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Figure ILA.7-1. Comparison of FG-DVC Model
Predictions for Tar Evolution Rate from Upper
Freeport Coal with TG-FTIR Data.
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A prediction for the total tar yield including polymethylenes is compared in Fig. LA.7-1 with
measurements from a TG-FTIR experiment (Solomon et al., 198%a). The agreement is good.
Comparisons between the predicted and measured (Freihaut et al., 1988) tar hydrogen compositions are
shown in Fig. 1LA.7-2. The prediction is good for high rank coals and shows the correct trend with rank.
The tar hydrogen composition is, however, overpredicted for lower rank coals. This is due to an error in
the way Freihaut plotted his data. The correct data compares well with the model. The relative
contribution of polymethylenes is then more important. By improving the tar predictions with adjustments
of DVC parameters, we should be able to obtain more accurate values of the tar hydrogen composition.

1LA.8. Crosslinking

The measurement and modeling of crosslinking phenomena in pyrolysis and how this process
affects the evolved product distributions has been presented in Solomon, et al., (1990a). The abstract for
this paper is presented below.

Abstract

During coal conversion, the breakup of the coal macromolecular network and resulting product
formation are controlled by relative rates of bond breaking, crosslinking, and mass transport. The objective
of this work was to systematically study the variations in crosslinking with several parameters (rank,
temperature, heating rate, pretreatment, efc.), to identify the factors that control crosslinking, to try to
identify the reactions responsible for crosslinking, and to determine the crosslinking rates. This paper
describes a study of crosslinking behavior in which chars of a number of coals (including the Argonne
premium coal samples) have been pyrolyzed under a variety of temperature histories and analyzed at
intermediate extents of pyrolysis for solvent swelling behavior and functional group compositions. The
variations in these properties were correlated with the tar molecular weight distribution measured by field
ionization mass spectrometry and with the gas evolution. The study of crosslinking as a function of coal
rank and pyrolysis temperature shows that there are at least two distinct crosslinking events: one occurs
at low temperature prior to tar evolution (in low rank coals only) and the second occurs at moderate
temperatures slightly above that for tar evolution. The low temperature crosslinking process results in low
tar yields, low fluidity, (e.g., measured by Geissler plastometer), low extract yields, and low molecular
weight tar. Low temperature crosslinking is increased by oxidation of the coal and reduced by methylation.
Studies that compare char solvent swelling behavior to gas evolution have shown that low temperature
crosslinking occurs simultaneously with CO, and H,O evolution. Moderate temperature crosslinking
appears to correlate best with methane formation. Studies that compare char swelling behavior to changes
in char functional group concentrations have shown that crosslinking reactions occur with the loss of
carboxyl groups present in the coal. A clear role for hydroxyl grups in low temperature crosslinking could
not be established, nor could it be ruled out.

ILA.9. Char Reactivity Measurements

Introduction

Understanding char reactivity is important since the consumption of char is the slowest and,
therefore, the controlling process in combustion or gasification. Reviews of char reactivity (Essenhigh,
1981; and Smth, 1982) demonstrate that there is a wide variation in observed reactivities. Work described
by Wells, et al., (1982) highlights the very large variations (two orders of magnitude) in char reactivity with
method of formation. Similarly, Ashu, et al., (1978) found an enhanced reactivity of char caused by rapid
heating of the precursor coal. In work done in a vertical tunnel furnace, Essenhigh and Farzan (1982)
measured very rapid burnout times for small coal particles. They ascribed this to the firing condition which
gave rates of heating in the 10° K/s regime, compared with the more usual value of 10° K/s in slower
burning flames. Nsakala has reported a wide variation in reactivity associated with rank (Nsakala, et al.,
1982).
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The intrinsic reactivity of the char is important in combustion experiments since most studies
indicate that the char combustion at high temperatures occurs at less than the external diffusion limit
(Field, 1970; Smith, 1971; Mitchell and Mclean, 1982; Tichenor, et al., 1985; Waters, et al., 1988; and
Leslie, et al., 1989). It has also been observed that char combustion exhibits a negative temperature
coefficient (Essenhigh, 1981), which may be due to annealing which occurs during combustion at high
temperatures. The effects of coal pyrolysis conditions on intrinsic combustion reactivity have not been
studied over a wide range of conditions. One problem is the difficulty in making these measurements
accurately at high temperatures. These experiments usually require a fairly complex apparatus and large
quantities of coal, and the effects of heat and mass transport must be considered to back out intrinsic
reactivity. A convenient experiment for measuring intrinsic reactivity is a thermogravimetric analyzer
(TGA). However, two problems must be considered. One is how to develop a TGA test which can make
measurements over a wide range of reactivities. The second problem is how to relate the low temperature
reactivity measurements to the high temperature conditions of interest in pulverized fuel {p.f.) or fluidized
bed combustion.

This section reports on a study of the combustion (oxidation) reactivity of a set of chars from five
different coals prepared by pyrolysis at heating rates between 0.5 and 20,000°C/sec to temperatures
between 400 and 1600°C. A new TGA technique was developed in which the weight loss was measured
while the sample was heated at a constant heating rate in the presence of the reactive gas. The results
for the present paper are for reactivity in air. This method has the advantage that the same conditions
can be used for chars of widely varying reactivity. As discussed below, these low temperature
measurements give reasonable predictions of high temperature char reactivities.

The development of the TGA reactivity measurement was done under previous DOE-METC
Contracts (Nos. DE-AC21-84MC21004, DE-AC21-85MC22050) and applied to a larger set of coals and
chars (including the Argonne Premium coals) under the current contract. The previous work is summarized
below in order to provide background for the char reactivity model development that was the main focus
of the current contract (see also Section 11.A-10).

