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Fourier transform infrared spectroscopy was performed on premixed flames of tita-
nium tetraisopropoxide, methane and oxygen. A combination of emissionrtransmission
( )ErT measurements yields gas temperature, gas concentrations, soot temperature, soot
concentration and absorption features of TiO particles. To ®alidate the temperature2
measurements, a thermocouple is inserted into the IR path within the flame, and its
temperature is compared to the surface temperature from ErT analysis which agrees
quite well. The HITEMP and HITRAN databases are used to determine the gas mol
fractions in the flame. Soot is obser®ed in the emission spectra of the flame, and its
concentration decreases with its increasing position abo®e the burner. The soot tempera-
ture is always less than the gas temperature. The IR feature of TiO particles is hard to2
obser®e, because it is ®ery small relati®e to H O and CO features. Interfering features,2 2
howe®er, were remo®ed using either calculated spectra or by experimentally generating a
reference flame using an acetone] methane flame.

Introduction

Temperature measurements employing conventional ther-
mocouple probing in nonsooting flames can give relatively ac-
curate results, but when soot or particles are formed in the

Žflame, such measurements become less accurate Kent and
. Ž .Wagner, 1984 . Madson and Theby 1984 studied the use of

thermocouples to measure temperatures in nonequilibrium,
high-temperature reactive gas flows by comparing the mea-
sured gas temperature in a SiO flame with particle-coated2
and noncoated thermocouples. They found that a significant
error occurs in flame temperature measurements due to cat-
alytic heating when platinum and or other transition metal
wire is used in the thermocouple.

In addition to conventional thermocouple insertion, vari-
ous other methods have been used to measure flame temper-

Ž .atures. Kent and Wagner 1984 first successfully used a
rapid-insertion technique, which allows for the insertion of a
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thermocouple into a flame for a well-defined time using a
Ž .rapid-insertion instrument. Govatzidakis 1993 also used this

technique to obtain axial and radial temperatures in laminar
Ž .diffusion flames. Boedeker and Dobbs 1986 and Farrow et

Ž .al. 1984 used coherent anti-Stokes Raman spectroscopy
Ž . Ž .CARS , while Bengtsoon et al. 1992 used rotational CARS
thermometry to obtain flame temperature.

Ž .Fourier transform infrared FTIR spectroscopy has also
been used in various applications for measuring hot gas tem-
perature and was found to be in good agreement with other

Ž .temperature measurement techniques Solomon et al., 1986 .
Ž .Best et al. 1986 showed that the use of combined spectral

Ž .emissionrtransmission ErT infrared provided information
on hot gas temperature in an ethylene diffusion flame. The
transmission measurements yield information on the gas-
phase composition, particle composition, mass fraction, and
size; emission measurements contain information on the tem-

Ž .perature of the gases and particles Best et al., 1986 . They
found that the particle temperature measurements made by
this technique can be as accurate as "25 K. Solomon et al.
Ž .1986 also used FTIR ErT as an in situ combustion diagnos-
tic of an ethylene diffusion flame, and found that the FTIR
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temperature measurements are accurate to within "50 K
when compared with other methods, such as thermocouples

Ž . Ž .or CARS Best et al., 1991 . In addition, Best et al. 1991
used the FTIR to observe soot, as well as other forms of
hydrocarbon complexes in the ethylene diffusion flame. When
coupled with tomographic reconstruction, these authors found
that the soot temperature differs from the gas temperature at
the same location over large regions of the flame, with a max-
imum difference of 360 K. In a similar work, Markham et al.
Ž .1990 studied the combustion of a coal flame using FTIR
and determined point values for species temperatures and
relative concentrations. They used a PtqPtrRh thermocou-
ple at various positions in the flame. The thermocouple tem-
perature was corrected for radiation losses using a 0.9 emis-
sivity factor because of the soot and particles coating the sur-
face. They also obtained values for particle temperature, rel-
ative particle density, relative soot concentration, relative ra-
diance intensity, as well as relative CO concentration and2
temperature as a function of distance from the flame axis
and height above the coal injection nozzle. They found that
the highest CO temperature ranged between 2,200 and 2,6002
K, while the highest particle temperature ranged between

Ž .1,900 and 2,000 K. In other work, Morrison et al. 1990 stud-
ied diamond growth in an oxygen]acetylene flame using FTIR
ErT analysis. They estimated temperatures for the various
species in the flame and found that the temperature of CO2
ranged between 2,800 and 3,300 with a variation of "50 K.

Ž .Morrison et al. 1997 also used FTIR spectroscopy to study
the effect of electrical fields on the flame synthesis of TiO2
from the oxidation of TiCl . They observed that electrical4
fields increased flame temperature. The TiO particle and2
the gas temperatures were found to be the same.

