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ABSTRACT
The feasibility of using Fourier transform  infrared (FT-IR ) spectroscopy for 

in situ m easurem ent of gas phase species concentrations and tem perature during 
coal combustion is examined. This technique is evaluated in term s of its potential 
ability to  m onitor several im portan t chemical and physical processes which occur 
in pulverized coal combustion. FT -IR  absorption measurements of highly sooting, 
gaseous hydrocarbon/air flames are presented to  dem onstrate the  fundam ental use­
fulness of the technique for in situ detection of gas phase tem peratures and species 
concentrations in high tem perature com bustion environments containing coal, char, 
m ineral m atter and soot particles. Prelim inary results for coal/gaseous fuel/air 
flames are given.
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IN TRO D U CTIO N

T he problems associated w ith measuring the  composition and properties of hot, 
luminous, and particle-laden flows have received increasing atten tion  recently. The 
conflicting goals o f reducing pollution while burning increasingly complex fuels, such 
as coal and synthetic fuels, require greater understanding of heterogeneous combus­
tion processes such as coal devolatilization and oxidation (1) and soot form ation 
(2).

O ptical scattering techniques can be used in some cases to  measure particle sizes 
and velocities. Particle tem perature can often be measured by two color pyrom etry. 
Gas phase inform ation, however, is diflBicult to  obtain in these harsh, particle­
laden environments. The usefulness of spontaneous laser R am an and induced 
flouresence techniques is severely lim ited by the luminosity of the  particles (3,4). 
A bsorption m easurem ents m ay also be ham pered by the presence of particles, which 
can contribute a tim e varying background to  the absorption signal of interest.

These difficulties can be largely overcome by the use of FT-IR  spectroscopy in 
appropriately configured experiments (5). This paper reports results of our measure­
m ents of gaseous species concentrations and tem peratures in hydrocarbon/air flames, 
dem onstrating the  usefulness of this technique for in situ measurements. We also 
give prelim inary results for pulverized coal/gaseous fuel/air combustion environ­
m ents.

GENERAL CONSIDERATIONS

Insight into the  chem istry of pulverized coal combustion requires measurement 
of th e  concentrations and tem peratures of the  m ajor chemical species and particu­
lates under well controlled experim ental conditions. Futherm ore, the ability to 
determ ine the rates and mechanisms of chemical reaction requires m easurem ent of 
the  tim e evolution of these quantities. Lam inar flow reactor techniques are currently 
in use at Sandia to  obtain this kind of inform ation for a wide range of heterogeneous 
fuels. These systems are designed so th a t  reaction tim e is proportional to distance 
along the  reactor. Thus, spatial resolution of the reactor composition and tem ­
perature becomes im portant. The Sandia reactors, which operate a t  atmospheric 
pressure, perm it complete optical and sample probe access to  the  reacting fuel par­
ticles and also afford control of (a) the m aterial properties of the  unburned fuel, (b) 
the  ra te  of addition of fuel to  the  reactor, (c) the  high tem perature environment 
to  which the  fuel is exposed, and (d) the relationship between reaction tim e and 
distance along the  reactor.

Two reactors have been conflgured: one w ith injection of a single stream  of solid 
fuel particles along the center line, and one which is specially designed to facilitate



spectroscopic studies w ith fuel injection along the  optical axis of the  FT -IR  system. 
In both  reactors, spatial resolution of about 1 mm affords reaction tim e resolution 
of 1 msec. W ith  these general considerations in mind, we summarize in Table 1 the  
more im portant m easurem ent requirements.

A bsorption spectroscopy is particularly  well suited to  many of these require­
m ents as evidenced by th e  extensive litera ture  on its application to  homogeneous 
com bustion (6 ). For in situ m easurem ents of combustion processes, absorption 
spectroscopy has the  advantage of being non-perturbing, since th e  light inten­
sities used are far below those required to  drive chemical reactions to  any appreci­
able degree. Moreover, absorption spectroscopy can provide both  quantitative and 
qualitative information.

Q uantitative inform ation is derived from the application of the  Bouguer- Lam bert 
Law of absorption from which the  partial pressure of a  particular chemical species 
can be determ ined.

A(i/) =  In [/{i>)//.(i/)l =  -P{i>)PL  (1)

where:
A{i>) —  the  absorbance a t frequency i>.
/( i? ) =  the  intensity of the light transm itted  through the  sample a t P.
Io{P) =  th e  intensity of the  light a t frequency P before it enters the sample.
^[p) =  the  absorption strength  of the  chemical species a t frequency P.
P  —  the partial pressure of the  chemical species (atm ).
L  =  the p a th  length of the  light through the sample (cm).
The shape of ^{P) as a function of P (spectrum ) is unique for each chemical 

species, and so provides qualitative inform ation. The strong tem perature depen­
dence of P{P) provides a means of determ ining the  tem perature of the  absorbing 
species.

