speed video camera. The data were then postprocessedusing com-
puter programs written in C-language (Turbo-C version 2). The av-
erage values were used to construct two-dimensional distributions
of the spectral intensity. FFT was applied to the 128 temporally re-
solveddata for the signal intensityat each pixel locationof the high-
speedvideocamera.The intensitiesof the frequency-domainspectra
at certain frequency were used to construct the two-dimensional
distribution of � ame � uctuation. The spectrally observed � ame
� uctuation S f .x;y/;sp , at a certain frequency f and position (x; y)
was then calculated from

S f .x;y/;sp D P f .x;y/

¯
Iav.x;y/ (1)

where P f .x ;y/ is the intensityat frequency f in the frequency-domain
spectra that is obtainedafter the FFT processingof the time seriesof
pixel data (called the time-domaindata). The Iav is the average spec-
tral intensity. The same algorithm was applied to the time-domain
data of the thermocouples to yield temperature � uctuation and its
distribution in two dimensions.

In a previousstudy, the spectroscopictemperaturewasdetermined
on the basis of a two-line method of the C2 emission band (Swan
band).6 However, most of thermal calculations have been based on
temperatures measured using thermocouples. Therefore, it is con-
venient to convert the spectroscopically measured temperature to
the temperaturesmeasured with thermocouples.In this study, a cal-
ibration curve for the intensity ratio of the two Swan bands vs the
thermocouple temperature was constructed from the simultaneous
measurements of the two using a premixed propane–air � ame mix-
ture in the test furnace. The temperature was changed by altering
the equivalenceratio and the � ow rates of gases. Figure 3 shows the
calibration curve obtained with these measurements. The intensity
ratio of the two Swan bands, observed at each pixel, was converted
to the thermocouple temperature,which was then used to construct
the temperature pro� le.

Results and Discussion
Figure 4 shows the two-dimensionaldistributionof temperatures

in the � ame measured with the thermocouple array for the three
different � ame conditions examined here. These conditionsinclude
1) air having normal oxygen concentration of 21% at room tem-
perature, 2) normal oxygen concentrationof 21% in air heated to a
temperature of 1200 K, and 3) oxygen concentration of 4% in air
(called diluted air) at high temperature. Figure 4 shows the results
on temperaturedistributionin the combustionchamber for the three
cases. These results show that the distributionof temperatureswith
the ordinary air, containing 21% oxygen concentration in air, for
both the heated and normal temperature air, are similar (compare
Figs. 4 conditions 1 and 2). In both cases, steep temperature gradi-
ent can be found. The peak temperature for the heated air case with
normal oxygen concentrationair is much higher than the unheated
normal temperature air case.

In contrast, the global � ame temperature with high temperature
and low oxygenconcentrationair is lower than that found for thepre-
ceding two cases with the normal oxygen concentration air. The
thermal � eld uniformity is signi� cantly enhanced with highly pre-
heatedand low oxygenconcentration(diluted) air at highair-preheat
temperature (see Fig. 4 condition 3).

Figure 5 shows the spatial distribution of emission intensity of
combustion radicals, such as, C2, CH, and OH in the two � ames
at two different oxygen concentrations in air. These measurements
were made with the UV-CCD camera having an interference � lter
that could only pass the light signal for the specie to be detected.
Condition 1 is for normal 21% air, whereas condition 2 is for di-
luted 4% oxygenconcentrationair preheated to 1200 K. The pro� le
measuredwith the 1200-Kair-preheattemperatureand 21% oxygen
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Fig. 3 Calibration curve for temperature calculated from the C2 emission intensity ratio.

Fig. 4 Measured temperature pro� les obtainedwith the thermocouple
array:condition1, air temperature = 300K, oxygenconcentration in the
air = 21%; condition 2, air temperature = 1200K, oxygen concentration
in the air = 21%; and condition 3, air temperature = 1200 K, oxygen
concentration in the air = 4%.

