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Many chemical and energy conversion processes involve multi-phase feed or product
streams. Streams can consist of mixtures of solids, 1iquids and gases and in some
cases, the important species may be in transition between phases (e.g. liquid fuel
combustion which involves liquid fuel droplets, vaporized fuel and soot). Process
monitoring requires the measurement of parameters for the separate phases. There are
requirements for monitoring feedstocks and samples of the process stream as well as
for in-situ monitoring. Fourier Transform Infrared (FT-IR) absorption spectroscopy
has been used previously as an in-situ diagnostic for both gas species concentration
and gas temperature determinations (1-9). This paper describes a new method being
developed for on~line, in-situ monitoring of particle streams to determine their
chemical composition, size, and temperature. The technique uses a FT-IR spectrometer
to perform both emission and transmission (E/T) spectroscopy for a stream of
particles. The technique has been applied to measure particle properties under a
variety of circumstances and several examples are presented for measurements of
temperature, composition and size.

The method was employed to address a controversy concerning coal optical properties
recently raised by Brewster and Kunitomo (10). Their recent measurements suggest that
previousdeterminations for coal of the imaginary part of the index of refraction, k,
may be too high by an order of magnitude. If so, the calculated coal emissivity based
on these values will also be too high. The E/T technique was employed to determine
directly the spectral emittance, €y, of coal and char particles as a function of coal
rank, extent of pyrolysis and temperature. For one coal, the measured spectral
emittance was compared with a calculated value obtained from the material's complex
index of refraction N = n + ik, and particle size, using Mie theory. The complex
index of refraction was determined using an extension of Brewster and Kunitomo's
method for measuring k. The technique employs KBr and CsI pellet spectra and uses
Mie theory and the Kramers—Kronig transforms to separate scattering and absorption
effects. Good agreement has been obtained between the calculated and measured values
of (€y) confirming the contention that previously measured values of k are too high.

EXPERIMENTAL

Apparatus - The apparatus employed in the experiments consists of an FT-IR
spectrometer coupled to a reactor, such that the FI-IR focus passes through the sample
stream as shown in Fig. 1. Emission measurements are made with the movable mirrors
in place. Transmission measurements are made with the movable mirror removed. The
Fourier transform technique, in contrast to wavelength dispersive methods, processes
all wavelengths of a spectrum simultaneously. For this reason it can be used to
measure spectral properties of particulate flows, which are notoriously difficult to
maintain at a constant rate. The emission and transmission can be measured for the
same sample volume. The technique is extremely rapid; a low noise emission or
transmission spectrum at low resolution (4 cm~l) can be recorded in under a second.
Also radiation passing through the interferometer is amplitude modulated, and only
such radiation is detected. Because of its unmodulated nature, the particulate
emisgion passing directly to the detector does not interfere with the measurements of
scattering or transmission.



2144 ACS/NY 1986

In an ideal emission—transmission experiment both measurements are made on the
identical sample. In our case the emission and transmission measurements are made
sequentially in time along the same optical path, for a sample flowing through the
cell in a nominal steady condition.

Measurements — To determine the temperature, size or composition of particulate
samples, measurements are made of the transmittance and of the radiance, from which we
calculate a quantity which we call the normalized radiance. The normalized radiance
is the radiance divided by (l-transmittance) (which in the absence of diffraction
effects is a measure of Intersected particle surface area for samples whose index of
refraction is sufficiently different from the surrounding medium). This normalization
allows the radiance from particles which fill only a fraction of the FT-IR aperture to
be compared to a black-body standard obtained for the full aperture.

The transmittance,'Yv , at wavenumber V¥V, is measured in the usual way
To= 1y /14y ¢V)

where I, 1s the intensity transmitted through the cell in the absence of sample,
while I, 1s that transmitted with the sample stream in place. The geometry for the
transmittance measurement is 1llustrated in Fig. 2. With a particle in the focal
volume, energy 1s taken out of the incident beam by absorption and scattering. The
figure illustrates scattering by refraction of energy at the particles surfaces.
Scattering will also be caused by reflection and diffraction. For particles > 50 Am
whose index of refraction is sufficiently different from the surrounding medium,
almost all the energy incident on the particle is absorbed or scattered.

To measure the sample radiance, the power from the sample with background subtracted,
Sy, 1s measured, and converted to the sample radiance, Ry, in the following way

Ry= Sy /Wy 2)

where W 1s the instrument response function measured using a cavity radiator. The
radiance measurement detects both radiation emitted by the particle itself, as well as
wall radiation scattered or refracted by the particle as illustrated in Fig. 2.