In th e  present study of flames we have used infrared spectroscopy (light in the 
frequency range P =  400 to  4000 c m ~ ^  where P =  l f \ ,  and X is the  wavelength 
of the  light in cm). Molecular absorption in th is frequency region is due to  in­
teraction  of the  oscillating electric field of the  incident beam w ith the  oscillating 
dipole moment produced by internal vibrations of the  molecule. Thus, atom s and 
homonuclear diatom ic molecules, such as H2 , N 2 , and O2, do not absorb infrared 
radiation to  any significant degree, and so they cannot be m easured by th is tech­
nique. However, heteronuclear diatomics and other polyatomics are strong infrared 
absorbers, and their presence can be detected easily. For m ixtures of gases, as are 
produced in the  combustion process, and  1 cm ~^ resolution, the  infrared absorption 
spectra of low molecular weight species (CO, NO, CO2 , SO2 , C2H 2 , C2H4 , etc.) are 
sufficiently well resolved th a t  they can be determ ined quantitatively. Higher resolu­
tion is required for H2O. Only qualitative determ inations are possible for hydrocar­
bons containing four or more carbons, even w ith high resolution. In addition to



Table 1

Measurement Requirements  f o r  in S i tu  P u lv e r iz e d  Coal 
Combustion S tu d ie s

Measurement O b je c t iv e Des ired  Value* Values Typical  
FT-IR*

1. Q u a n t i t a t i v e  Measure o f  
Major Chemical S p e c i e s

2 .  Temperature o f  Chemical  
S p e c i e s

3.  P a r t i c l e  S i z e  
D i s t r i b u t i o n

4.  S p a t i a l  R e s o lu t io n

Ho, 02 
m n

P, HpO, CO, COp, 
10 ppm [ 10%)

300 -  2000 K (5%)

0 . 5  -  150 Micron (30%)

< 100 Micron Thick ,
< 5 mm Wide,
< 5 mm Long

5.  Large Dynamic Range

6 .  I n t r i n s i c a l l y  
High S/N

7. I n s e n t i t i v e  to  
Flow i n s t a b i l i t i e s

8 .  I n s e n s i t i v e  t o  Thermal 
Emision by P a r t i c l e s

9.  Unique r e sp o n s e  to  Chemical  
S p e c i e s  and P a r t i c u l a t e s

1000

300

10.  Nonperturbing Does not  a l t e r  any 
p r o c e s s  by more 
than 1%

HpO, CO, COp, Ĉ Ĥ  
> n O  ppm ( 26%) "
Hp, Op, Np not  de-  
t e c t a o l e

300 -  2000 K (5%)

Mean P a r t i c l e  S i z e  
( 100%)

< 2 mm Diameter,  
Flame Boundary Long

1000

300

S/N Reduced by a 
Factor o f  1 .2 5

S/N Reduced by a 
Factor o f  5

Chemical s p e c i e s  g i v e  
sharp f e a t u r e s ;  p a r t i c ­
u l a t e s  g i v e  inc re ase d  
background ab sor p t ion

Does not  a l t e r  any 
p r o c e s s  by more 
than 1%

*Values  in p a r e n t h e s e s  g i v e  t y p i c a l  u n c e r t a i n t i e s .



its distinctiveness (which is greatest for small molecules), th e  infrared spectrum  of 
a molecule contains inform ation about the  presence of various molecular sub-units 
such as -CH2-, CH3-, -C = C -, etc. This is a significant aid in identifying combustion 
products and interm ediates.

Small particles (100 A to  100 //m  diam eter) absorb and scatter infrared radia­
tion. However, unlike molecular absorptions, small particles do not produce sharp 
spectral features, bu t give rise to  a noisy, slowly varying, background absorption.

Thus, in principle, infrared absorption spectroscopy provides a means of simul­
taneously m easuring chemical composition, tem perature  and m ean particle size and 
number density d istribution  in a com bustion environment.

Currently, three types of infrared spectrom eters are in wide use: grating, laser 
diode, and  Fourier transform . Typical operating characteristics of these spectrome­
ters are given in Table 2. Comparisons m ust be m ade w ith  some caution, since a 
special-purpose instrum ent of any one of the  types may be designed to  have one or 
two characteristics a factor of 10 better th an  those listed, b u t other characteristics 
are then  generally degraded.

There are several im portan t advantages in using the Fourier transform  spectro­
m eter in the  study of coal combustion. Its large frequency range makes possible 
m easurem ent of m any molecular species simultaneously, unlike diode lasers which 
are lim ited to one or two species due to  the ir small frequency range. Since we 
are concerned here w ith tim e averaged m easurem ents in a nominally steady-state  
experim ent, the  ability of a Fourier transform  spectrom eter to  scan rapidly and 
average m any scans is a substantial advantage. This perm its improvement of the  
signal-to-noise ratio  (S /N ). Because of the  frequency stability characteristic of FT- 
IR  spectrom eters, their ability to  improve the  S /N  in th is way is generally superior 
to  th a t  of a grating spectrom eter.

