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ABSTRACT 

Fourier Tran~forrn Infrared (FT-IR) Emission/Transmission (EJ't~ spectroscopy has recently 
been shown to be a versatile technique for coal combustion diagnostics by allowing for 
measurements of particle concentrations and temperatures, and gas compositions, 
concentrations, and temperatures. These measurements are for the ensemble cf particles 
and gases along a line-of-sight in the flame. In this paper, tomographic reconstruction 
techniques have been applied to line-of-sight FT-IR E/I" measurements to derive spectra that 
correspond to small volumes within a coal flame. From these spectra, spatially resolved 
point values for species temperature and relative concentrations can be determined. The 
technique was used to study the combustion of Montana Rossbud subbituminous coal 
burned in a transparent wall reactor. The coal is injected into the center of an up-flowing 
preheated air stream to create a stable flame. Values for particle temperature, relative 
particle density, relative soot concentration, the fraction of ignited particles, the relative 
radiance ir=tensity, the relative CO 2 concentration and the CO~, temperature have been 
obtained as functions of distance from the flame axis and height above the coal injector 
nozzl~. The spectroscopic data are in good agreement with visual observations and 
thermocouple measurements. The data present a picture of the coal burning in a shrinking 
annulus which collapses to the center at the tip of the flame. CO 2 temperatures are highest 
in the rapid burning zone (2300 to 2900 K). The highest particle temperatures in this zone 
are 1900 to 2000 K, with temperatures up to 2400 K outsids the zone. 
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INTRODUCTION 

Better understanding of the coal combustion process would promote more reliable 

utilization of coaJs having a diversity of characteristics and would enable improved 

combustion systems to be designed and developed. Among the processes which are the 

least weil understood and predicted are: ignition, soot formation, swelling, char reactivity, 

and ash formation. Recently, Fourier Transform Infrared (Fr.IR) Emission/Transmission 

(E/T) spectroscopy was applied to a laboratory scale coal flame to determine ignition, soot 

formation, particle temperature, particle concentrations, gas temperatures and gas 

concentrations for a number of coals varying in rank from lignite to low volatile bituminous. 1 

Chars and demineralized coaJs were also included in this study. The study oemonstrated 

that the FT-IR Err  technique is a versatile diagnostic for studying coal combustion. 

However, it sufff~rs from being a line-of-sight technique. 

To correct this shortcoming, tomography techniques have been applied to both the 

FT-IR emission and transmission spectra to obtain spatially resolved spectra. This method 

has recently been applied to a stable, well defined co-annuls" laminar e'J'~lene diffusion 

flame, z~ From the spatially resolved spectra, point values for species temperature and 

relative concentrations were determined for CO~, H20, alkanes, alkenes, aJkynes, and soot. 

The CO~ and H20 temperatures were found to be in goocl agreement with measurements 

performed on the same flame by coherent-anti-Raman spectra (CAi~S)4 and the soot 

concentrations were in good agreement with soot concentrations determined by laser 

sca~ering, s 

This paper describes the application of FT-IR E/T tomography to a coal flame 

produced in a transparent wall reactor. From these spectra, spatially resolved point values 

have been obtained for particle temperature, relative particle density, relative soot 
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concentration, the fraction of ignited particles, the relative radiance intense, the relative CO= 

concentration and the CO= temperature. 

EXPERIMENTAL 

AIoDaratus 

The Transparent Wall Reactor [rwR) facility has been described previously. 1 =-he coal 

is injected upwards into a center of a 10 crn diameter upward flowing preheated air stream in 

the center of a 20 cm diameter × 70 c,-n tall glass en~osure. Figure I shows the temperature 

in the stream as a function of pos~on measured with a thermocouple in the absen~ 

of coal. The preheated air stream provides a stable hot environment for the coal up to a 

height of 30 m'n. Critical to the me?.surements is the flame stability which relies on a steady 

particle feeding system. Our feeding system employs mechanical vibration to displace and 

entrain particles into a carder gas. Improvements in the vibration system have resulted in a 

flame which is very stable in shape arm position except for the ignition point where verticle 

fluctuations of +_. 5 mm are observed. 