Experimental Procedure

Char Preparation - Chars for this study were prepared from the 200 x 325 mesh sieved fractions
(~ 60 ym mean diameter) of coals and lignites listed in Table 1LA.9-1. The chars were prepared by
pyrolysis in an inert atmosphere in one of four reactors: 1) an atmospheric pressure entrained flow reactor
(EFR) (Solomon, et al., 1982; and Solomon and Hamblen, 1985b) with coal particle temperatures between
650 and 1600°C at heating rates of ~ 10,000°C/sec; 2) a heated tube reactor (Solomon, et al., 1986¢) with
coal particle temperatures between 650°C and 950°C at heating rates of ~ 20,000°C/sec; 3) a
thermogravimetric analyzer (TGA) with coal particle temperatures of 450°C to 900°C at heating rates of
0.5°C/sec; and 4) a high pressure entrained flow reactor (HPR) with coal temperatures of 600°C to 1400°C
at heating rates of ~ 10,000°C/sec and pressures up to 200 psig (Solomon, et al., 1984).

Reactivity Measurements - Initial char reactivity measurements were made using the isothermal
measurement technique developed at Pennsylvania State University (Mahajan, et al.,, 1978). In this
method, the char is heated in a TGA in nitrogen to the desired temperature, usually 400-500°C. The
temperature level is chosen to make sure no oxygen diffusion limitations are present, i.e., by varying the
flow rate, bed depth and particle size. After the weight of the sample has stabilized at the selected
temperature level, the nitrogen flow is switched to air and the weight loss is monitored. The time for 50% -
burnoff, 7., is used as the reactivity index. Another group at Penn State has used the maximum rate of
weight loss as a reactivity index, which is determined in a similar isothermal experiment (Jenkins, et al.,
1973). In our char characterization work, we had difficulty applying the isothermal techniques to chars
formed over a wide range of conditions. A temperature level selected for one char was inappropriate for
another. The temperature was either too high for the rate to be chemically controlled or too low for the
7,5 to be reached in a reasonable time period.




A4

Zap, North
Dakota Lignite
Carbon 66.5
Hydrogen 4.8
Nitrogen
Sulfur .

1.1
1.1
Oxygen (Diff.) 26.5
Ash (Dry Wi%) 7.1

Table I1.A.9-1.

SAMPLE PROPERTIES

WT% DAF

Montana Rosebud
Subbituminous

72.1
4.9
1.2
1.2

20.3

10.0

llinois #6
Bituminous

Pittsburgh Seam
Bituminous

82.1
5.6
1.7
2.4
8.2
9.2

Kentucky #9
Bituminous

81.7
5.6
1.9
2.4
8.4

14.1




In order to overcome this difficulty, a non-isothermal technique was developed. A Perkin-Elmer
TGA 2 was initially used for this method. Recent measurements have been made using a Bomem
TG/plus, which couples a Dupont 951 TGA with a Bomem Michelson 100 FT-IR spectrometer (Solomon,
et al,, 1989b). The sample size is about 1.5 mg. The sample is heated in air at a rate of 30 K/min until
a temperature of 900°C is reached. The TGA records the sample weight continuously and, at the end of
the experiment, the weight and derivative are plotted. Some representative curves for chars from the
North Dakota (Zap) lignite and the Pittsburgh Seam bituminous coal are shown in Fig. IlLA.9-1. The Zap
and Pittsburgh chars were prepared in the EFR, in which it was calculated that the particles were heated
at about 7000 K/s to 700°C before being quenched. The samples were oxidized with an air flow of 40
cc/min and a nitrogen purge flow of 400 cc/min. The derivative curve for the Zap lignite coal (Fig. I1.A.9-
1a) shows a sharp downward spike, indicating that the particle ignited. The Zap lignite also indicates
burnout of several components of the char of different reactivity, while the Pittsburgh coal shows a more
homogeneous burnout at higher temperatures.

The characteristics of the weight loss curve can be understood as follows: 1) At low temperature,
there is an initial weight loss as moisture is removed, then a small weight gain due to oxygen
chemisorption; 2) As the temperature is raised, the reactivity of the char increases until the fractional
weight loss rate is sufficiently large to be observed. The sample size and oxygen flows are chosen so that
the initial ~ 10-15% of the oxidation weight loss occurs under intrinsic reactivity control; 3) As the
temperature continues to increase, the reactivity increases until eventually all the oxygen reaching the
sample bed is consumed and the weight loss is controlled by the oxygen supply to the sample bed alone.
Then the fractional weight loss rate becomes constant for all samples; 4) When the char has components
of different reactivity, the weight loss can switch between being oxygen supply limited and being intrinsic
reactivity limited as each component is consumed.

Figure 11.A.9-2 compares the weight loss curves for the same char sample but with different
sample sizes. The curves are identical for the initial weight loss which is controfled by the intrinsic
reactivity. This is the region in which the reactivity measurements are made. As expected, the fractional
rate of weight loss df/dt = (1/m,) (dm/dt) decreases with increasing sample size in the oxygen supply
limited regime.

Theoretical Analysis

Comparison of Isothermal and Constant Heating Rate Reactivity Tests - The temperature (T,)
at which the derivative of the fractional weight loss with respect to time reaches a value of 0.065 wt.
fraction/min = 0.001 wt. fraction/s was chosen as an index of reactivity to be compared with the 7, ; values
measured by the isothermal technique. The actual critical slope used is arbitrary. A value is chosen which
is large enough to be unambiguously determined, but small enough so that reaction occurs in the
chemically controlled regime. Values of In 7,5 were plotted against 1/T., and a good correlation was
observed.