C haracteristics of Fourier Transform  Spectroscopy 
Relevant to  In  Situ Com bustion Studies

A t th e  heart of the Fourier transform  infrared spectrom eter is a  scanning 
Michelson interferom eter, shown schem atically in Figure 1 . Light from the  source 
strikes a beam -splitter a t P o in t O, resulting in two beam s. One beam travels to  the  
fixed m irror, F , th en  back through  the beam -splitter to  the  detector; th e  other beam 
travels directly through  the  beam -splitter, is refiected first by the  moveable m irror, 
M, then  by the  beam -splitter, and  is imaged w ith the  first beam a t th e  detector. 
The pa th  difference, 5, is called the  retardation  and is equal to  2(0M  - OF). For 
polychromatic light and ^ =  0 , a bright spot is produced a t the  detector, since 
the  two beams interfere constructively a t all frequencies. W hen | 5 | >  0, the  pa th



Table 2

Typ ic a l  C h a r a c t e r i s t i c s  o f  G ra t in g ,  Diode ,  and 
Fourier  Transform Infrared  Spectrometers

C h a r a c t e r i s t i c Grating Diode Laser Fourier Transform

Frequency Range 
(cm" )

3500 100 3500

S p e c t r a l  R e s o lu t io n  
(cm" )

1 0 .0 0 0 3 0 . 0 8

Frequency Repeata­
b i l i t y  (cm" )

0 . 5 0 .0003 0 .0 3

Scan Rate ( s i n g l e  
scan)  (cm" / s )

10 600 300

S i g n a l / N o i s e 200 200 10 ,000

Table 3

Summary o f  t h e  R e l a t i o n s h i p  o f  Various Measurement C o n s i d e r a t i o n s *

Operat ion “T “ -■ "2... 3 "■ 4' ■ 5 ' r ...

1.  Maximize S p e c t r a l  R e s o l u t i o n - + - - +

2.  Maximize S i g n a l - t o - N o i s e - + - - +

3.  Maximize D e t e c t a b i l i t y + + - - +

4 .  Minimize Averaging Time - - - 0 -

5. Minimize Computation Time - - - 0 0

6.  Maximize Temperature Accuracy + + + - 0

♦Optimizing a paramter g iven  under the  column heading r e s u l t s  in e i t h e r  
a d e s i r a b l e  e f f e c t ,  + , no e f f e c t ,  0 ,  or an u n d e s i r a b le  e f f e c t ,  -  , on 
the  o th e r  parameters  ( l i s t e d  as  1 ,  2 ,  3 ,  e t c . )



length for each beam is different. If th e  two beam s produced by the beam splitter 
have different frequencies, separated by Ai>, they  will constructively interfere a t a  
re tardation  of n/Ai>, where n is an integer. Thus, when the  moveable m irror is 
scanned, the  light intensity a t the  detector oscillates, producing w hat is called an 
interferogram , 1(5):

r + o o

I { ^ ) =  I  B{i/)cos{2Tri/6)-di/ (2 )

I{6) is one half of a Fourier transform  pair. The o ther half is:

• 4 -0 0r-t-oo

B { i ^ ) =  / 1 { 6 ) c o s {2-k P 6 )  • d S
Jo (3)

where B{P) is proportional to  the  frequency spectrum  of the  light source. W ith 
an absorbing sample between the  source/interferom eter and the  d e t e c t o r , i s  
proportional to  the absorption spectrum  of the  sample. Because of the com puta­
tional effort required to  perform th e  Fourier transform ation, m ost FT -IR  spectrome­
ters have a dedicated com puter which calculates B{P) from 7(5). The com puter 
also makes readily available powerful d a ta  reduction techniques such as spectrum  
smoothing, background subtraction, reference spectra subtraction and cross cor­
relation.

Since light of differing frequencies, separated by AP,  constructively interferes 
a t 5 =  l / A P ,  the  m axim um  retardation  of dmax determines the ultim ate resolution: 
A, A l/5,„aa;- For example, an interferom eter scanned 10 cm could produce a 
spectrum  having a  maxim um  resolution of 0.1  cm ~^. In practice the  resolution is 
slightly better th an  this.

Scanning th e  moveable m irror a t a ra te  of V  (cm /s) results in am plitude 
m odulation of the  optical frequency, P, a t a  frequency of f,; =  2VP.  The scan 
rate is m ade fast enough so th a t  the  lowest m odulation frequency can be amplified 
conveniently by an a.c. amplifier. For example: f(400 cm ~^) =  2 (1.2 cm/s)(400 
cm“ ^) =  960 Hz. T he product of 1/V  and 8max determ ine the  tim e required to 
obtain one interferogram , typically 10 seconds.