The primary objective of this work is to use ErT FTIR to
map out the axial concentration profiles of gas and particle
Ž .TiO and soot concentrations for CH flames containing2 4

Ž .the precursor, titanium tetraisopropoxide TTIP . We have
used these IR measurements to develop quantitative meth-
ods of measuring concentrations of gas species and particles
as well as gain understanding of the competing roles of pre-
cursor pyrolysis and combustion in these flames. In contrast

Ž .to our previous work Morrison et al., 1997 , a TTIP]CH4
flame is used to synthesize TiO particles so as to avoid the2
chloride chemistry of a TiCl ]CH flame. In addition, this4 4
work is an extension of our other results reported in Arabi-

Ž .Katbi et al. 2000 . In that work, we also applied in situ FTIR
Ž .spectroscopy as well as thermophoretic sampling to study

the role of the axial temperature profile in the formation and
growth of TiO particles in the TTIP]CH flame. FTIR pro-2 4
vided temperature information while thermophoretic sample
was used to measure particle size. We found that the average
primary particle size increases while the flame temperature
decreases with increasing height in the flame. In contrast, this
work measures the axial concentrations of gas species within
the flame as a function of the TTIP flow rate. Calculation of
reference spectra for the gases is possible using the HI-
TRANrHITEMP databases and the method of Morrison and

Ž .Taweechokesupsin 1998 . Another objective is to use FTIR
measurements to determine the axial profile of the soot con-
centration in the TTIP]CH flame as well as its temperature4
profile; soot is not found in the TiCl ]CH flames of Morri-4 4

Ž .son et al. 1997 . This information will improve our under-

standing of the role of precursor pyrolysis in the flame chem-
istry. A third objective is to show that by carefully removing
hot H O and CO absorption features from the flame spec-2 2
tra, we can detect the IR spectrum of the TiO particles2
within the flame. Finally, we have reverified the accuracy of
the ErT methodology by recording the ErT FTIR spectra
from a thermocouple inserted in the CH flame; after calcu-4
lating the surface temperature of the thermocouple using the
ErT measurements, we compare the surface temperature di-
rectly to the thermocouple’s readout. A nonsooting methane
flame is selected to avoid inaccuracies in the thermocouple
readout due to particle deposition.

Experimental Procedures
Apparatus

Ž .The burner setup Vemury and Pratsinis, 1996 appears in
Ž . Ž .Arabi-Katbi et al. 2000 . Methane Praxair, 99.5% is used
Ž .as fuel, while oxygen Praxair, 99.6% is used as oxidant. Liq-

Ž . Ž . Žuid titanium tetraisopropoxide TTIP , Ti O}C H Al-3 7 4
.drich, 97% is heated to 1258C using heating tape. Burning

w Ž .xTTIP in contrast to TiCl Morrison et al., 1997 provides4
less corrosive and relatively safer reactants and products. Us-
ing TTIP can also produce highly pure TiO particles that2
are necessary for certain applications; the absence of HCl
from the effluent stream of the process generates particles of

Ž .much greater purity. Argon Praxair, 99.99% is first bubbled
wŽ . xthrough a gas washing bottle bubbler , Corning containing

Ž .Drierite anhydrous CaSO size 8 mesh to dry the gas, then4
passed through the bubbler containing the liquid TTIP to

Žcarry the TTIP vapor into the burner. Nitrogen Praxair,
.99.5% is used as a diluting gas, as well as a sheath gas in the

Ž 3 .outside line in the burner. The sheath N 6,000 cm rmin is2
fed through the outer ring of the burner to reduce the flame
flicker and contact with the surrounding air. The gas flow
rates are: 400]1,000 cm3rmin for Ar, 3,300]3,800 cm3rmin
for diluting N , 1,200 cm3rmin for O , and 400 cm3rmin for2 2
CH . Different Ar and diluting N flow rates are used to4 2

Ž .obtain different TTIP mass flow rates Table 1 . Downstream
of the bubbler, all the gas lines are wrapped with heating
tape to prevent any condensation of the precursor. A check
valve is used to prevent any flame flashback. The burner
Ž .stainless steel, 2 cm ID is packed to three-quarters of its
volume with 5-mm glass beads supported on a screen. The
flame is stabilized on the burner mouth using a 3.5-cm-long

Ž . 2mullite monolith Corning honeycomb with 400 openingsrin
Ž .Vemury and Pratsinis, 1996 . A burner-stabilized, premixed,
flat flame is used here, as most of the particles experience

Table 1. Experimental Conditions and Flame Characteristics
for Different TTIP Mass Flow Rates

AdiabaticLuminous
Mass Flow Argon Diluting N Flame Flame Fuel2

Rate Flow Rate Flow Rate Height Temp. Equiv.
U3 3Ž . Ž . Ž . Ž . Ž . Ž .grh cm rmin cm rmin cm K Ratio f

Ž .4 TTIP 300 3,750 6.0 2,130 1.34
Ž .11 TTIP 400 3,850 7.0 2,355 1.13
Ž .15 TTIP 850 3,500 7.5 2,435 1.04

U
f is defined as the fuelroxidizer ratio divided by the stoichiometric

fuelroxidizer ratio.
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similar temperature and gas velocities across the flame
Ž .Vijayakumar and Whitby, 1984 .

w Ž . xFor the acetone CO CH flame experiments, acetone is3 2
Ž .placed in the gas washing bottle bubbler instead of the TTIP.

The argon and diluting N flow rates of the gases are in-2
cluded in Table 1, while the O , CH , and the outside N2 4 2
remained the same as in the case of TTIP. No heating is
applied to either the bubbler or the gas lines when acetone is
used as a precursor because of its high vapor pressure.