It was subsequently decided that a comparison to 7,, (time for 10% burnoff) would be more
relevant since the initial reactivity indicated by T, would be measured, rather than an integral reactivity
over a large extent of conversion which could be affected by reactivity variations due to changes in the
pore structure or sample inhomogeneity. A plot of In 7,, vs 1/T is shown in Fig. 1LLA.9-3. This plot
includes data for chars from three different coals (Lignite, Subbituminous, Bituminous) in four reactors.
The experimental conditions covered the following ranges: heating rate = 0.5 to 20,000 K/sec; temperature
= 400 to 1600°C,; residence fime = .020 s fo 30 min; pressure = 0 to 1400 kPa.

It can be shown that a plot of In 7, vs 1/T,. will be linear with a slope equal to E/R, where E is
the global activation energy for the intrinsic oxidation rate and R is the gas constant. For the reaction

C (solid) + O, (gas) = CO, (gas) (1LLA.9-1)
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the initial fractional rate of disappearance of mass (under the condition of chemical reaction control) can
be represented as follows (McKenzie, et al., 1974)

df/dt = 6 RJ(d, p,) (.A.9-2)

where dffdt is the fractional loss of mass per particle in unit time (1/sec), R, is the reaction rate based on
external surface area (g/cm?s), d, is the initial particle diameter (cm), and p, is the initial particle density.
Following the treatment by Smith (1982), the relationship between the intrinsic and external reaction rate
is as follows:

R, = dy po Ay R, (1.A.9-3)

where R; is the "intrinsic" reaction rate based on the internal surface area and A, is the specific surface
area in cmzlg for the reaction. The parameter A, can be thought of as the product of (BA,), where B is the
ratio of active area per unit accessible surface area (cm%cm?) and A, is the accessible surface area in cm?
per gram. By making the above substitutions, one can arrive at a new expression for the initial fractional
weight loss rate.

difdt =6 A; R =6 [BA] R, (.A.9-4)
I In the isothermal experiment, the fractional burn-off rate is nearly constant up to ~ 10% weight
oss:
difdt = Af)At = - 0.1/7,, (I.A.9-5)
Substituting Eq. 11.A.9-4 for df/dt:
6 [BAR, = 0.1 /1, (1.A.9-8)
Ri = kC,™ = K(TJC,™ (L.A.9-7)

where T, is the temperature of the experiment and C, is the surface oxygen concentration.

Therefore:
8 [BA,] k(T,)C," = 0.1/, (ILA.S-8)
Solving for 73 ,:
o1 = 0.1/[6 k(T)C.™] - [1/[BA.]] (ILA.8-9)
= K, [1/BA,] (LA.9-10)

The quantities in the first set of brackets in Eq. 11.A.9-8 are nearly constant for a given isothermal
experiment (temperature = T,) at low conversions and independent of coal type, while the second set of
brackets contain quantities which vary with coal type and char formation conditions.

For the non-isothermal experiment, the relative rate of mass loss is constant at some critical temperature,
Te

df/dt = - 0.001 = 6 [8A] k. (T.)C." (ILA.9-11)
K(T,) = -0.001/[6 C,"] - [1/[8A,]] (IL.A.9-12)
= K, [1/[8A]] (I.A.9-13)
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The result obtained is that k, (T,) is proportional to an exparimental constant and inversely proportional
to char properties.

For data collected on the same char sample, [8A.] can be eliminated between Egs. 11.A.8-9
and 1l.A.9-12:

7o, = [0.1/[6 K(T)C.™)] - [k (T.) 6 C,/-0.001] (1.A.9-14)
or

7,4 = 100 exp [-E/R [T, - 1/T,]] (I.A.9-15)
assuming that k, can ba expressed as an Arrhenius expression k(T) = k, exp(-E/RT).

Consequently, a plot of In 1, vs 1/T, will have a slope equal to -E/R of the intrinsic global
oxidation rate. In the absence of catalytic effects, the value of E should be the same for chars from all
coals and chars from the same coal prepared under a wide variety of conditions. The nearly linear data
in Fig. 11.LA.9-3 appears to support this conclusion. A problem may arise if T, and T, are significantly
different. The mechanism of the oxidation reaction probably changes with temperature, as indicated by
the wide range of activation energies and reaction orders reported for the char oxidation reaction in the
literature (Larandeau, 1978). The best fit value of about 35 kcal/mole determined from Fig. ILA.8-3 is
intermediate in reported values and close to the value of ~ 31 kcal/mole determined by Radovic et al.
(1983), and Wells et al. (1982) for a wide range of chars from U.S. coals in TGA experiments. [t also

agrees with the value of 34 kcal/mole determined by Smith (1982) for the intrinsic global activation energy
of several U.S. coals.

The formation conditions for the Montana Reszbud Chars which are labeled in Fig. 11.A.2-3 are
given in Table Il.LA.9-2. This provides an indication of the range of pyrolysis conditions required to provide
the variation of r,, and T, observed in Fig. ILA.2-3.