Since the  wide range of optical frequencies em itted  by th e  continuum  source is 
not significantly reduced by the  interferom eter, th e  optical range is determ ined by 
the  spectral cut-off of the  detector and by electronic filtering, which passes only the 
desired frequencies, fp.  In  addition, the  range, Pmax, is determ ined by th e  number 
of sample points, Ng,  required for a resolution of AP, Pmax =  A P N s /2 .

A n im portant theoretical advantage of Fourier transform  spectroscopy is the 
M ultiplex Advantage, or Fellgett’s Advantage. I t is equal to  where N  is the 
num ber of spectral elements: N  =  {Pmax - T'minl/A//. This is the  improvement 
in the S /N  ratio  of Fourier transform  spectroscopy over a  conventional, grating 
spectrom eter operated over th e  frequency range Pmax to Pmin w ith  resolution AP.
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In practice th is advantage is achieved only approxim ately due to  an imperfect beam­
splitter, th e  tim e required to  perform the  Fourier transform , etc.

A n  im portant practical advantage of Fourier transform  spectroscopy results 
from the excellent frequency accuracy from scan to  scan. For applications to  steady- 
state  experim ents such as the  present one, th is makes possible signal averaging 
vrhere m any scans are added together to  improve the S /N  ratio . This improvement 
increases as t^/^ , where t  is th e  tim e spent acquiring scans. The S /N  ratio  can be 
improved further by  smoothing. This is commonly done in two different ways: zero- 
filling the  interferogram  and convolution sm oothing of the  final spectrum . Zero- 
filling is accomplished by increasing the  num ber of spectral elements from I to  I -f- 
J, where the  additional J  points of the  interferogram  are given the  value of zero. 
Zero-filling sm ooths th e  spectrum  w ithout reducing its resolution. Convolution 
sm oothing is similar to  a weighted moving average of K  points and is equivalent to 
a p*^ order polynomial fit th rough th e  K  points. Generally 1 <  p <  3 and 3 <  
K  <  15. Convolution sm oothing results in a S /N  ratio improvement of but 
reduces the  resolution. Clearly, sm oothing procedures establish a trade-off between 
the tim e spent gathering d a ta  and th e  tim e spent computing.

APPLICATION OF FT -IR  SPECTRO SCO PY 
TO COMBUSTION ENVIRONM ENTS

Pulverized coal combustion presents a particularly difficult m easurement en­
vironm ent for absorption spectroscopy. T he principal difficulties are due to  in­
stabilities in  the  fiame geometry, therm al emission of the fiame, fiow instabilities, 
particle luminesence, and scattering and absorption of the infrared source beam by 
the  particles. Further, to  achieve good spatial resolution, the diam eter of the source 
beam m ust be reduced. This reduces the  optical th roughput and thus the  S /N  
ratio. Prelim inary experim ents to  evaluate the  technique have employed a simple 
lam inar fiow reactor heated and stabilized by a flat diffusion fiame. The reactor is 
configured to  perm it introduction of a test fuel, coal particles or gases, into the post 
fiame environm ent. The coal combustion environm ent is simulated by adjusting the 
fuel/a ir ratio  to produce copious am ounts of soot particles in the optical pa th  or by 
direct injection of coal particles. O ur prelim inary results show th a t the  S /N  ratio 
is degraded by a  factor of 1.25 for hydrocarbon/air flames relative to  a static gas 
sample; the  S /N  ratio  is fu rther degraded by a factor of 5 for coal/gaseous fuel/air 
flames. For the  hydrocarbon/air flames, the  noise resulting from  the  fiame itself 
was m uch greater th an  th a t due to  soot particles. The S /N  can be improved by 
averaging. But, for coal combustion, there is low freuqency noise which is difficult 
to  reduce by averaging; for example, th a t  produced from variation in the  ignition
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tim e, particle size dispersion, particle velocities and so on. Table 3 summarizes 
the  relationship of the  various FT -IR  m easurem ent param eters; Table 1 shows the 
performance of FT-BR relative to  th e  m easurem ent requirements.

PRELIM INARY EXPERIM ENTS AND EVALUATION

We have conducted a series of prelim inary experim ents for the  purpose of 
dem onstrating the  application of FT -IR  spectroscopy to  in situ m easurem ent of 
species concentrations and  tem perature  in luminous, particle-laden combustion en­
vironm ents. To our knowledge these are among the first of such studies to  employ 
FT -IR  absorption spectroscopy. However, similar studies have been carried out 
by Solomon and coworkers (7) using FT -IR  to  investigate coal devolatilization at 
tem peratures som ewhat lower th an  practical fiame tem peratures.