Infrared measurements
The FTIR spectrometer used in this study is a Bomem

MB157 operating over the spectral range 6,500]500 cmy1

with a resolution of 2 cmy1. The spectrometer uses a wide-
Ž .band deuterated triglycine sulfate DTGS detector for the

transmission measurements and a HgCdTe detector for the
emission measurements. Two off-axis paraboloidal mirrors
focus the IR through the flame, with a spot size of less than a

2 Ž .1 cm Morrison et al., 1997 . The path correction spectrum
for the emission measurements is taken using a blackbody

Žcavity placed at the focus of the optics Morrison and Haigis,
.1993 ; a room temperature correction to the path correction

is not required, since it will be small in comparison to the
blackbody cavity and the flame emission. A background
Ž .transmission spectrum is first taken with no flame and no
source gases; the sheath N stream is kept on. After the flame2
is ignited, a transmission spectrum is collected, followed by
turning the IR source off in the spectrometer and collecting
an emission spectrum. Twenty scans are taken for each of the
transmission and emission spectra. For the measurements

Žwhere the thermocouple is inserted in the flame, a transmis-
.sion background spectrum is first taken without the thermo-

couple. Then the thermocouple is inserted in the path of the
IR beam. The thermocouple was lowered into the focal spot

Žfrom the top so as not to influence the gases upstream see
.Results and Discussion for more details . The alignment op-

Ž .tion in the FTIR software BGRAMS from Galactic, Inc. is
used to ensure that the area of the thermocouple tip actually
blocks part of the IR beam. A 17% reduction of the IR signal
is typical when the thermocouple is inserted in the IR path.

Ž .Another transmission background is then taken before ig-
niting the flame. A standard procedure is then followed by
taking both transmission and emission spectra of the flame at
the same location as the thermocouple. The thermocouple

Ž . Žused is a K-type stainless steel SS thermocouple Omega
.Engineering . The thermocouple temperature is corrected for

Ž .heat loss according to Collis and Williams 1959 . The emis-
Žsivity factor for a carbon-coated thermocouple is 0.57 Lide,

.1982 .

Emissionrrrrrtransmission analysis
The ErT analysis compares the normalized radiance calcu-

lated from the actual radiance of a sample to the best fit of a
Ž .Planck function Solomon and Best, 1991 , where the Planck

function spectra can be calculated according to Griffiths and
Ž . Ž .de Haseth 1986 . The normalized radiance, R y , of a sam-n

ple can be calculated using:

R yŽ .
R y s 1Ž . Ž .n 1yt yŽ .

Ž . Ž .where R y is the actual radiance and t y is the transmit-
tance of the flame. The normalized radiance is then com-

Ž .pared to a Planck function at various temperatures R y sn
Ž .BB y , T , until a best match is achieved. The best match

provides an average gas temperature of the sample flame.

HITRAN and HITEMP calculations
HITRAN and HITEMP databases are used to calculate the

Ž .relative gas concentration H O and CO in the flame using2 2
Ž .the method of Morrison and Taweechokesupsin 1998 . The

method consists of using the spectroscopic parameters in HI-
Ž .TRAN and HITEMP databases Rothman et al., 1987, 1992

to calculate the gas spectrum at a given temperature, total
pressure, and partial pressure. The HITRAN databases are
used to obtain the desired spectrum at relatively low temper-

Ž .atures less than 700 K , while the HITEMP databases are
used to obtain the desired spectrum at the higher tempera-

Ž .tures 1,400 to 2,200 K .
ŽTo briefly summarize this procedure Morrison and

.Taweechokesupsin, 1998 , we calculate a set of standard
Žspectra at specific temperatures 700, 1,400, 1,600, 1,800, 2,000

. Žor 2,200 K and partial pressures 0.2 atm for H O or 0.1 atm2
.for CO . All calculations use total pressures1 atm and a2

path length equal to 2 cm. The calculation accounts for all
Žthe major line-broadening mechanisms: Lorentzian pressure

. Ž .broadening , Gaussian temperature broadening , or Voigt
Ž .mixed broadening . The spectral ranges of interest for CO2
are 900]500 cmy1 and 2,400]2,300 cmy1, while for H O they2
are 1,000]500 cmy1 and 1,560]1,000 cmy1. Once a high-res-
olution spectrum is calculated, an inverse Fourier transform
is then applied to the spectrum to yield a synthetic interfero-

Ž .gram. The interferogram is then apodized triangle function
Ž y1.and truncated to the desired resolution 2 cm and Fourier

transformed back to yield the 2 cmy1 resolution spectrum.
To calculate the mol fraction of H O and CO using these2 2

standard spectra, we base-line correct the absorbance of the
flame spectrum so the base line is very close to zero for com-
parison with the standard spectrum. The absorbance of the

Žcalculated HITEMP H O spectrum calculated at the esti-2
.mated average gas temperature from ErT analysis is then

obtained in the 1500]1100 cmy1 wavenumber range. This
spectral range is selected because only water absorbs in this
range. A least-square analysis is then used to obtain the rela-
tive magnitude of the experimental compared to the standard
spectra:

2w xw xRelative magnitudesÝ ref y =exp y rÝ ref y ,Ž . Ž . Ž .Žy y

Ž . Ž .where ref y is the standard spectrum, exp y is the experi-
Ž y1.mental spectrum, and y is the wavenumber cm . The rela-
Žtive magnitude is then multiplied by 20% the mol fraction

.for the H O in the standard spectrum to obtain the mol2
fraction of H O for the experimental spectrum.2

Standard CO bands were also simulated using2
HITRANrHITEMP for different wavenumber ranges, but
they were found not to be as accurate when compared to the
experimental spectra due to the presence of H O in the same2