We calculate the normalized radiance (which we refer to as the E/T spectra), R“, in
the following way,

Ry = R,/ (1-7y). 3)

The complete analysis for the normalized emission will be presented elsewhere (11).
For this discussion we consider the limit where particles are sufficiently large that
they effectively block all the radiation incident on them, and their diffraction
pattern falls completely within the angular acceptance aperture of the spectrometer.
Then the normalized radiance has the simple form,

R = (1- €y) RY(T,) +EpRY(T,) (%)
where €y 1s the spectral emittance and R&Tw) and Rg(T ) are the theoretical black-
body curves corresponding to the temperature of the wall (T,) and particle (TP),
respectively. This equation will be used in the discussion of results to follow.

RESULTS

Temperature and Emissivity - To illustrate the measurements, we consider several
simple cases. First we consider hot particles such as coal or char surrounded by cold
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walls (Tp > Ty). Then according to Eq. 4,
RY, =€ ,RE(T.). ()
If Tp is known, then €y can be determined and vice-versa.

The first example is for char under conditions where the particles first reach
equilibrium with a heated tube reactor (HTR) and then exit the reactor and pass the
FT-IR aperture. The reactor has been described previously (12-14). The gas-particle
mixture cools about 75°C between the reactor and the FT-IR focus as determined with a
thermocouple (14). In Fig. 3 we show the radiance, (R, ), 1- transmittance, (1-7,),
and the normalized radiance, (Rn ), from char emerging from the HTR at a temperature
of 983 K. (1-7y) is a measure of the intersected surface area of particles, l.e., 42
of the beam is blocked. The normalized radiance is compared with a number of grey
body curves at different values of constant €. The € = 0.87 curve at 1000 K gives
best fit with the experimental data. The temperature is in good agreement with the
thermocouple measurement.

The second example 18 for lignite particles at a temperature of 782 K, before any
pyrolysis has occurred. The normalized radiance spectrum in Fig. 4a is compared to a
grey-body (€ = .90) at the average thermocouple temperature of 782 K. While the
previously formed char shows a grey-body shape close to the average temperature, the
lignite does not have a grey-body shape. The black-body and experimental curves are
close only in the range 1600-1000 cm~1 where the emissivity, calculated from Eq. 5,
(FPig 4b) is close to 0.9, These and other measurements (12-16) show that the
particle's emissivity is size and temperature dependent. For the size of coal
particles used here, only specific bands between 1600 cn~l and 1000 cm~l
(corresponding to the strongest absorption bands in coal) have a spectral emittance
near 0.9.

The result can be understood by considering that a particle's emittance is related to
its absorbance. By Krichoff's law, particles will emit only where they have
absorption bands. As discussed by Hottel and Sarofim (17), for large particles (where
diffraction can be neglected) the absorption can be calculated from geometrical optics
considering all possible rays through the particles. The absorption within the
particle can be calculated using absorbance values measured by the KBr pellet method
(15,18). Figure 4c shows the absorbance measured by the KBr pellet method. The
correspondence between the high absorbance bands and the regions of high emissivity
are apparent. The most significant difference between the spectra of Figs. 4a and 4c
is the presence of a steeply sloping background going toward large wavenumbers in the
pellet spectrum (Fig. 4c) and its absence in the emittance spectrum (Fig. 4b). The
pellet spectrum is from a transmission measurement which does not distinguish between
the absorption and scattered components of the total cross section. This problem is
treated in the section on Calculated Emissivity.

The emittance varies with particle size as shown in Fig. 5. RO, is smallest for small
particle sizes and approaches the black-body curve for large size particles.

The spectral emittance varies with rank as shown in Fig. 6. The strongest feature is
the emittance above 1700 wavenumbers which increases above 902 carbon. The increase
in emittance above 901 carbon is consistent with a corresponding increase in the broad
sloping absorbance observed in KBr pellet spectra for high carbon coals. This
absorbance is believed to be due to electronic absorption of multi-ring aromatic
hydrocarbons (19). The &mittance of anthracite is close to grey body. The spectral
emittance variation with rank is consistent with the functional group variation with
raunk.
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Having demonstrated that the F'&-IR method gies give an appropriate temperature
assuming £ £ 0.9 1o the 1600 cm™ = to 1000 cm ~ region, the technique was used to
determine particle temperatures for non-isothermal conditions in the HTR reactor
(13,14). Figure 7 shows the E/T spectra for increasing time in the reactor. The
FT-IR temperatures are In good agreement (within 25°C) with calculated temperatures
and temperatures measured with a thermocouple (14).