Fig. 5 Emission intensity pro� les of OH, CH, and C2 radicals in the
� ames: condition 1, air temperature = 300K, oxygen concentration in
the air = 21% and condition2,air temperature = 1200K, oxygenconcen-
tration in the air = 4%; a) OH (306 nm), b) CH (431 nm), c) background
emission (480 nm), and d) C2 ( 515 nm).

concentration in the air is not shown in Figs. 5 because of the very
high background emission levels, which prevented the detection of
emission signal from the radicals. Note that the observed emission
intensity levels for condition2, usinghighly preheatedand low oxy-
gen concentrationair, are much lower for all of the speciesmeasured
as compared to those measured for the normal air condition 1. De-
tailed comparison of conditions 1 and 2 (Fig. 5) reveals that, under
condition 1, the CH emission intensity level (Fig. 5b) is almost at
the same level as the C2 emission level (Fig. 5d), but higher than
the OH emission levels (Fig. 5a); compare the maximum levels. In
contrast, for condition 2, the CH emission level is lower than both
the OH and C2 emission intensity levels (see condition 2, Figs. 5a
and 5d). The reasons for these observed phenomena are considered
to be as follows. The spectral intensity for the electronic transition,
or the integrated intensity including all of the related rotational and
vibrational transitions, changes depending on the � ame tempera-
ture T and the number of combustion radicals N . The intensity can
be expressed as

I D hºNg A exp.¡E=kT /=Q.T / (2)

where h is the Plank’s constant,º the frequency, N the number den-
sity, g the statistical weight of the excitation level, A the transition
probabilityfor spontaneousemission, E theupperlevelenergy,k the
Boltzmann’s constant, Q.T / the partition function. The � rst phe-
nomenon can be explained as follows. A slight decrease in � ame
temperature between the two methods can be seen in the central
region for condition 2. Note that the spectroscopically measured
temperature pro� les provides high spatial resolution as seen from
the comparison between Fig. 6 conditions1 and 2. This is not clear
with the temperature measured with the thermocouples due to low
resolution associated with the thermocouples.As can be seen from
the exponential term in Eq. (2), a slight decrease in temperature
leads to signi� cant decrease in emission intensity from all of the
species unless the number density is increased drastically.

For the comprehensionof the second phenomenon, it is useful to
take a ratio of the emission intensity for the two species, that is,

IC2=ICH D K1.NC2=NCH/ exp.ECH ¡ EC2/=kT (3)

Similarly,

IOH=ICH D K2.NOH=NCH/ exp.ECH ¡ EOH/=kT (4)
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Fig. 6 Temperature pro� les calculated from the ratio of C2 emission
intensities with the calibration curve: condition 1, air temperature =
300 K, oxygen concentration in the air = 21% and condition 2, air tem-
perature = 1200K, oxygen concentration in the air = 4%.

where the constants K1 and K2 involve the ratios of the term
ºg A=Q.T / [Q.T / and their value is almostconstantat temperatures
below 2500 K]. The difference in the excitation energy in the expo-
nentialterm is eitherpositive[Eq. (3)] or negative[Eq. (4)],9 because
ECH D 23150 cm¡1, EC2 D 19306 cm¡1, and EOH D 32682 cm¡1.
Consequently, the exponential term increases with the decrease in
the temperature in Eq. (3), whereas it decreases in Eq. (4). The rela-
tively low intensity of CH emission as compared to the C2 emission
for the case of highly preheated air with the low oxygen concen-
tration condition 2 is consistent with the hypothesis given earlier.
In contrast, it is suggested that by taking into account the increase
in IOH=ICH and the decrease in the exponential term, the number
density of OH radicals become relatively large as compared to the
CH radicals.This might be related to slow combustionunder condi-
tion 2. To determine the number density of radical species, further
investigationmust be made using some other spectroscopicmethod,
such as laser-induced � uorescencediagnostics.