Ž y1.regions 1,000]500 cm . Part of the difficulty may be due
to an incomplete database of spectra lines found in HITRAN
and HITEMP. As an alternative, one can infer the CO con-2
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Figure 1. Measured H O spectrum in a CH flame vs.2 4
H O spectrum calculated using the HITEMP2
database.
The two spectra are on the same scale, but the methane
flame spectrum is offset by 0.02 absorbance units for clarity.
The mol fraction 14.5% is calculated from an overall mass
balance.

centration using the measured H O mol fraction using the2
reaction stoichiometry. The CO mol fraction is calculated,2
assuming all the TTIP and CH in the flame have completely4
reacted to CO and H O. For a TTIP-free flame, methane2 2
oxidation produces 2:1 mol ratio of H O:CO . For the case2 2

Ž .of a TTIP mass flow rate of 15 grh 0.052 molrh , the flow
Ž .rates of the products are 2.88 molrh H O 18% , 1.70 molrh2

Ž . ŽCO 10.6% , and 11.4 molrh argon and nitrogen neglecting2
.the small amounts of titania . Thus, the H O:CO mol ratio2 2

is 1.7.

Results and Discussion
(Species concentration at the burner mouth closing the

)mass balance
In a methane-only flame at zs3 mm above the burner,

the ErT temperature is measured as 1,800 K, and using the
preceding method, the mol fraction of H O is measured as2

Ž .14.4% Figure 1 . This result is in excellent agreement with
Ž .the mol fraction calculated from the mass balance 14.5% ,

assuming the methane has been burned to H O and CO2 2
Ž .Figure 1 . To verify the H O estimation, the absorbance of2

Žthe HITEMP-simulated spectrum of H O 14.4% at 1,800 K2
y1 .in the 900]500-cm wavenumber region is shown in Figure

2.
Figure 2 shows the comparison of the measured CO band2

Ž y1.900]500 cm with a simulated spectrum calculated using
HITEMP, temperature s1,800 K, and a CO mol fraction2

Ž .determined from the overall mass balance 7.2% . The pre-
dicted CO concentration matches the in situ experimental2

ŽCO bands reasonably well especially after removing the2
.H O from the experimental spectrum , but nonetheless it is a2

slight underestimate. When we calculate the 2,350-cmy1 band
of CO , the underestimate in the calculation is much more2
serious. The reason for this underestimate could be due to
Ž . Ž .1 missing spectral lines in the database, andror 2 the strong
absorption of the CO bands makes CO simulations more2 2

Ž .sensitive to using the average temperature 1,800 K when

Figure 2. Measured CO spectrum in a CH flame vs.2 4
CO spectrum calculated using the HITEMP2
database.
The mol fraction 7.2% is calculated from an overall mass
balance.

calculating spectra because the true temperature profile is
spatially averaged. Note that the CO band in the 900]500-2
cmy1 region is significantly stronger than the H O spectrum2

y1 Žin the 1,500]1,100-cm region scale change between Fig-
. y1ure 1 and Figure 2 ; the 2,350-cm band of CO is even2

Ž .stronger ;0.15 absorbance units . Furthermore, the spot
size of the FTIR beam is ;5 mm, which can cause signifi-
cant spatial averaging in both the radial and axial direction
Ž .in addition to the line-of-sight averaging . Consequently, if
the measurement of CO using calculated spectra alone is2
not possible, calculating the CO mol fraction from stoi-2

Žchiometry and the measured H O mol fraction of H O in2 2
y1.the region 1,500]1,100-cm is a reasonable alternative.

ErrrrrT analysis compared to thermocouple measurements
In these experiments, we compare the ErT measurements

directly to thermocouple measurements. In a set of prelimi-
nary experiments, a thermocouple was placed directly inside

Ž .the luminous methane flame luminous height of 5 mm , but
the flame climbed around the thermocouple, thus signifi-
cantly perturbing the flame. To overcome this problem, the

Žthermocouple is placed 10 mm above the burner slightly
.above the luminous tip of the flame so that there was little

visual perturbation. The temperature reading of the thermo-
couple fluctuates slightly, but provides an average reading of
around 800"208C.

Ž .When the thermocouple is inside the IR spot Figure 3 ,
Ž .the transmission area of the spot is reduced to 1y f A ,o

where f is the area of the IR beam blocked by the thermo-
couple, and A is the spot-size area. We can roughly esti-o
mate f by ratioing the centerburst of the interferogram with
the thermocouple to the interferogram without the thermo-

Ž .couple f s1y I rI . When the thermocouple is par-TrC no TrC
tially blocking the IR focal spot, the portion of the radiance

Ž .due to the thermocouple, R y , will be equal toTrC

R y s fe y BB y , T 2Ž . Ž . Ž .Ž .TrC TrC

Ž . Žwhere e y is the emissivity of the thermocouple, and BB y ,
.T is the Planck function at the temperature of the ther-TrC

mocouple T . The portion of radiance due to the gas,TrC
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Figure 3. Thermocouple inserted in the IR path.