Results

Reactivity vs. Extent of Pyrolysis - Figure I1.A.9-4 summarizes the results for chars from T,
measurements on five coals produced over a wida range of pyrolysis conditions. The critical tempearature
(T.), which varies inversely with reactivity, is plotted as a function of the (daf) hydrogen content, which is
used as a measure of the extent of pyrolysis. For each char type, there is a trend for increasing T,
(decreasing reactivity) with decreasing hydrogen. Most of the change occurs below 2.5% hydrogen, after
the evolution .of aliphatic hydrogen is complete. That is, T, appears to vary primarily with the
concentration of aromatic hydrogen. This variation could be due to a variation in the active site
concentration (8), possibly correlated with the ring condensation accompanying the elimination of aromatic
hydrogen. There doss not appear to be any drastic effects due to heating rate for low rank coals
containing minerals, as chars for a wide range of conditions all fall along the same curve. The results for
bituminous coals and demineralized low rank coals do not show the same heating rate independence
(Serio, et al.,, 1989). 1t should be noted that there is also ring oxygen in the char which is removed at
about the same rate as the hydrogen and which may be related to the reactivity changes. Similar
correlations were observed with oxygen concentration for chars produced from a single coal, ie., the
reactivity decreases with decreasing char oxygen concentration (Solomon, et al., 1984). However, it is
thought that the hydrogen is a better indicator of reactivity, since it is presant at about five timas the level
of oxygen on an atomic basis and can be more easily and accurately measured.

The upper solid line in Fig. 11.A.9-4 is a "best fit" line drawn through the data for Kentucky No. 9
and Pittsburgh Seam bituminous chars. The lower solid lin2 is a best fit line drawn through the Zzp lignite
chars. The differences in the values of T, with the extent of pyrolysis allows one to assess the irmportance
of this parameter on reactivity. In the case of the Zap lignite, the range of T, from about 350°C to §25°C
corresponds to a factor of ~ 500 in reactivity (assuming the 35 kcal/mole activation energy). In the case
of the two bituminous coals, the range of T, from about 450°C to 575°C corresponds to a factor of ~ 40
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Table IL.A.9-2,

Key to Montana Rosebud Data in Figure I1.A.9-3.

Datum No. Reactor Heating Rate® Maximum Temperature  Residence  Pressure
*C/s °C Time® (s) (psig)

1 TGA 0.5 800 - 0
2 EFR 10,000 . 1300 0.2 0
3 HPR 10,000 817 0.3 100
4 HTR 20,000 ' 800 : 0.2 0
5 HPR 10,000 817 : 0.3 26
6 HTR. 20,000 800 0.1 0
7 - HTR 20,000 800 - 0
8 HTR 20,000 600 0

NOTES

TGA Thermogravimetric Analyzer

EFR  Atmospheric Pressure Entrained Flow Reactor

HPR High Pressure Entrained Reactor

HTR Heated Tube Reactor

a Heating rates are nominal

b Residence time at final temperature
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in reactivity. Using the same method, one can track the maximum difference in reactivities with coal types
as being a factor of 120 (350°C, 475°C) while the minimum difference is about a factor of 4 (525°C,
575°C).

Reactivity vs. Mineral Content - It is known that the vertical displacement of the curves in Fig.
ILA.9-4. is at ieast partly due fo the variations in catalytic activity of minerals. This effect has been
observed in previous studies which have been reviewed by Mahajan and Walker (1978). The most
reactive chars are for the Zap lignite which are known to have a high Na and Ca content. The results for
T, versus daf hydrogen content for chars produced from demineralized Zap by the Bishop and Ward
technique (Tichenor, et al., 1985) are similar to chars from bituminous coals (Serio, et al., 1989).

Reactivity vs. Surface Area - Our previous work has suggested that the rank differences in
reactivity in Fig. Il.LA.9-4 are primarily due to differences in mineral content and not from differences in
surface area (Solomon, et al., 1989b; Serio, et al., 1989; and Solomon, et al.,, 1988c). Similarly, the trends
with the hydrogen concentration are due to changes in the molecular order (active site concentration) and
not from changes in surface area.

The fact that reactivities differences between chars from different coals do not correlate well with
BET surface area is not surprising. As discussed by Walker and coworkers (Radovic and Walker, 1983),
it is the active surface area (ASA) as measured by oxygen chemisorption which is important. However,
the utility of oxygen chemisorption as a technique for measuring the ASA of "young" chars in question
(Suuberg, et al., 1986). In this work, we have not attempted to measure ASA’s.

Reactivity vs. Burnout - Measurements have been made of T,, versus the extent of burnout for
chars from a Montana Rosebud and a Pittsburgh Seam coal (Solomon, et al.,, 1988d). In this case, the
values of T, must be corrected for the increase in the ash content. The value of T, increases
systematically with increasing burnout for both coals, which indicates that more reactive components are
removed first (or that the burnout process anneals the remaining material).

Correlation of T, Measurements with High Temperature Combustion Reactivities - Of course
the measurement of T, would not be of much good to those interested in p.f. combustion unless it can be
shown that these measurements correlate with intrinsic reactivities measured at high temperatures. The
T.. measurement provides a temperature at which df/dt = 0.001 s™. For a ~ 60 ym mean diameter
fraction of Montana Rosebud coal, the measured T, was 429°C (702K) while the measured initial CO, BET
surface area was 152 m?%g. The problems of using the BET surface area as a correlating parameter have
been discussed previously (Serio, et al., 1988). However, since the intrinsic reactivity data in the literature
have been derived using such measurements, this approach is consistent. The CO, area varies the least
over a wide range of burnoffs, for most coal chars, and is used here. Using equation 11.A.9-4, one would
calculate R, = 1.1 x 10"%/cm?s at T, = 702K. The most comprehensive compilation of intrinsic reactivity
data for a range of carbons is that prov:ded by Smith (1982). The correlation of Smith would predict a
value of R, = 1.0x10"'g/em?®s. However, this correlation underpredicts the data for brown coal chars and
lignites in this temperature range, so the agreement is actually within a factor of 2 of the relevant data in
Fig. 9 of Smith (1982). The extrapolatlon to high temperatures can be done by using E = 35 kcal/mole
which gives R, = 2x10* glem?’s at T, = 1650K. This estimate is about a factor of two lower than Smith's
correlation and about a factor of two higher than his data for brown coal chars. A similar agreement is
observed for the other chars that were studied. Consequently, it appears that the T, measurement is
capable of giving meaningful results when extrapolated to high temperatures using an activation energy
of E = 35 kcal/mole.