In th is section, th e  results of these experiments are summarized. W hile we 
emphasize th a t our objective has been to  quantify species detectabilities, sources of 
error, and  to  identify potential system improvements, the reader will note th a t we 
a t tim es infer m echanistic inform ation about th e  sequence of combustion events on 
the basis of our data . The very fac t th a t such seemingly sensible and self-consistent 
inferences can be m ade is, we believe, encouraging for the  fu tu re  application of 
FT-IR  to  in situ  com bustion studies.

All of our experiments utilized an FT -IR  spectrom eter, transfer optics, fiame 
source w ith associated gas handling system, and an infrared detector. This system 
has been described elsewhere (7-9); a top  view of the optical p a th  through th e  fiame 
is shown in Figure 1. Almost all of the  d a ta  presented in th is paper were collected 
a t 2 cm ”  ̂ spectral resolution and com puted in double precision using a 32 b it word 
length. Prelim inary d a ta  for coal com bustion experiments were collected a t 8 cm ~^ 
spectral resolution. Interferogram  files were enlarged by zero-filling, by a factor of 
two.

O ur transfer optics produced a beam whose maxim um  diam eter in the  fiame 
was 2.5 mm. Flam e sources could be transla ted  vertically, and we thus were able 
to  m easure the  infrared absorption of th e  fiame gases along a horizontal axis w ith a 
vertical spatial resolution of 2.5 mm. A lthough effort is being m ade to determ ine the 
m inimum practical diam eter required to  ob tain  an acceptable S /N , it is not clear 
th a t a  substantial reduction in beam diam eter will lead to  more detailed inform ation 
about the  combustion process. In  practice, some reduction in spatial resolution 
may serve to  improve the S /N  by spatial averaging, which, in the  fiow reactor, is 
equivalent to  tim e averaging.

The experiments to  be described in th is paper were m ade w ith three fiame 
sources: an ordinary kerosene lantern; a  fiat fiame surface-mixing burner to  study
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Fig. 1 . Top view of Michelson interferometer and flow reactor.



the  combustion of gaseous hydrocarbon fuels in  air; and a  modification of this, a 
fiat fiame burner designed to  inject coal particles into th e  fiame along the  optical 
line of sight (Figure 1). This la tte r configuration closely approxim ates the  lam inar 
flow reactor which we hope to  apply to  our subsequent studies of pulverized coal 
combustion.

Test Fuel: Kerosene
Commercially available kerosene was used as the  fuel; it was predom inantly a 

m ixture of aliphatic hydrocarbons. I t produced a  highly luminous, sooting fiame 
having about 25 mm m axim um  optical pa th  length. The infrared absorption spec­
trum  of th is fiame, 2 mm above th e  lantern  wick, is shown in Figure 2 . V ibration- 
ro tation  lines of w ater were observed from 1250 to  1900 cm “  ̂ {1/ 2 ) and from 3400 
to  4000 cm ~^ {vy and 1/3 ). The very intense 1^3 band of CO 2 is centered near 2330 
cm— ,̂ and the  P  and R  branches of th e  1/1 band of CO are centered around 2145 
cm"“ .̂ In  addition to  these expected lines, a larger num ber of lines were observed 
from the lower limit of th e  detector, 720 cm ~^, extending to  about 1000 c m ~ ^  
These result from excited higher ro tational levels in hot HgO molecules (2).

The m oderately intense absorption a t 2930 cm “  ̂ and the  weaker band a t 950 
cm “  ̂ are presum ably due to  gas phase hydrocarbons. Further exam ination of the 
band at 2930 cm ~^ reveals a partially  resolved shoulder a t about 2860 cm “ ,̂ and 
a much weaker peak a t 3010 cm “"^. The bands a t 2860 and 2930 cm “  ̂ can be 
assigned to  C-H stretching modes in aliphatic -CH2- groups; it is not obvious w hat 
fraction of these bands is due to  hot, unburned components of kerosene. I t  is clear, 
however, th a t  the bands at 950 and 3010 cm “  ̂ cannot be a ttrib u ted  to  unreacted 
fuel. These bands are typical of C-H in-plane bending and stretching modes of 
longer chain olefinic hydrocarbons. Their presence in a  series of spectra for this 
fiame suggests th a t  pyrolytic dehydrogenation of the  hydrocarbon fuel takes place 
in a zone imm ediately above th e  wick and extending upw ard some 10 mm.

These very luminous, highly sooting flames posed no insurm ountable difficulties 
in our absorption m easurements. The m ost severe problems arose from instability 
in the  flames resulting in low signal-to-noise ratios. The stability  of the  fiame was 
increased by surrounding the  wick housing w ith a chimney. Rem aining instabilities 
were further com pensated for by tim e averaging 400 interferograms. This greatly 
improved the S /N  ratio.