Ž .R y , will be equal togas

w X xR y s 1yt y 1y f BB y , T , 3Ž . Ž . Ž . Ž .Ž .gas g

XŽ .where t y is the transmission of the gas calculated using the
background transmission taken with the thermocouple in-
serted in the spot, and T sgas temperature. In this analysis,g
we neglect the small contribution of the radiance of the gas

Ž .in front of the thermocouple. The factor 1y f accounts for
the fact that only a portion of the IR radiation from the hot

Ž .gas reaches the detector. The total radiance R detected at
the emission detector will be the sum of the radiance from

Ž . Ž .both the thermocouple and the gas: Rs R y q R y .TrC gas
Ž .Figure 4 shows the radiance emission of the TTIP-free

methane flame with the thermocouple inserted inside the
Ž .flame 10 mm above the tip of burner . The presence of the

Figure 4. Best-fit graybody temperature for the thermo-
couple radiance spectrum.
The spectrum is taken in a premixed methane flame, with
the thermocouple inside the flame and 10 mm above the
burner.

Figure 5. Normalized radiance spectra of the hot gases
of a premixed methane flame using ErrrrrT analy-
sis.
Ž . Ža With thermocouple after base-line correction to remove

. Ž .thermocouple radiation ; b without thermocouple.

thermocouple raises the ‘‘base line’’ of the radiance spectrum
above zero. To determine the thermocouple temperature

Ž .from the radiance, we can assume that the emissivity e y is
independent of wavenumber, and thus fit a graybody to the
base line of the radiance. Specifically, we fit the graybody to
the radiance in the wavenumber ranges of 2,630]5,900 and
6,100]6,500 cmy1 by using T and the quantity fe as ad-TrC
justable parameters. In Figure 4, the fit shows a temperature

Ž .of 1,068 K 7958C , which is very comparable to the thermo-
Ž .couple temperature readout 8008C . When calculating this

graybody temperature for the uncorrected radiance spectrum
Žwhen the thermocouple is placed 5 mm above the burner in-

.serted in the flame , the best-fit graybody temperature is 1,158
Ž .K 8858C , an even more accurate prediction of the thermo-

couple temperature, 8908C.
Figure 5a shows the normalized radiance spectrum of the

hot gases in the TTIP-free methane flame, with the thermo-
couple placed in the path of the IR beam. It is important to
note here that the base line shift of the radiance spectrum is
removed, using the graybody fit as a base line. A slightly

Ž .higher ErT temperature 1,760 K compared to 1,615 K is
obtained for the same hot gases when the thermocouple is

Ž .removed from the IR beam Figure 5b . The reason for this is
the fact that the thermocouple is a cold object, and it reduces
the hot gas temperature measured by the IR beam.
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The emissivity factor for a carbon-coated SS thermocouple
Ž .is 0.57 Lide, 1982 . Note that the emissivity factor will be

larger when soot and particles deposit on the thermocouple
Ž .Markham et al., 1990 . Using 0.57 for an emissivity factor
and the different experimental conditions to calculate the
heat loss from the thermocouple, one can correct the mea-
sured thermocouple temperature of T s1,073 K to esti-TrC
mate a gas temperature of 1,631 K. This value is very compa-

Ž .rable to the temperature calculated by ErT analysis 1,615 K
shown in Figure 5a. Thus, it is clear that the ErT analysis
provides a very accurate method of measuring the tempera-
ture of hot gases in flame reactors.

Soot formation
Ž .Soot is observed in the radiance emission measurements

of the TTIP]CH flames, and it presumably comes from the4
pyrolysis reactions of TTIP and CH . Prior to reaching the4
flame front, we expect the TTIP to pyrolyze at the C}O
bonds, resulting in TiO species and C3 species. The C3x
species can then form some soot early in the flame that then
burns out downstream. Consistent with this interpretation is
the fact that the TTIP flame is white-yellow in color, indicat-
ing some soot formation. The flame is more yellow in color at
the lower center positions of the flame, and more white at
the outer edges and higher positions in the flame.

Figure 6 shows the radiance spectra taken at 5 and 45 mm
above the burner tip for flames containing different TTIP

Ž . Ž . Ž .mass flow rates: a 4 grh , b 11 grh, and c 15 grh. At the
w Ž .xlow TTIP flow rate TTIP s4 grh Figure 6a , no significant

concentration of soot is detected at either the 5- or the 45-mm
positions. However, at higher TTIP flow rates, the spectra
taken at 5 mm clearly show the presence of soot, as seen in

Žthe shift of the base-line radiance spectra above zero Fig-
.ures 6b and 6c . The radiance spectra at 45 mm are also shown

to illustrate how the base-line radiance disappears when the
soot has presumably been burned off.

ŽFor each radiance spectra of the flame where this shift is
.present , a best fit is used to calculate temperature and con-

centration of the soot. The calculation assumes that the ab-
0.83 Žsorption coefficient of soot is proportional to ® Koylu and¨

.Faeth, 1996 . As a result, we can fit the base-line radiance to
Ž . 0.83 Ž .a function R ® s constant= ® = BB ®, T in thesoot s

wavenumber ranges of 2,630]5,900 and 6,100]6,500 cmy1.
The constant and T are treated as adjustable. The calculateds
soot fits are also included in Figure 6 for the radiance spectra
at 5 mm. Table 2 shows the soot temperature for the differ-
ent locations above the burner for TTIP mass flow rates of 11
and 15 grh. The soot temperature seems to increase with

Ž .increasing height except at the highest position , but the soot
Žtemperature is always less than the gas temperature Table

.2 . This observation is consistent with the previous results of
Ž .Best et al. 1991 , in which the local soot temperatures were

up to 360 K lower than the local gas temperature. Our larger
temperature differences may be due to the averaging along
the line of sight and the fact that the soot may be located in a

Ž .cooler part of the flame on average than the gas.
Once the temperature of soot is determined from the radi-

ance spectra, we can then determine the relative amount of
soot in the flame by calculating the amount of soot absorp-

w Ž .x Ž . Ž .tion from 1yt y s R y rR y . The spectral regionsoot soot

Figure 6. In situ radiance spectra of TTIP–CH flames4
taken at 5 mm and 45 mm above the burner.