Recent work in our laboratory with a laminar coal flame experiment has shown a correlation of T,
with the ignition point above the nozzle (Solomon, et al., 1988c) and with the interval of time required to
achieve 100% burnout (Solomon, et al., 1989c).

Correlation of T, Measurements for Reactivity Modeling - As discussed in Section Il.A.10, most
of the work under the current contract has involved using the T, database to develop a char reactivity
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submodel for use in a comprehensive entrained gasification and combustion code (Charpenay, et al. 1992
a,b, 1993). Since T, is inversely proportional to the reactivity, 1/T. was found to be a more appropriate
quantity to use to develop correlations. Good finear correlations of 1/T. vs. the char hydrogen
concentration were obtained for all of the coals examined, as shown in Fig. LA.2-5. This includes some
additional data which is not included in Fig. 1LA.9-4. The points which fall below the bottom line for the
Pittsburgh Seam coal are from chars which were produced at low heating rate in a TGA. For fiuid coal,
the pyrolysis heating rate can affect the reactivity by at least one order of magnitude.

Conclusion

A new reactivity test has been developed which allowed relative rates of reactivity to be determined
for chars of widely varying reactivity. The method was applied to study the depsndence of reactivity on
coal properties and pyrolysis conditions. Reactivities are seen to decrease dramatically with decreasing
aromatic hydrogen concentration. Reactivities were insensitive to pyrolysis heating rate for a lignite but
were sensitive to heating rate for a bituminous coal. Mineral catalytic effects explain most of the rank
variations. The test provides a measure of the reaction rate which agress well with literature data for
chars from similar coals. The measured intrinsic reactivitizs also extrapolate well to high temperature
measurements if an activation energy of 35 kcal/mole is used. The test can also predict the reactivity
differences between coals in a laminar coal flame experimant.

I1LA.10. The Prediction of Coal Char Reactivity Under Combustion Conditions

The main objective of the char reactivity work under this contract was to develop a char raactivity
submodel that could be used in a comprehensive code for entrained coal combustors and gasifizrs. The
requirement of a char reactivity mode! is to predict the reactivity of chars from a wide range of coals, over
a wide range of temperatures, and for various degrees of burnoff. In order to predict intrinsic reactivity,
correlations of reactivity with char hydrogen content, coal oxygen content and coal mineral contant were
used. A random pore model (high rank coals) and a volumetric modet! (low rank coals) were included to
predict variations of intrinsic reactivity with burnoff. The caorrelations combined with those models gave

good predictions of reactivity (within a factor of 2 to 4) and reactivity variations with burnoff (within 20%)
for the range of chars studied.

In the pore diffusion regime, the model uses the Thigle modulus to calculate the reaction rates as
a function of intrinsic rate (obtained using the correlations) and char properties such as porosity, tortuosity,
and the mean pore radius. Predictions of reactivity required an estimate of the tortuosity and thz mean
pore radius. The tortuosity was kept constant at a value of 2. Using a value of 84 (corresponding to the
size of micropores) for the mean pore radius led to good predictions of the onset of diffusion limitations
for low heating rate, fluid chars. For high heating rate chars, pore size distribution measurements showed
that values of approximately 100A were more appropriste. The corresponding predictions using this value
gave a fairly good fit to the literature data investigated. This analysis shows that it may be possible to
extend a low temperature reactivity model to high temperatures.

A complete description of this model appaars in Charpenay et al. (1892a,b). The extension of the
model to better account for the influence of char structure is discussed in Charpenay et al. (1993).

1L.A.11._Analysis of the Argonne Premium Coal Samples by
Thermogravimetric Fourier Transform Infrared Spectroscopy

We have developed a TG-FTIR instrument that combines thermogravimetric analysis (TGA) with
evolved products analysis by Fourier Transform Infrared (FT-IR) spectroscopy. FT-IR analysis of evolved
products has advantages over mass spectroscopy in allowing analysis of very heavy products and over
gas chromatography in speed. The paper by Solomon et al. (1990a) describes the most recent
improvements in the apparatus and presents is application in characterizing the Argonne premium coal
samples. The TG-FTIR apparatus for pyrolysis, oxidation of pyrolysis products, and oxidation of the
sample is described. To analyze coal, a sequence of drying, pyrolysis, and combustion is employed to
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obtain proximate analysis, volatile composition, volatile kinetics, and relative char reactivity. Pyrolysis
results are presented for the eight Argonne coals, several demineralized coals, and two oxidized samples
of Pittsburgh Seam coal. A kinetic analysis was applied to species evolution data collected at ssveral
different heating rates. There is a systematic variation in rate with rank. The rate for tar evolution from
Pittsburgh Seam coal is in good agreement with that of Burnham et al. (1989) using a similar set of data.
Analysis of the amounts of evolved products also show a systematic variation with rank consistent with
the coal’'s elemental and functional group compositions. Postoxidation of the volatile products has been
successful in providing elemental composition information on the volatile products as well as showing the
evolution of H,, which is not infrared active, and H,S (in the postoxidized SO, profile), which is & weak
infrared absorber. Oxidation of the char yields an ash amaount as well as two measures of th2 char's
reactivity, the oxygen absorbad by the char, and the temperature at which significant oxidation of the char
occurs. This work is described in detail in Solomon et al. (1980a).
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Introduction