Test Fuel: Gaseous Hydrocarbons.
More system atic evaluation followed our encouraging prelim inary results. In 

th is section we summarize d a ta  presented elsewhere (8- 10) for very stable m ethane/ 
air, p ropane/air, and m ethane/ p ropane/ air combustion. These studies m ade use
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Fig. 2. FT-IR spectrum of kerosene flame, 2 mm above wick.



of the  lam inar flow reactor shown schem atically in Figure 1. In the  reactor, a m ulti­
element diflFusion flame surrounds and stabilizes the  combustion of a secondary fuel 
which is injected along the  center line of th e  burner to  be coincident w ith the  FT -IR  
optical axis. Using th is arrangem ent, combustion of the  secondary fuel (test fuel) 
can be m onitered as a  function of com bustion tim e by raising or lowering the  reactor 
relative to  the  IR  beam.

We have calculated an axial tem perature proflle for the  m ethane and m ethane/ 
propane tes t fuels using m easured peak absorbances of v ibration-ro tation  lines in 
the  P  branch of the  CO fundam ental (Figure 3). Since our spectral resolution is 
some 10 tim es broader th an  the expected line widths, we relied on an isointensity 
m ethod which compares lines of equal intensity for a given tem perature rather th an  
a ttem pting  to  calculate accurate in tegrated intensities. Lines due to  the  /^(2-l) 
hot band are clearly observed in our da ta . Comparing i/(I-0 ) lines of calculated 
isointensity which are best resolved from the hot band lines, we arrived at the 
tem perature profiles shown in Figure 4. Uncertainties in each point are an average 
of 12.5 sm ooth curve is shown solely to  connect the  d a ta  and has no theoretical 
basis. In  spite of these large uncertainties, the  calculated maxim um  tem peratures 
are quite reasonable for flames of th is type.

Signal-to-noise ratios in these experim ents follow a t^/^  dependence (where t  
is the d a ta  collection tim e) as shown in Figure 5 for a m ethane/a ir flame. Noise 
generated by flicker in th e  test fuel combustion caused a reduction in S /N  by a 
factor of 1.25 from a condition w ith no flame present. We have m easured S /N  
ratios for two different sets of transfer optics differing in peak detector signal by 
a factor of 2.45, and we observe th a t  the slopes of the two lines differ by a factor 
of 2.25. This is good experim ental agreem ent for these m easurements and is the 
behavior expected for detector lim ited conditions.

Using m ethane as the prim ary and test fuels, th e  reactor produced a very lightly 
sooting flame, and no infrared absorbing species were observed other th an  H2O, CO, 
CO2 and unburned CH4 .

W hen propane was used as the  prim ary and tes t fuels, we identified CH4, C2H4, 
and C2H2 as decom position products in addition to  H2O, CO, CO 2 and unburned 
propane. These first th ree  species appear to  peak a t a flame tem perature of 1000 K; 
these bands gradually decrease (those due to  m ethane and ethylene more rapidly 
th an  acetylene) as the  flame tem perature  and distance above th e  burner surface 
continue to  increase.

Several bands were observed which had peak absorbances a t 1400 K , and were 
similar to  the broad, unresolved hydrocarbon species found in the kerosene/air 
flames discussed above. Bands a t 955 and 3005 cm “  ̂ were assigned to bending and 
stretching modes of gas phase -C H = C H - groups. A  much broader band was centered 
a t 2995 cm “  ̂ and was assigned to  the  unresolved symmetric and asymmetric C- 
H stretching modes of aliphatic -CH2- groups. All of these broad hydrocarbon
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bands rapidly decreased in intensity  as th e  flame tem perature increased, and were 
essentialy absent in th e  luminous, sooting reigon.

Using m ethane as the prim ary fuel and propane as the  tes t fuel, resulted 
in a very rich, soot-laden region along the  center of th e  burner w ith a sharp 
onset of intense yellow incandescence about 20  mm above the  burner surface. 
Nevertheless, the  detector signal rem ained fairly stable well into the luminous zone. 
We did,however, observe a slow variation in the  baseline of each interferogram  due 
to  flicker.

O ur d a ta  for m ethane(prim ary)/propane(test) fuel clearly show a lack of the 
C2H4 and C2H2 which was form ed when propane was the  exclusive fuel. Any 
production of CH 4 would be masked by the presence of unburned C H 4 from the 
prim ary fuel. Since these unsatu rated  species were also not detected in the  m ethane/ 
air flame, one might infer th a t  these small hydrocarbons arise m ainly from the 
pyrolytic decomposition of propane. Oxidative a ttack  on the  propane molecule 
is probably more strongly favored in the  m ethane/p ropane/a ir flame due to the 
more rapid  increase in tem perature near the  base of the  burner observed in our 
experiments.