Ž . Ž . Ž .The TTIP flow rates are: a 4 grh, b 11 grh, and c 15
grh. Soot temperature spectra fits are shown for the 5-mm
position.

near 2,600-cmy1 is chosen since there are no species present
in that region. The soot amount can then be put on an abso-
lute basis by performing a carbon balance on the flame. The

Table 2. Soot Temperature for TTIP Mass Flow Rates vs.
Average Flame Temperature Estimated by ErrrrrT analysis

Location
TTIP s11 grh TTIP s15 grhAbove

Burner Temp. of ErT Temp. of Temp. of ErT Temp. of
Ž . Ž . Ž . Ž . Ž .mm Soot K Flame K Soot K Flame K

U3 1,353"143 2,083"37 1,365"84 2,129"71
5 1,505"96 2,155"85 1,754"6 2,193"48

15 1,629"4 2,018"53 1,773"26 2,088"33
25 1,555"42 1,705"40 1,698"36 1,946"71
35 NrA 1,418"22 1,629"46 1,801"94

UThe " values indicate the reproducibility of each measurement.
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Figure 7. Soot concentration as a function of vertical
position above the burner for the different
TTIP mass flow rates.
The symbols correspond to an average of two experiments.

mgrcm3 relative concentration of soot is calculated by com-
paring the CO concentration in a TTIP]methane flame to2
the CO concentration in the methane flame after taking the2

Žtemperature into consideration see calculations in Arabi-
.Katbi, 1999 . We perform this calibration using a TTIP mass

flow rate of 15 grh and spectra taken at 3 mm above the
burner. The flame diameter is 2 cm, the temperature is 2,200
K, and the total flow rate is 2,900 lrh. Under these condi-
tions, calculations show that approximately 10% of the car-

Ž .bon in the reactants TTIP and CH does not completely4
Ž .burn to CO at 3 mm above the burner . Knowing the molar2

Ž .flow rate of carbon molrh in the feed and assuming all the
unburned carbon is soot, we thus estimate that the measured

w Ž y1.xvalue of 1yt 2,600-cm s0.0102 corresponds to 0.71soot
mg of sootrcm3.

Using the preceding calibration factor, Figure 7 shows the
Ž 3.soot concentration mgrcm in the flame for the different

TTIP mass flow rates. The soot concentration decreases with
height due to soot oxidation in the flame. A soot concentra-
tion of 0.1 mgrcm3 indicates negligible concentrations and
that most of the carbon has burned to CO . In the case of 42
grh, there are only negligible amounts of soot, which is simi-
lar to the TTIP-free methane flame. In the cases of the 11
grh and 15 grh flame, the soot completely burns off at 25
and 35 mm, respectively, above the burner. Note that the vol-
umetric flow rates of methane and oxygen are kept the same
at the different TTIP mass flow rates, so any additional car-
bon in the flame is a result of increasing the TTIP mass flow
rate.

Figure 8. Mol fraction of H O for various TTIP–CH2 4
flames at different vertical positions above the
burner.
The mol fractions were determined using the average tem-
perature determined by ErT analysis and calibration spectra
calculated using the HITEMP database.

Axial distribution of H O2

Figure 8 shows the mol fraction of H O for the different2
TTIP-methane flames as calculated using simulated spectra
at the measured gas temperature. The error bar indicates the
experimental range of each experimental condition; at least
two experiments were taken for each point. In the methane

Ž .flame TTIP s0 grh , the mol fraction of H O decreases with2
position in the flame, which can be attributed to the dilution

Ž .of the gases above the burner Morrison et al., 1997 . For the
TTIP flames, however, the mol fraction of H O increases first2
between locations 3 and 15 mm above the burner before de-
creasing at higher positions due to dilution. At higher loca-

Ž .tions higher than 25 mm , the mol fractions of H O in the2
TTIP flame are similar to the TTIP-free methane flame. Fur-
thermore, although the measured H O fractions at zs3 mm2

Žtend to agree well with a mass balance except at the highest
.TTIP rate , the measured H O fractions in the TTIP flames2

at z s 5 tend to be higher than predicted from a mass bal-
Žance. The theoretical H O mol fractions are 14.5%, 16.6%,2

17.2% and 18% for TTIP mass flow rates of 0, 4, 11, and 15
grh, assuming complete combustion, no dilution, and taking

.into consideration the temperature and total flow rate. At
locations below 15 mm, the TTIP flames have measured H O2
fractions that can exceed the mass balance by 20]30%, par-
ticularly for the TTIP flow rate of 11 grh.