Most of the coal currently being consumed is combusted in atmospheric pressure utility furnaces,
but a large number of other processes are also being used and developed for either direct combustion of
coal or conversion of coal into other products. A number of these processes, including coal gasification,
operate at elevated pressure. Gas turbine and diesel engines, which typically use liquid petroleum fuels,
operate at high pressures and prove to be candidates for coal fuel. Practical research is being conducted
on the use of coal in these applications, yet little is known about the basic nature of coal combustion at
elevated pressure. A great deal of research has been conducted on char combustion at atmospheric
pressure but the data obtained by these experiments cannot be extrapclated to higher pressures
because of the intricate coupling of transport phenomena and chemical kinetics during combustion. The
effect of pressure on char reactions has been examinzsd by only a few researchers during the past 25
years. These studies have been limited by experimental apparatus and have produced conilicting results.
Careful research is needed to characterize the fundamental effects of pressure on char oxidation.

To this end a high pressure facifity was designed and constructed for use in both preparing char
and carrying out fundamental char oxidation experiments. Chars were prepared in sufficient quantities for
oxidation tests and oxidation experiments were conducted at both atmospheric and elevated pressures.

Simultaneous in-situ measurements of particle size, velocity and temperature in a controlled tempzarature
environment were made for char particles for a range of oxygen partial pressures and total pressures.

Ohjectives

The overall objectives of this subtask are to determine the effects of pressure on th2 mass
reactivities and reaction rates of coal chars combusting in oxidizing environments at high temperatures.

Specific objectives for the project included:

1. Design, construct and characterize a high-pressure, controlled-profile (HPCP) drop tube
furnace for char preparation and oxidation studies at atmospheric and high pressure.

2. Prepare and characterize chars from the coals selected for this study, using the HPCP for char
production.

3. Conduct high pressure and atmospheric oxidation tests in the HPCP reactor with chars
produced from several of the coals selected for study.

cco ishments

Three components of the subtask have been identified to accomplish the objectives outlined
above: 1) design and construction of a laminar-flow, high-pressure, controlled-profile (HPCP) reactor, 2)
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char preparation at high temperature and high pressure, and 3) determination of the kinetics of char-
oxygen reactions at high pressure.

High Pressure Facility

The controlled conditions required for high temperature, pulverized coal char oxidation
experiments place great demands on a test facility. Not only must the initial heating rates (104-108 K/s) and
high particle temperatures (1700-2200 K) encountered in pulverized fuel combustors be simulated, but
facility temperatures must be controllable over a wide range. ltis also desired to maintain constant particle
temperature during the oxidation process. The particle reaction must proceed in a consistent manner,
with quenching occurring at various stages during the short time of particle burnout (<200 ms). The
temperature and composition of the gas surrounding a particle must also be known and variable. The
overall conditions of the oxidation process must allow subsequent correction for mass transfer effects,
limiting experiments to single particles rather than group events. Also required is the ability to measure
particle properties, especially temperature, during the reaction. The difficulties associated with
implementing these requirements were compounded in the present study by the additional requirement
of high-pressure operation.

A High-Pressure, Controlled temperature Profile (HPCP), drop-tube reactor was designed and
constructed as part of this study for use in both devolatilization and char oxidation tests. The reactor has
the following capabilities: pressure from 1 to 30 atm, gas temperature from 1000 to 1700 K, controllable
temperature profile along the reaction tube length, particle residence times from 30 to 1000 ms, variable
gas compositions of inert and oxidizing gases, and optical access ports for in-situ diagnostics. Fig. {.B-1
shows a cross-sectional view of the HPCP reactor. A patticle imaging system, providing in-situ
measurement of individual particle temperature, size and velocity was developed for use in conjunction
with the reactor. The instrument was patterned after a pyrometer developed at Sandia National
Laboratories (Tichenor et al., 1984; Niksa, et al., 1984), and further by Wells and Smoot (1989) with
modifications made to allow the measurement of smaller (30 to 150 um), cooler particles and to allow
proper functioning with the heated wall reactor. Details of the HPCP reactor, the optical pyrometer and
other components of the high-pressure facility were presented in progress reports for this study
(Solomon et al.).

Char Oxidation Experiments

Approximately 100 oxidation experiments were performed with two bituminous coal chars. The
bulk gas O, and total pressure ranges covered in the experiments were larger than any reported in the
literature. Independent measurement of both patticle temperature and reaction rates allowed an internal
check of the data consistency and insight into the products of combustion. Details of the experiments
and the results follow.

Char Preparation - Char oxidation experiments were performed with three fuels: two size
fractions of UT Blind Canyon HVB coal (63-74 um, 37-44 pm) and one size fraction of Pittsburgh HVA coal
(63-74 um). These are common U.S. coals that have been used in a number of char oxidation studies and
are included in the Penn State, the Department of Energy and the Argonne National
Laboratory coal banks. ‘They are also standard ACERC cdals. The UT coal was obtained from the
Huntington power plant and the Pittsburgh coal was obtained from Argonne National Laboratories as
tailings from the premium sample preparation process.

Samples of the coals were ground, dried and size-classified with a combination of sieving and

aerodynamic classification (using a Vortec classifier) to produce tight size fractions of 200x230 mesh (63-
74 ym) and 325x400 mesh (37-44 um). The size fractions were verified by scanning electron microscope
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(SEM) and Coulter Counter measurements. Figure 11.B-2 shows SEM photographs of each of the three
coals along with their respective size histograms from the Coulter measurements. The sizing is seen to be
excellent for the larger size fractions while the smaller size fraction exhibits a wider distribution, including a
portion of smaller fines. Proximate and ultimate analyses, performed according to ASTM standards, are
listed in Table 11.B-1 for each of the coals.