We do observe three broad infrared bands in these flames (Figure 6 ) which 
are located a t the  same frequencies as those observed in p ropane/air flames. Peak 
absorbance values for the  bands a t 955 and 3005 cm ~^ show th e  same dependence 
on tem perature  for bo th  propane/air and m ethane/p ropane/a ir flames w ith a peak 
in olefin concentration occurring a t about 1400 K  as shown in Figure 7. It is quite 
tem pting  to  infer from this inform ation th a t  these olefinic species are gas phase 
soot precursors since Dyer and Flower have recently dem onstrated the  im portant 
role of tem perature in the production of soot (11). Com parison of our d a ta  w ith 
the literature (12) indicates th a t these unsatu rated  hydrocarbons are probably 
unconjugated, noncyclic secondary olefins. Our d a ta  also show approxim ately equal 
intensities for the  two modes which is consistent w ith an equimolar m ixture of both 
isomers of a given olefin.

Test Fuel: Pulverized Coal
Prelim inary experiments to  evaluate FT -IR  absorption spectroscopy as a diag­

nostic technique for in situ detection of gas phase species during coal devolitization 
and oxidation are currently underway. The flat flame burner shown in Figure 1 
is used to  provide a hot, oxidizing environm ent, and pulverized coal particles are 
injected into the  lean, prim ary flame along the  optical axis in a  fashion similar to 
th a t  described earlier for th e  m ethane / p ropane/air flames. P ittsbu rg  Seam # 8  
bitum inous coal milled to  produce a broad size distribution w ith a m ean diam eter 
of about 60 fj,m was used in th is  study . A  fluidized bed feeder perm its entrainm ent 
of the  particles into th e  combustion gases and distribution to  the  burner through a
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manifold w ith 29 tubes of 0.38 mm diam eter. Particle flow £^ong the  optical axis is 
relatively steady on average as evidenced by the  visible luminosity of the  combust­
ing coal. Some end effects are noticeable and are probably due to  a combination 
of m anifold pressure and post-flame gas tem perature differences along the  burner 
axis.

Therm al emission, scattering and adsorption due to  the  low num ber density, 
burning coal particles caused a  severe tim e variation in the  interferogram  baseline -  
much more th an  was observed for the high num ber density soot particles produced 
in the  gaseous fuel/a ir flames. These fluctuations could be satisfactorily reduced 
by tim e averaging interferogram s, and th e  improvement in S /N  ratio  followed the 
same t^/^ behavior as was observed in our previous experiments. We compare S /N  
ratios for m eth an e /a ir post-flame gases, w ith and w ithout coal particles injected, 
a t 2500 cm “  ̂ in Figure 8 . The presence of coal particles reduces the S /N  ratio by 
a factor of 5 under our present conditions.

In Figure 9 we present low resolution spectra of these post-flame gases from 800 
to  4000 c m ~ ^  In  these spectra the  presence of H2O and COq are clearly observed 
despite the  noisier d a ta  for the  gases containing coal particles. These spectra are 
intended to  dem onstrate th e  feasibility of obtaining useful infrared absorption of 
gas phase species in coal-laden flames using FT -IR  spectroscopy. No quantitative 
in terpretation  of these spectra was made, since the  greater pa rt of the gases observed 
are produced by the combustion of m ethane in the  prim ary flame. Nevertheless, 
the  technique has been unambiguously dem onstrated. W ork is currently underway 
to  quantify the  detectability  of low molecular weight gases and their tem peratures 
during coal com bustion using non-carbon or non-hydrogen containing fuels in order 
to  remove interferences from the prim ary fuel. A  prelim inary estim ate of the typical 
detectability  for 2 cm”  ̂ resolution, 5 cm sample path  and 10 min averaging time 
per reactor position is 20  ppm.

FU TU R E DEVELOPM ENTS

A t the  moment we are progressing in three, related  directions in these studies.
(1) We are improving and  enlarging the capabilities of our flow control system 

and burner design to  allow a greater variety of solid fuels to be studied and to 
achieve greater control of the chemical environment in which they are pyrolyzed 
and oxidized.

(2) O ur FT -IR  spectrom eter and  d a ta  processing system have been recently 
upgraded to  achieve a  maxim um  spectral resolution of 0.08 cm ~^ (compared to  our 
previous lim itation of 0.5 cm ~^). The new intereferometer has been placed on an 
optical tab le  w ith a central access hole to  accommodate a  flow reactor source and
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to  allow other experim ents, such as optical particle sizing, optical pyrom etry, and 
physical sampling, to  be conducted concurrently w ith th e  infrared m easurements. 
Com puter memory in  th e  FT -IR  system has been expanded, and  a vector proces­
sor has been added in order to  calculate Fourier transform s of the  very large, high 
resolution d a ta  files in  a m atter of m inutes (rather th an  hours). T he design of tran s­
fer optics is being improved continually to  increase th roughpu t of th e  m odulated 
infrared beam while increasing the  spatial resolution w ithin the  fiame.