The � ame temperaturecanalso be determinedfrom the ratio ofC2

emission intensitiesobtainedat two (471 and 515 nm) wavelengths.
The detailed theory for the calculation, based on Eq. (2) for the
modi� ed two-line method or two-band method, has been described
in our previous study.6 In this study, the relationship between the
temperature measured with a thermocouple and the spectral inten-
sity ratio of the C2 bands that re� ects the vibrational temperature
was determined experimentally (see the calibration curve shown in
Fig. 3). The calibration curve was made by measuring the thermo-
couple temperature and the spectral intensities at a same point in a
premixed propane/air � ame supported on a slot burner. When this
calibration curve was used, the spectral intensity ratios at the CCD
pixels were converted into the thermocouple-equivalent tempera-
ture, which then allowed determination of the temperature pro� les.

The pro� les for the net emission intensityof C2 radicalhave been
estimated by subtracting the background intensity level (at 490 nm)
from C2 emission intensity level (at 471 or 515 nm). Figure 6 shows
the calculated temperature pro� les obtained for the two cases of
normal air at room temperature and highly preheated air having
low oxygen concentration. The results show detailed structure of
the thermal � eld as compared to that obtained with the thermocou-
ple array (compare the results shown in Fig. 6 with those shown in
Fig. 4.) The temperature pro� les obtained with the Swan band in-
dicate only the � ame region or the combustion reaction zone where
the radiation from C2 radicals exists. This also clearly demonstrates
the � ame front region. The two � gures reveal that the temperature
gradient becomes smaller with diluted air combustion.

Figure 7 shows the two-dimensionaldistributionof � ame � uctu-
ation for the three combustion conditions that have been obtained
using Eq. (2). Note that highly preheated air has a signi� cant effect
on decreasing the � ame � uctuations in the main (middle) combus-
tion region, compare condition 1, Fig. 7, with conditions 2 and 3,
Fig. 7. The practical importance of the highly preheated air com-
bustion is, therefore, very signi� cant from the point of view of both
thermal � eld uniformity and � ame stability. Similar trends on the
pro� les of the temperature � uctuation has also been obtained with

Fig. 7 Pro� les of � ame � uctuation obtained with the high-speed video
camera and FFT: condition 1, air temperature = 300K, oxygen concen-
tration in the air = 21%; condition 2, air temperature = 1200K, oxygen
concentration in the air = 21%; and condition 3, air temperature =
1200K, oxygen concentration in the air = 4%.

Fig. 8 Pro� les of � ame temperature � uctuation obtained with the
high-speed video camera and FFT; � ame conditions are the same as
given for Fig. 7.

Fig. 9 Effect of diluting O2 concentration in the air on NOx emission:
condition 1, oxygen concentration in the air = 21% and condition 2,
oxygen concentration in the air = 4%.

the data obtained using thermocouples followed by the FFT proce-
dure (see Fig. 8).

Figure 9 shows the NOx emission levels as a functionof tempera-
ture of the highly preheatedcombustionair. The NOx concentration
in the exhaust gas vent was measured with a chemiluminescence
NOx analyzer using a probe sampling technique. The results pre-
sented in Fig. 9 clearly show that the NOx emission level drastically
decreases at any air preheat temperature by diluting the preheated
combustion air. Thus, it is possible to achieve simultaneously low
NOx emission, high thermal � eld uniformity, and low � ame � uc-
tuations. Low � uctuations of the � ame mean uniform heating of
the object being heated with the � ame. Furthermore, signi� cant en-
ergy saving through the use of heat regeneratorsis also concurrently
achievable.4;5
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Conclusions
The results presented here with the thermocouple array and the

UV-CCD camera have shown that the use of low oxygen concen-
tration and high-temperature air signi� cantly enhances the � ame
thermal uniformityof � ames. The use of highly preheated low oxy-
gen concentration air resulted in larger combustion volume, wider
(broader) spatial distributions of emission intensity from the com-
bustion radicals, and lower peak � ame temperatures.The pro� les of
spontaneous emission intensity from combustion radicals provide
information on the temperature and number density of these radi-
cals. The results obtained from the observation of the high-speed
videocamera have shown good � ame stabilitywith low oxygencon-
centration air at high degrees of air preheat. The � ame � uctuations
were reduced with the use of high-temperature and low oxygen
concentration air. Low peak � ame temperatures are instrumental
for reducing NOx emission. The high-temperatureand low oxygen
concentrationcombustion air resulted in low NOx emission levels.
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