Chars for the oxidation experiments were prepared in the HPCP furnace in a nitrogen
environment. Since devolatilization conditions greatly affect char characteristics, all of the chars were
prepared at the same reactor conditions. These conditions, chosen to produce complete devolatilization,
were as follows: atmospheric pressure, wall and gas temperatures of 1500 K, an initial particle heating rate
of 104 K/s (calculated using gas and wall temperature measurements), and a particle residence time of
300 ms. A number of properties for each of the resulting chars are listed in Table [.B-2 and SEM
photographs and histograms are shown in Fig. I1.B-3. In each case, the original coal softened during
devolatilization, rounding the sharp edges and producing char patticles that were quite spherical. The
predominant structure for both UT chars was a 'lacy-cenosphere’ type particle with no appreciable
swelling. The mean size of the 70 um UT char appears to have decreased somewhat, likely a resutt of the
rounding of the nonspherical coal. The mean size of the 40 um UT char was essentially unchanged, as
were the distributions for both UT chars. The Pitt. char, on the other hand, exhibited thin and thick wall
cenosphere formation with noticeable swelling. lts size distribution also widened substantially. While all of
the raw coals had similar densities, the apparent density of the Pitt. char (0.43 g/cc) was about half that of
the UT chars (0.80 and 0.86 g/cc).

Experimental Conditions - In order to obtain accurate resuits, a number of requirements
pertaining to the particle temperature history had to be met. Inthe analysis of the results, it was assumed
that the particle temperature was constant as it passed through the reaction zone. In order to approach
this in the actual experiments, the gas temperature had to be carefully controlled. It was required that the
preheated secondary flow enter the reaction zone somewhat hotter than the desired gas temperature to
provide a rapid heatup of the primary gases and particles. Also, the temperatures of the gases and the
particles were required to rapidly drop at the end of the reaction zone, upon entry into the collection
probe. Conformance to these temperature requirements was monitored using a thermocouple probe to
measure the gas temperature profiles before the experiments were performed.

The particle temperature history was also required to be similar for all particles during a given test.
Because the gas motion was developing from plug flow to laminar flow, the gas and patrticle velocities at
the reaction tube axis were greater than at some off-axis location. Particle dispersion was, therefore, held
to a minimum so that all particles would experience approximately the same residence time. The particle
dispersion was visually observed through the reactor windows and seldom ever approached 1 cmover a
reaction length of 0.75 m.

Ancther requirement for reliable measurements wasa constant oxygen concentration in the bulk
gas. In order to ensure that this concentration was not affected by particle reactions, it was required that
the char feed rate be at least 100 times smaller than the gas flow rate (Annamalai and Ramalingham, 1987).
The char feedrate was 2 cc/hr (1.7 g/hr for the UT chars and 0.9 g/hr for the Pitt. char) for all of the tests
and the slowest gas flow rate was 12 SLPM (850 g/hr), easily meeting the requirement. The low feedrate
was also necessary to produce the small particle loading required by the optical pyrometer.

The plan for the char oxidation experiments consisted of a number of atmospheric pressure tests
to both establish a baseline for the effect of pressure and to validate the procedure by comparison with
other published data. These atmospheric tests then followed by higher pressure tests designed to allow
examination of the effect of total pressure on the char oxidationprocess. The following parameters were
varied during the experiments (with the corresponding number of levels shown in parentheses). fuel type
(2), fuel size (2), total pressure (4), reactor temperature (3), butk O> composition (3), and burnoff (3). An

extensive test set was performed with the 70 um UT char to provide a detailed description of the effects of
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TABLE [1.B-1

COAL ANALYSIS
Proximate (%) Ultimate (%)
Char Moisture Volatiles Carbon Ash| C H N S 0
UT (63-74 mm)
UT (37-44 mm)
Pitts. (63-74 mm)
TABLE 11.B-2
CHAR PROPERTIES
Char Ash Fraction Apparent Density Patrticle Diameter
Char Yielt | HC (daf) (g/cc) (mean, wm)2
UT (63-74 um) 0.57 0.016 0.335 0.804 64
UT (37-44 um) 0.57 0.016 0.236 0.860 36
Pitts. (63-74 pm) 0.64 0.248 0.431 73
1. m/mo
¥
ma
2. Calculated from 9o = d,, (—'1;/7;-]

pressure on not only the reactivity and reaction rates of the char but also on the char's physical
characteristics. The other chars were then tested at a limited number of conditions to observe their
general pressure behavior. The experimental conditions for the three test sets are listed in Tables ll.B-3 to
i1.B-5. '

Because the burning behavior of the char was unknown over the wide range of conditions called
for in the experimental plan, the particle residence length could not be specified beforehand.
Determination of the length was made at the time of testing for each test condition in the following
manner. The injection probe was initially positioned so its exit could be viewed through the optical access
of the reactor. The probe was then raised until the ignition point of the particles was observed and this
distance, referred to hereafter as the ignition distance, was recorded. The probe was then raised further
until complete burnout of the particles was observed. Intermediate injection probe heights were then
chosen to provide a range ofburnoffs. The ignition distance varied from near zero to several cm
depending mainly on the reactor temperature and bulk O, concentration.
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TABLE l1.B-3
70 um UT CHAR EXPERIMENTAL CONDITIONS AND OVERALL RESULTS