The enclosure has movable KBr windows to allow access to the flame by the FT-IR 

spectrometer (a modified Nicolet 20SX). As discussed in Ref. 6, emission measurements are 

made by directing the radiation emitted by the hot sample stream through an interferometer 

;o an "emission" detector. Transmission measurements are made by replacing this detector 

wi'~h a high intensity globar source which, after passing through the interferometer, is directed 

through the sample area to a "transmission" detector. The emission and transmission 

measurements are made along the same 1 mm wide by 4 mm high optical path defined with 

apertures. ~rth this optical geometry, parallel line-of-sight emission and transmission spec'+.~a 

were collected across the coal stream at 1 mrn increments along the radius. 
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MET irrf.rared detectors were used for both emission and transmission measurements. 

It is important to avoid possible saturation o, = the transmission detector due tc the direct 

impingement of flame radiation on the detector. Two methods were empioyed to verify that 

this did not occur:. 1) reproducible line-of-sight attenuation was observed when the detector 

was apertured to reduce the overall intensity, and 2) the same intensity was observed in a 

region of the spec'aum that was totally blocked (achieved by flooding the beam path with 

C02} in both the flame on and flame off conditions. D;'fferent intensities would indicate 

saturation. 

Sample 

The sample used in this experiment was a sieved fraction (200 x 325 mesh) of dry 

Montana Rosebud subbituminous coal. The characteristics of this coal has been published 

previously. ~'7 The current sample has an 11% ash content. The coal was fed into the TWR 

at a rate of 1.6 g/rain. 

Coal Flame 

The flame generated from this coal is shown in Fig. 2 and reproduces the flame 

analyzed previously by line-of-sight FT-IR E/T measurements. 1 Figure 2a presents a ~ew of 

the entire length of the flame. Below the ignition point, a few particles that ~re in the outer 

edge of the stream (closest to the hot gas) are observed to ignite. At 10 ~n the flame 

ignites. Also indicated is the extent ¢f the coal weight loss at several locations above the 

nozzle. The particle stream was c~ilected for these determinations with a 1.6 cm diameter 

water cooled extractor that adds cold helium gas to the hot stream to drop the temperature 

below 350"C as it is aspirated to a cyclone separator. Percent burnout was determined by 



ash tracer with a Lhermogravimetri¢ analyzer. 

A weight loss of 4 3 . ~  (DA~ was observed for material collected at the ignition poinL 

TGA analysis on this char indicated that it contains essentially no remaining volatile matter. 

All of the particias have reached a temperature to completely devolatilize but not significantly 

burn at this point in the 13NR, based on the starting matedal's volatile content of 42.8% 

SEM photographs were made of collec~J ,~>.ar. At ignition, most particles are of the 

same dimensions as before ignition but a few particles are larger (presumably swollen) and 

some are smaller (possibly fragmented). 

Figures 2b and 2¢ show close-up photographs of the flame taken with 1/250 seo and 

1/2000 se¢ exposures; .respectively. The photos indicate the structure of the flame, with the 

highest density of ignited particle shdnldng from the edge to the center-line with increasing 

height above the nozzle. The positions where the FT-IR tomographi¢ slices were measured 

are also indicated. The photographs show the relatively laminar appearance of the flame 

(Figs. 2a and 2b) while some non-uniformity can be seen along the center line in Rg. 20. 

The steadiness in the flame is also indicated by reproducibility of consecutive spectroscopic 

measurements. Typically line-of-sight measurements deviate by less than 10%. Multiple 

measurements are performed to average out these devia~ons. 

Measuremen~ were made of the particle velocities by measuring the length of tracks 

recorded with a video ~ e r a .  The results are presented in Fig. 3 for both combustion and 

pyrolysis c, onditions. For pyrolysis conditions, sufficient air was added to make a few 

particles ignite so that they could be viewed. The figure shows the velocities increasing to 

the hot gas velocity for pyrolysis and abov~ the hot gas veloc~y for combustion. The video 

pictures were also analyzed to determine the relative particle density as a function of position. 