We can also observe in Fig. 7, changes in emittance of particles as a function of the
extent of pyrolysis. At 883 K all the bands present in coal can be seen, except that
the hydroxyl peak is noticeably depleted. At 963 K a broad continuum, characteristic
of char, is beginning to grow. By 1050 K we see almost a grey-body continuum with CO,
and H90 peaks superimposed. From the spectra discussed so far we can say that the
spectral emittance of lignite of this size range increases continuously with
pyrolysis, reaching a constant maximum of about 0.9 when pyrolysis is sensibly
complete. The relationship of the development of the continuum char spectrum with the
extent of pyrolysis will be the subject of a future investigation.

The other examples are from a reactor where the particles are surrounded by hot walls.
For the case where the particles are at wall temperature, Tp = Tys Eq. 4 reduces to

Ry = ’%1,) (6

Figure 8a displays R% in one such case. In this case we don't have to include
particle emittance in the analysis, as it can be shown and Eq. 6 indicates, that any
lack of emittance must be made up by scattered and reflected radiation. Indeed, the
normalized emission is close in shape and amplitude to a black-body at the measured
window height wall temperature (1225 K). The determination of T, when T, is of the
same order of magnitude as T, requires a knowledge of E,at some va\?enumber and use of
the complete expression for R (Eq. 4). Examples are discussed in reference (11).

Two additional examples are shown for the case 'I‘P << T,e Then Eq. 4 reduces to

%= (1- €4) RYT) o))

Figure 8b 1s for KC1, a non-absorb%ng particle and Fig. 8¢ is for coal which absorbs
in specific bands. By Eq. 7, R" = ) for KC1, since € = 0. R™ matches the black-
body curve at the wall temperature of 1060 K. The E/T spectrum of the coal sample
matches the wall black-body in regions where the coal is transparent (i.e., €220) but
is lgver where the coal has absorption bands. We can determine the emissivity € = 1-
R"/R R(T,) from these spectra. The emissivity for the lignite of Fig. 8c is shown in
Fig. 8d. When compared to the emittance for the same coal at 782 K in Fig. 4b, the
most significant difference is the larger hydroxyl band at low temperatures due to
hydrogen bonding.

Composition - As illustrated in Fig. 2b, the normalized radiance, R vs 18 the wall
radiance R(T )attenuated over the chord d at the particle's absorbance bands. We
can, therefore use R9 (e.g., Fig. 8¢c) to obtain the absorbance of the particle if ve
know the average chord length, d. This has been done using a ray optics model and a
computed probability density function P(d) for all possible chords d. A more detailed
discussion will be presented elsewhere (20). Figure 9 shows a comparison between the
absorbance spectra obtained for the same coal by three methods: a) a quantitative
spectrum (i.e. for a known sample density) of a finely dispersed coal in a pressed KBr
pellet; b) a non-quantitative photoacoustic spectrum for fine particles suspended on a
thin membrane (21); and c) a quantitative E/T "absorbance” spectrum considered to
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arise from the black-body furnace spectrum being attenuated by the particle over some
effective sample thickness related to the shape and size of the particle. The details
of the analysis to obtain the E/T absorbance spectra from the E/T spectra are
discussed in (20).

The spectra have a number of similarities and differences. To compare the spectra, it
should be noted that the KBr pellet absorbance spectrum is the sum of absorption plus
a sloping background due mostly to scattering of radiation. The KBr pellet spectrum
also has distortion of the bands (a dip at the high wavenumber side of the band and a
sloping tail at the low wavenumber side of the band) due to the Christiansen effect
(22). This effect is caused by variation in the real part of the index of refraction
near the absorption band, which effects the scattering contribution. The
photoacoustic spectrum 1s free of the scattering and Christiansen effects, but is non—
quantitative and appears to be more sensitive to mineral components than to the
organic components. On the other hand, the E/T absorbance spectra is free from
scattering and band distortions and appears in reasonable quantitative agreement with
the absorption component of the KBr pellet spectrum.

Size - Size information can be obtained from the (1-7) or R‘L spectra. Figure 5 shows
the increase in the emissivity with particle size, especially in the region above 1700
vavenumbers. The average particle size can be determined from R‘L if the complex
index of refraction of the material is known. Alternatively, (1- 7) contains size
information for particles with D<80 4m. For example (1-7) in Fig. 3b increases at
low wavenumbers (long wavelengths) due to diffraction effects. The shape may be
calculated using Rayleigh theory for large particles (23) or Mie theory for small
particles (24). While the effect is small for particles near 80 A m diameter, the
diffraction effect increases as the particles decrease in size, and 1s very sensitive
to size in the 1-30 Am range.