Two possible explanations can account for these overesti-
mates. One possibility is that the temperature is off by
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Ž .20]30% 400]600 K , which primarily affects the concentra-
tion via the ideal gas law; the other possibility is that the
local flame diameter is larger than the estimated diameter by

Ž .20]30% 2.4]2.6 cm rather than 2 cm . If either explanation
were true, then the calculated absorbance is smaller than it
should be, and we thus overestimate the measured concen-
tration by about 20]30% to compensate for that error. Con-
sidering radial and axial temperature distributions and the
uniformity of the burner, the possibility that the ErT temper-
ature is off by 400]600 K is not likely; 100]200 K is more
realistic. On the other hand, although we assume flame di-
ameter is equal to the burner diameter, the local flame diam-
eter may be bigger due to flickering, jet spreading andror
radial diffusion. Note that the TTIP flames have more flick-

Žering, have a higher temperature which should cause more
.jet spreading , and higher gradients in water concentration.

Thus, the second effect is a more realistic explanation for the
discrepancies between the measurements and the mass bal-
ance.

TiO spectral features2

We have also attempted to isolate the absorption bands of
Ž y1.the TiO particles ;735-cm that lie beneath the hot2

H O and CO features. The oxidation of both CH and TTIP2 2 4
generates a large excess of H O and CO for every mol of2 2
TiO . Removing these features cannot be done accurately2
enough unless we have very accurate H O and CO spectra,2 2
either via simulation or experiment. Given that our tempera-
ture measurements are line of sight, we cannot currently cal-
culate H O and CO spectra accurately enough to reveal the2 2
small TiO features except at positions where the gas is cool2
Ž .;700 K . As an alternative, we have developed a different
strategy of experimentally generating the required CO and2
H O spectra by replacing the TTIP with acetone. The ace-2
tone produces no TiO particles, provides additional hydro-2
carbon to generate H O and CO , and contributes fuel value2 2
to keep the temperature profile of the acetone flame roughly
similar to the TTIP flame. Using spectra from the
acetone]CH flame, we can then subtract out the interfering4
H O and CO bands to reveal the TiO feature.2 2 2

Figure 9a shows simulations of the absorption features of
rutile TiO particles for different particle shapes using2

Ž .Rayleigh extinction theory Bohren and Huffman, 1983 . We
have simulated spectra for two cases, monodisperse spheres,

Ž .and a continuous distribution of ellipsoids CDE . These dis-
tributions approximate the two limiting forms that the parti-

Ž .cles may have in the flame: isolated TiO spheres spheres2
Ž .or TiO aggregates CDE . These calculations are done using2

rutile TiO optical constants at room temperature and as-2
2 Žsuming a concentration of 3 mgrcm which corresponds to a

.complete combustion of TTIP at a mass flow rate of 15 grh .
Figure 9a shows that the simulated TiO bands appear around2
735-cmy1, and are very small in comparison to the measured
bands of H O and CO .2 2

For a low temperature spectrum, we have been able to iso-
late a portion of the predicted TiO feature by subtracting2
the CO and H O features using calculated spectra. At a2 2
downstream position of 120 mm, the ErT gas temperature is
700 K, and the large H O and CO features are not nearly as2 2
widespread across the 900]500-cmy1 region because of the

(Figure 9. Absorbance spectra of TiO bands 7352
I1)cm .

Ž . Ž 2.a simulated spectra for rutile TiO 3 mgrcm spherical2
Ž .and aggregated particles; b experimental spectrum of a

Ž .TTIP flame 15 grh at 120 mm above the burner. Also
shown is a simulated spectrum for H O and CO at the lo-2 2

Ž .cal temperature 700 K .

temperature narrowing of the rovibrational bands. Figure 9b
shows the experimental absorbance of the gases at TTIP s15
grh; also shown are the simulated H O and CO spectra at2 2
700 K, scaled to match roughly the observed CO and H O.2 2
Note that a shoulder appears near the CO band at around2
800]730-cmy1, and we attribute this feature to the small

Ž .amounts of TiO in the flame. A methane or acetone flame2
does not show this shoulder.

The preceding strategy will not work at positions where the
flame is hotter because the line-of-sight temperature is not
sufficiently accurate to permit adequate simulation of the
spectra. We can achieve the same result experimentally, how-
ever, if we use an acetone]CH flame as a stand-in for the4
TTIP]CH flame. Ideally, we would adjust the amount of4

Ž .acetone entering the CH flame to match 1 the H O and4 2
Ž .CO concentrations, and 2 the temperature distribution in2

the TTIP flame. Satisfying both of these conditions simulta-
neously is not possible because the stoichiometry and fuel
value of the acetone does not match TTIP. On the other hand,
matching the concentrations is not nearly as important as
matching the temperature, since we can always mathemati-
cally scale the H O and CO absorbance spectra to match2 2
the spectra in the TTIP flame. Consequently, our first prior-
ity has been to generate hot H O and CO spectra by adjust-2 2
ing the acetone flow rate until it produces a flame with a
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similar ErT temperature as the TTIP flame.
Such IR measurements of acetone and TTIP flames have

been taken at 5 mm above the burner, and the TTIP flame is
run at 15 g of TTIPrh. Visually, the acetone]methane flame
is cone-shaped and is similar to the TTIP]methane flame.
Both of these flames are different from the methane flame,
which looks like a flat flame less than 5 mm high. However,
the TTIP]methane flame is white-yellow in color compared
to the blue of the acetone]methane or methane flames. On a
coarse scale, the temperature-matching procedure has pro-
duced qualitatively similar absorbance spectra. The only sig-
nificant distinction is that the acetone flame has a CO band
Ž y1.2,050-cm that is not observed in the other flames. This is
the result of the flame being fuel-rich, thus causing incom-
plete combustion. Although soot and CO are also observed
at 5 mm above the burner in the acetone]methane flame,
they are no longer observed at 25 mm above the burner, pre-
sumably due to the complete oxidation of the species.