Below the ignPJon region, scettedng from a He-Ne laser-was used to determine the width of 

the particle stream. 
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ANALYSIS 

Line-of-Siqh,t FT-IR E /F  Measure .m, ents 

The analysis for the line-of-sight FT-IR E/'[" measurement pertaining to mu~-phase 

reacting streams has been presented previously. 1"~'81° It is an extension of the 

emission/transmission method applied to gases and sooL 11"14 

For a medium containing gases and soot with absorption coefficients ~ u  and e=v and 

particles of geometrical cross-sectiens A at a density of N particles cm "~, the measured 

transmittance, Tv. is given by 

T v = exp(- (¢z=v + ~v  + NAF~v) L) (1) 

where ld v is the ratio of the total cross-se~on (extinction) to the geometrical ~oss-section. 

and L is the path leng~. The relative c~ncentrations of individual gas species, (related to 

e~) ,  soot (re!ated to ¢z=~) and par'riches (related to NAFv) are dete:mined ~om the regions of 

~,he spectra which can. be uniquely related to the ind'rvidual S l :~es.  

From the radiance Rv, the normalized radiance Ff' v = Rv/(1-T ) is obtained, 

¢Z=vR=v (T,~ ~- = • ¢Zgv R vCTg) + NA E v R=v('rp) + NAF "= vR=v(T) 
R"v = (2) 

r,'~. + ~v  + NAF',,, 

where Rb~,(T~), R~u(T=), R~v('T~) and RDv('I'.) are the black-body emission spectra at the 

temperatures T=, T,, Tp, and T,, of the gas, soot, particle, and wall, respectively. E v is the 

particle's spectral emittance and F" v is the cross-section for scattering radiation into the 
J 

spectrometer. F = v is taken as negligible in this analysis because the experiment is 

-81- 



performed with room temperature walls and the small diameter of the flame was chosen so 

that very little scattered radiation .',rom other parts of the flame can enter the spectrometer. 

The temperatures for individual components are obtained from the normalized radiance as 

discussed in Refs. 1,6,8-10. 

FT4R E/T Tomoqraphv 

The reconstruc"Jon of spatially resolved FT-IR spectra from multiple line-of-sight 

spectra has been described in detail elsewhere. 2"= We have employed the Fourier image 

reconstruction technique is which is capable of handling data from systems of arbitrary shape. 

Our flame, however, was cylindrically symme~;c. 

In transmission tomography the projections are of absorbance = Ioglo7. The program 

published by Shepp and Logan was adapted for this work is by applying the reconstru~on 

one wavelength at a time. 

In spectr~ regions for which Beer's Law applies, the two-dimensiona/image 

reconstructed #ore linmof-sight absorbance measurements leads to the dete'n'nination of the 

spatial dependenca of absorbance, and hence relative concentration. Reiat~ve concentration 

can be converted to absolute concentration if appropriate calibration measurements are 

made. 

A straight-forward application of the reconstruction technique to radiance spectra is 

not possible, because of self-absorption in the sample. In the c~se of smail absorbance 

encountered in this work (percent transmission > 80%), an emission measurement can be 

directly corrected by an absorption measurement made aJong the same path. A self- 

absorption correction corresponding to that used by Freeman and Katz was employed for the 

thin sample sbJdied. TM The Fourier reconstruction program can be applied directly to the 



emission thus corrected, to obtain Focal radiances. These are then converted to normalized 

radiance and the analysis proceeds as for the line-of-sight spectz~m. 

Examples of local radiance, transmission and normalized radiance spectra are shown 

in Figs. 4a, 4b, and 4d. ,'The tGmographic reconstruction process enhances noise in dat~ 

relative to that in the unprocessed data. In this work the data were smoothed by co-adding 

data from eight adjacent wavenumber bands...This results in degraded resolution from the 8 

cm "~ used, altho~:gh the resolution was still st,~cient to quantitative,'y measure the gas 

species. The results of the reconstruction were consistent in that the summed absorbance 

and radiance across the flame diameter agreed with the measured line-of-sight absorbance 

and radiance, as can be seen in Fig. 4c for absorbance. 