(3) Com puter codes are being developed in order to  fit the  observed spectral 
lines to  calculated band  shapes as a function of tem perature, num ber density and 
to ta l pressure. Correlation techniques will be used to  identify and m easure quantita­
tively, species whose band  intensities are on th e  order of the  noise level. Q ualitative 
identification of unresolved, broad-band hydrocarbon interm ediate species will con­
tinue in a  fashion similar to  the  studies of gaseous fuel/a ir fiames. Some quantitative 
estim ates of particle size can be m ade from m easurem ents of infrared scattering and 
can be com pared w ith visible particle sizing studies.

26



ACKNOW LEDGEM ENTS

T he authors wish to  th an k  D r. D . R . Hardesty for m any helpful suggestions 
and Mr. K. Hencken for construction of th e  burners. This work was supported by 
the  D epartm ent of Energy.

R E FE R EN C ES

[1] Hardesty, D. R ., and Pohl, J. H., N ational Bureau of S tandards Special 
Publications, 561, 1979, pp 1407-1449.

[2] Wagner, H. G., “Soot Form ation in Com bustion,” 17th Symposium (Inernational) 
on Combustion, The Com bustion Institu te , 1979, p 3.

[3] Eckbreth, A. C., J. Appl. Phys. 48, 4473 (1977).
[4] Flower, W. L., and Miller, J. A., W estern States Section/ The Combustion 

Institu te , Paper No. 7918 (1979), also Sandia R eport, SAIW  79-8607.
[5] Griffiths, P . R ., ’’Chemical Infrared Fourier Transform Spectroscopy,” John 

Wiley and Sons, N. Y., 1975.
[6 ] Gaydon, A. G., ” The Spectroscopy of Flames ” John Wiley and Sons, N. Y.,

1974.
[7] Solomon, P. R ., Hamblen, D . G., Carangelo, R . M., Proceedings of the  International 

Conference on Coal Science, Dusseldorf, Sept., 1981; and Freihaut, J. D., 
Solomon, P . R ., and Seery, D. J., Amer. Chem. Soc. Div. Fuel Chem. Froc.
25 (4) 1980.

[8 ] O ttesen, D.K. and Stephenson, D.A., ’’Fourier Transform Infrared (FT-IR) 
M easurem ents in Sooting Flam es," Sandia R eport SAND81-8686, April 1981.

[9] O ttesen, D.K. and Stephenson, D.A., "Fourier Transform Infrared (FT-IR) 
M easurements in Sooting Flam es,” 1981 Internatl. Conf. on FT -IR  Spectroscopy, 
Univ. So. Carolina, S.C., 1981.

[10] O ttesen, D .K. and Stephenson, D.A., Comb, and Flame, 46: 95-104 (1982).
[11] Dyer, T. M. and Flower, W . L., Sandia R eport, SAND 80-8663, Nov., 1980.
[12] Craver, C. D ., ” Gases and Vapors,” Colblentz Society Inc., Kirkwood, Missouri, 

1980.

2 7 / 2 8



’  ^ 6 ' ^ c r f

UNLIMITED RELEASE 
I n i t i a l  D i s t r i b u t i o n

f i t

R.
R.
J .
T.

B. 
D. 
D. 
R.
A. 
L. 
J.  
R. 
G •
w.
w.
c .
w.
p.
M.
D.
W.
C.
D. 
T.
B. 
L. 
D.

S.  C la a s e n ,  5800
E. Whan, 5820
A. B orders ,  A t tn ;  D. M. Haaland,  5823
B. Cook, 8000;  A t tn :  D. M. O lson ,  8100

F. Murphey, 8300  
M. S c h u s t e r ,  8310  
A. N i s s e n ,  8312  
W. Mar, 8313  
J .  West,  8314
A. West,  8315
C. Swearengen,  8316  
L. Rinne ,  8320
W. Anderson,  8330  
Bauer, 8340
D. Wilson ,  8341
F. M e l i u s ,  8343
B. G aus ter ,  8347 
L. M attern ,  8510 
A. Gusinow, 8511
A. S te p h e n s e n ,  8511 
J .  McLean, 8513 
W. Robinson ,  8520  
R. H ard es ty ,  8521 (55)  
M. Dyer, 8522  
R. S a n d er s ,  8523 
R. Thorne,  8315 (5 )
K. O t t e s e n ,  8315 (5)

A. N. B l a c k w e l l ,  8200 
L. G u t i e r r e z ,  8400  
D. H a r t l e y ,  8500

P u b l i c a t i o n s  D i v i s i o n ,  8 2 6 5 ,  f o r  TIC (2)
P u b l i c a t i o n s  D i v i s i o n ,  8 2 6 5 /T e c h n ic a l  Library P r o c e s s e s  D i v i s i o n ,  3141 
Technical  Library P r o c e s s e s  D i v i s i o n ,  3141 (3)
M. A, Pound, 8214

29