CALCULATED EMISSIVITY

The determination of spectral emittance is ilmportant for two reasons. The first is
that knowledge of the spectral emittance is necessary for the measurement of particle
temperatures. The second 1s that the spectral emittance or the emissivity (the
average emittance over all wavelengths) must be known to calculate both the rate of
particle heatup and the radlative energy released by the particle during gasification
or combustion. For small particles, the spectral emittance is usually not wmeasured.
Rather, it i8 calculated using the complex index of refraction, N= n+ ik, from the
standard equations of electromagnetic theory. For spherical particles these
calculations are performed using Mie theory.

Unfortunately, some controversy surrounds the value of k for coal. The problem was
recently considered by Brewster and Kunitomo (10). Large variations in the value of k
have been reported in the literature ranging from less than 0.1 to more than 0.5.
Brewster and Kunitomo have suggested that a possible reason for these discrepancies 1is
that previous measurements of k for coal using reflection measurements were highly
inaccurate due to an inherent limitation in the ability to get sufficiently smooth,
and homogeneous coal surfaces. Using a transmission technique for small particles in
KBr, they obtained values of k which are more than an order of magnitude lower in most
regions of the spectrum. If the previously measured values of k are too high, then
values of emissivity based on them are also too high. Based on the values of
emissivity presented above, this is indeed the case.

In this section, we compare the measured values of €yto predictions of Mie theory.
For these calculations, the value of n and k were determined using KBr and CsI pellet
spectra for coal, in an extension of the method of Brewster and Kunitomo (10). The
results confirm the low values of k measured by Brewster and Kunitomo.
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To determine N = n + ik from pellet spectra we use Mie theory and the Kramers-Kronig
transform. Mietheory is a genmeral solution of Maxwell's equations for an isotropic,
homogeneous sphere of index of refraction N, inbedded in a medium of index of
refraction Ny (24). In general, the complex index of refraction contains all of the
electromagnetic properties of the material, but the real and imaginary parts, n,, ,
and k,, , must be Kramers-Kronig transforms of each other (24). Physically, this
relationship arises by requiring causality, i.e., the material cannot respond to
radiation until after the incident radiation hits the material. 1In practice, we
determine k, , perform a Fourier Transform into the time domain, force causality in
the time domain, and then transform back to the frequency domain to obtain n (25).
The complete description of the method will be the subject of a future publication,
but briefly our procedure for determining n and k 1s as follows: 1) with trial values
of n = n, (a constant) and k = 0 and a particle diameter D, for coal in KBr, we use
Mie theory to calculate a smooth scattering curve. 2) This scattering curve, plus a
constant to account for reflection from the pellet surface, is subtracted from the
experimental spectrum and the result is assumed to be a pure absorption, A, , where

= &7 ky , volume of coal
2.3026 A area of pellet (8)

Ay

3) Calculate k,, from Eq. 8 and use the Kramers-Kronig transform to determine the
correction ton. 4) Using these values of n, k, and D, Mie EYeory 18 used to predict
a Csl pellet spectrum. Since the scattering above 4000 cm "~ depends largely on the
product (“coal = Npedium)Ds this 4th step allows us to determine D and n,. This
procedure is repeated until we can predict both the KBr and Csl spectra with the same
n, k and D. The results of this procedure are shown in Fig. 10. Figure 10a and 10b
are the KBr and Csl pellet spectra for a Montana Rosebud coal. Values of n, = 1.66
and D = 2.6 microns were found to give reasonable fits to the data. Figure 10c shows
the calculated n and k; and Fig. 10d shows the absorbance due to k (which now depends
only on the coal, not the pellet material). Figures 10a and 10b also show the
calculated scattering contribution to the absorbance spectrum (which depends on the
difference between the n for the coal and medium). The structure in the scattering
curves is the Christiansen effect, and as can be seen from Figs. 10a and 10b, it is in
the opposite direction for the KBr and CsI pellets. Figure 10d shows the calculated
total spectrum for the CsI pellet which is the sum of the absorption and scattering
comparison with the measured spectra (Fig. 10b). The agreement is quite good, most
obviously for the Christiansen effect on the minimum near 1700 cm .

For a particle radius of 25 microns, we use Mie theory with the n.; and ky from Fig.
10c to predict the emittance spectrum of cold coal, Fig. 10e. This is compared to the
measured emittance in Fig. 10f. The agreement is good.
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