In each local absorbance spectrum, characteristic Fine features associated with carbon 

dioxide, the major gaseous component within the flame, can be identified (Fig. 4a). The area 

of this component Fine above the solid phase con*Jnuum was measured to derive the local 

relative concentration of CO z. Water is observed in the spectrum but not resolved well 

enough for quantitative deten'n.inations. ,'The shape and amplitude of ~e solid phase 

continuum can be analyzed to derive the local relative concentrations of par'acles or mixtures 

of particles and soot as described in Ref. 1. 

In like manner, each species can be identified in the local radiance spectra (Fig. 4b). 

..The particle/soot emission continuum is subtracted to determine the radiance corTIzibution 

from CO z The corrected Iota] emission and transmission values can then be employed to 

determine local specJes temperatures. 

Figure 4d shows a normalized radiance spe.drum calculated by the local radiance and 

transmission values. The local particle temperatures are obteJned by comparing the 

norma!ized radiance to theoretical black-body curves, which are "f~t" to the data in regions 

where the soli.:l phase continuum is not influenced by the gas phase species. Overlayed is a 

gray-body frt to determine particle temperature. As described in Ref. 1, the black-body 



mu,~plier used for each case is the constant fraction of the theoretical black-body which 

produces the best match in shape and amplitude to the experimental data. For a completely 

homogeneous sample of gray-body particles, M would be the particle's emissivity. For this 

case, some pa~cles may be unignited, or ash particles may be present at a much lower 

temperature and have a ve~ low ernittance. The multiplier than approximates the fraction of 

particles ignited in each Ioca! area *Jmes their emissMty. 

RESULTS 

Tomographic reconstruction has been applied to four sets of 21 par~lel line-of-sight 

E/i" measurements, at heights of 6, 12, 16, and 20 cm above the nozzie. One set of 

measurements was for a region below the visually observed ign~on point, where particle 

heat-up and devolatilization were occurring; one set of measurements was just above ignition 

and the two others were further up in the flame. The data are presented in Figs. 5 to 7. 

Figure 5a presents the height of the con*Jnuum blockage determined from the 

transmittance spectra as percent blockage of the incident IR beam. The tot~ blockage is 

divided into panicles and soot as described in Ref. 1. Soot is observed to appear at ign~on 

as inferred by the change in shape of the continuum, frGm sloping (particles) to flat (soot and 

particles). Below the ign:~on (6 cm above the nozzle) there are par*jcles only (no soot) 

confined to a radius of about 6 ram. This is in agreement with the boundaries as 

determined using the He-Ne laser. The multiplier, M (the product of emissivi~ times the 

fraction of ignited particles) in Fig. 5b shows a few particles (up to 10%) have ignited at the 

edge of the coal stream. Such ignited particles can also be seen in Figs. 2a and 2c. 

Just above ignition (12 cm above the nozTJe), the particles appear to be forced inward 

into a more dense central stream at the same time that some particles are spread outward. 

The spreading of the stream is confirmed by t~he video camera. The outward velocity of 
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particles can also be seen in Fig. 2b. This spreading is consistent with the location of the 

ignition zone centered at about 4.75 mm radius, indicated by the 0.5 M value in Fig. 5b (i.e., 

haft the particles ignite} as well as the high level of ignited material shown in Rg. 6a, the high 

radiance in Fig. 6b and the high CO 2 temperature in Fig. 7a. The increase in gas volume in 

t,~is zone must create pressure to compress the stream inward and expand the s~'eam 

ouhvard. The total blockage determ!ned by integrating the blockage l~mes area is shown in 

Fig. 5a. The integr.c, ted particle blockage is increased from 1.0 (by definition) at 6 crn to. 1.5 at 

12 cm. This suggests that the devolatilization which appears complete at this point may 

swell or fragment the particles to increase the blockage. 