We can further improve the matching of the acetone flame
to the TTIP flame by scaling the H O spectrum in the ace-2
tone flame to match the TTIP flame. We use the least-square
fit discussed earlier and perform the match in the wavenum-
ber 1,600]1,000-cmy1 range. We use this region because it
has no TiO features. Then, we subtract the scaled2
acetone]CH flame spectrum from the TTIP]methane flame4
spectrum to remove the H O features in 1,000]500-cmy1 re-2
gion. Although this procedure works extremely well on the
H O features, it tends to remove slightly too much of the2
CO features in the 1,000]500-cmy1 region, because the2
H OrCO stoichiometry is different in the acetone]CH2 2 4
flames and the TTIP]CH flames. Overremoving the CO4 2
features is not an issue, however, since the CO spectrum is2
rather distinctive compared to the two possible spectra of the

Ž .TiO particles Figure 9b .2
Figure 10 shows the result of subtracting the reference ace-

tone]CH spectrum from the TTIP]CH flame spectrum at4 4
Ž .locations 5, 15, and 45 mm above the burner TTIP s15 grh .

The figure shows the resultant spectra to have a residual fea-
ture that roughly corresponds to the prediction of the simu-
lated TiO spectra. The residual spectra do not seem to2
change with axial position, and the feature shape matches the
shape of the CDE distribution, but not its magnitude. To un-
derstand this discrepancy better, we have examined transmis-

Ž .sion electron microscope TEM pictures of the particles col-
lected by thermophoretic sampling at the same locations
Ž . wArabi-Katbi, 1999 . The TEM images see Arabi-Katbi et al.
Ž .x2000 show that the particles are somewhat aggregated at
the 5-mm location, but more spherical at 45 mm. Thus, the
TEM indicates that the FTIR spectra should exhibit CDE
spectral features close to the burner and more ‘‘spherical’’

Ž .spectral features at high axial positions Figure 9a .
Experimentally, the FTIR spectra do not exhibit such

changes. Part of the problem may be that there is a large
amount of noise in the spectra as well as a very small amount
of TiO , which makes it more difficult to detect any changes,2
as predicted by Figure 9a. In addition, approximating the ex-
tinction of the aggregates using the CDE may not be valid.
Figures 9b and 10 also show that the TiO band may be2
shifted toward higher wavenumbers than predicted by Figure
9a. This shift may be due to the temperature dependence of
the optical constants of TiO or because we use the optical2

Ž .constants for rutile instead of anatase Morrison et al., 1997 .

Figure 10. In situ absorbance spectra of TiO bands2
( I1)735-cm calculated by subtracting the
adjusted absorbance of an acetone flame

(from the absorbance of the TTIP flame 15
) ( ) ( ) ( )grrrrrh : a 5 mm, b 15 mm, and c 45 mm

above the burner tip.

The X-ray diffraction results on the particles show them to
Ž .be mostly anatase Arabi-Katbi, 1999 , but the optical con-

stants for anatase are not available. For 45 mm above the
Žburner, the TiO bands seem to be a better fit in the2

y1 .1,000]750-cm region with the simulated band, perhaps
Ž .due to the lower temperature at this location 1,550 K .

Conclusions
Ž .FTIR emissionrtransmission ErT analysis is performed

on hot gases of a premixed methane flame. The flame tem-
perature determined by ErT is found to be in very good
agreement with the temperature measurements from a ther-
mocouple. The graybody best fit shows excellent agreement
with the readout temperature of the surface of the thermo-
couple. Using a standard correction to convert the thermo-
couple temperature to a gas temperature, we find that the
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ErT temperature and the thermocouple gas temperature
agree quite well when an emissivity of 0.57 is used. In cor-
recting for heat radiation loss from thermocouples, estimat-
ing the emissivity factor is very important in obtaining accu-
rate corrections.

FTIR data indicate the presence of soot in the titanium
Ž .tetraisopropoxide]CH TTIP]CH flame. The soot con-4 4

centrations decrease to negligible concentrations at 35 mm
above the burner at the highest TTIP flow rates, due to oxi-
dation higher in the flame. The soot temperature is always
lower than the average flame temperature, as observed previ-

Ž .ously in ethylene diffusion flames Best et al., 1991 .
The HITRAN and HITEMP databases are used to calcu-

late the mol fraction of H O and CO in the flame at differ-2 2
ent positions. In general, the TiO particle features are not2
directly observable without subtracting out the interfering
H O and CO features from the spectra. However, the noise2 2
in the FTIR spectra as well as the small absorbance bands of
TiO makes it difficult to extract the TiO features unless2 2

Ž .the gas temperature is low ;700 K . An alternative method
of extracting the TiO features is possible by experimentally2
generating flame spectra without TiO and subtracting them2
from the TTIP]CH flame spectra. We have used4
acetone]CH flames to generate the necessary spectra. After4
adjusting the acetone flow rate to match the temperature
found in the TTIP]CH flame, we rescale the synthetic spec-4
trum to eliminate the H O and CO interferences and reveal2 2
the TiO features. These features are broad and roughly2
match the predictions of Rayleigh extinction theory.

The findings in this article also point to the need for to-
mography to improve measurements of the concentration and
temperature profiles of the flame. Such point information will
help improve the interpretation of the FTIR spectra.
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