At 16 crn the pa,'lJcle blockage is reduced (0.8) as the material bums out (Fig. 5a) and 

the ignition zone moves inward (Figs. 5b, 6, and 7a). 

At 20 crn, the blockage appears to go back up due to the increased blockage at 

radiuses above 4 ram. It is likely that the blockage at the edge of the stream is now due to 

ash as it is no longer luminous. The ignition zone has now moved to the center of the 

stream. 

Figure 6 presents the amount of burning material determined from: a) the multiplier M 

(Fig. 5b) times the total blockage (Fig. 5a), and b) the total local radiance determined at 

4500 crn" from the IocaJ R v spectra. These two determinations are in reasonable agreement. 

Both show the ignition zone decreasing from a rz:lius of about 4.25 mm at 12 crn height to 

the axis at 20 cm height. The high value of radiance along the center line at 12 ¢m and 

16 cm results from the very high values of the particle density even though M is low. The 

regions of high radiance determined spectroscopically agree with visual and photographic 

determinations of the bright ignition zone and the total luminous zone as shown on the 

figure. 
. 

Figure 7a presents the temperature of CO 2 (dashed line) and total continuum, both 

partlcles and soot (solid line). Also presented are measurements with a Pt + PtRh 
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thermocouple obtained at several points in the flame. The thermocouple temperature has 

been radiation corrected using a 0.9 em;ssivity because of the soot and ash coatings which 

developed on the surface. These readings are in reasonable agreement with the CO 2 

temperatures. The particles have a relatively constant temperature between 1900 K and 

2000 K in the ignition zone. Higher Temperatures (2200 to 2400 K) are, however, obsen,,ed 

ou'tside these zones. The higher temperature at large radius is understandable as due to a 

higher level of O z. The higher temperature at smaller radius for 12 cm matches the CO 2 

temperature, but the higher temperature along the center line at 16 ¢rn is puzzling. Note that 

prior to ignition, the ignited particles are only at 1700 K, but here, the ambient tempera,'ure is 

only 1500 to 1600 K as determined from the 002 temperature. 

The CO 2 temperatures are also presented in Fig. 6a (dashed line). The maximum 

CO= temperatures (.2300 to 2900 K) occur in the regions of high particle radiance where the 

maximum combustion is occurring. These temperatures are 400 - 1000K hotter than the 

particles in the same region suggesting that CO is burning to CO 2 away ~om the particles. 

CO~, temperatures are generally lower (below 2000 K) and are closer to the particle 

temperatures away from the ign'~on zone. The exception is the center at'16 cm which, as 

mentioned above, is puzzling. At 20 cm the CO 2 and particle temperatures are within 100 K 

except along the axis (the ignition zone) where the CO= temperature is hotter. 

The CO 2 concentrations ar~ presented in Rg. 6b. The relative concentration of CO 2 is 

determined from the area of the absorbance band. Below ignition the CO= concentral~cn is 

very small. Above ignition the CO`, level jumps drastically and spreads with increasing 

height. The shape of the CO~, concentration at 12 cm is inverse to the shape of the CO,, 

temperature and is most likely due to the variation in CO`, density with temperature. 



CONCLUSIONS 

Tomographic reconstruction t.echniques have been applied to FT-IR E/l" 

measurements to derive local values for species temperatures and concentrations within a 

laboratory scale coal flame. Values for particle temperature, relative particle density, relative 

soot concentration, the fraction of ignited particles, the relative radiance intense,, the relative 

CO= concentration and the CO 2 temperature have been obtained as functions of distance 

from the flame axis and height above the coal injector nozzle. The spectroscopic data are in 

good agreement with visual observations and thermocouple measurements. The data 

present a picture of the coal buming in a shrinking annulus which collapses to the center at 

the tip of the f~ame. CO 2 temperatures are highest ir: the rapid bu,.-n, ing zone (2300 to 

2900 K). The highest par'Jcle temperatures in this zone are 1900 to 2000 K, with 

temperatures up to 2400 K outside the zone. 
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