% B

Test flip1{R2| Pg |Conc| T T Tw | vp | tr B | an® | qa*

M ' (cm) [(&tm) | (%) (Kg (K? (K) |lmis) | (ms) | (%)
5 | 092 [440 | — ]1145 [1343 [ 1.1 68 ] 9.2 ]148 | —
003 | 100 | 1550 | 1120 (7900 [ 1.08 | B9 [ 154 | 288 | 250 | o&4 |03 [ 13
0.97 102 1621 {1145 | 1143 | 0.94 80 382 | 592 | 4.68 19.7 j0.26 125
096 [10.0 [1646 §1145 11143 | 1,00 o5 492 | 687 | 513 225 |o0.29 1-24
70 [21.0 | 1827 | 1120 [1100 | 1.08 | 64 | 57.3 | 124 | 8.85 | 229 (0.2 | 17
0.95 |21.0 | 1853 {1145 {1143 | 1.10 59 75.8 204 13.0 377 ]0.32 1-22
095 |21.0 |1819 {1145 [ 1143 | 1.13 66 63.0 13.9 9.59 259 (024 1-20
095 (210 |1815 |1145 | 1143 | 1.18 88 703 123 ¢ 8.12 212 020 121
096 [21.0 1804 | 1145 11143 | 1.05 100 83.4 14.3 8.66 229 1021 123
094 (21.0 | 1958 | 1145 {1143 | 1.12 94 73.6 124 | 8.02 21.0 |0.20 1-47
092 }121.0 ]1942 11145 11143 | 1.11 95 781 135 8.47 227 1021 1-50
092 (210 |1962 ]1145 | 1143 | 1.07 98 68.4 10.6 7.08 184 (0.18 1-51
0.91 }21.0 |1962 | 1145 | 1143 | 1.08 97 74.1 12.1 7.80 20.7 |o0.19 1-52
0.095 |10.3 | 1672 | 1130 [ 1130 [ 1.21 | 83 | 456 | 7.15 | 5.44 | 233 J029 | 15
0.95 | 21.0 {1892 [ 1130 | 1130 [ 1.19 42 | 46.6 14.5 11.0 300 jo.z/ 14
092 j21.0 |1812 1130 {1130 | 1.28 87 64.6 15.1 9.41 2589 j0.23 1-12
090 j21.0 }1812 §1130 §1130 | 1.04 73 79.1 13.0 8.89 24,0 |o0.22 19
094 121.0 }[1846 {1130 {1130 | 1.23 106 70.4 10.3 8.79 17.2 {0.17 1-3
082 | 50 | 1650 | 1462 (1462 { 1358 | 18 0.0 - —
0.92 4.7 {1704 | 1462 | 1462 { 1.51 26 23.3 10.0 8.49 -— 1080 1-49
D.90 [10.0 [1769 | 1450 | 1428 | 0.98 | 71 | 570 | 11.2 | 800 | 387 |0.39 [ 1-11
0899 ]10.1 |1817 | 1462 | 1469 | 0.87 63 65.3 18.3 104 529 |(0.49 1-29
1.00 {102 1865 {1462 {1469 J086 | 99 |[599 | — — -
101 {100 }1829 {1462 {1469 {094 | 122 858 | 123 | 732 {303 {os4 | 131
0.80 |21.0 | 1970 | 1450 | 1428 | 0.96 | 73 | 87.0 | 211 | 124 | 350 [0.27 | 1-10
0.93 |[21.0 {1951 {1462 | 1469 ] 1.28 82 68.4 19.7 13.2 36.9 ]0.29 126
0.93 [21.0 {2014 | 1462 | 1469 | 0.96 83 86.7 18.4 10.8 289 1024 127
0.93 }21.0 {2017 | 1462 | 1469 | 1.00 85 89.5 171 9.91 258 }0.21 1-28

U901 C.0 — 11133 | 1145 — 24 0.0 — = — — T-16
095 | 0.0 — 11462 | 1469 — 35 0.0 — — — — 1-19
. 20.0 | .00 | 5.00 — 1110011100 T 200 0.0 == = = — =14
OTT.1 T0.0 1 4.84 10.05 {1694 | 1100 {1100 { 1.07 jie] . 102 | 7.10 15.7 4 0.0 T3
2 " 8.5 5.12 102 {1626 {1131 | 1109 | 1.11 77 46.6 7.88 6.11 126 10.33 1-32
3 115 { 5.15 [10.1 1642 {1131 |1109 | 1.00 116 | 598 | 742 | 535 102 }0.29 1-33
4 145 § 5.15 10.1 }1635 {1131 | 1109 | 1.02 142 66.0 6.94 4.83 8.84 {0.26 1-34
UT2T 6.5 B2l [21.0 1848 | a1 [ 1108 [ 1.27 T 80.0 4.8 | 18.0 213 [0.39 T35 |
2 8.0 5.82 210 [1916 1131 | 1108 | 1.16 69 74.1 17.1 11.4 132 |o0.28 1-36
iﬁ g5 {538 {21.0 {1902 {1131 1109 | 1.28 74 874 | 24.1 14.8 18.4 |0.36 1-37
U131 8.5 530 | 3.20 15628 | 1136 | 1260 | O.77 120 55.0 | 6.38 .70 — 10.58 T-45
2 “ 125 ] 500 [4.00 {1562 {1136 | 1266 { 0.78 160 | 584 | 5.15 { 3.75 243 10.49 1-46
| 7.5 5.26 | 10.1 | 1783 {1336 | 1266 | 0.9% 80 2} 18.0 | 1.8 | 308 0.5/ T-31
2 8.5 5.26 10.1 {1809 | 1336 ] 1266 | 0.90 106 91.5 16.0 9.58 199 |0.46 1-42
3 115 | 5.26 10.0 {1815 | 1336 | 1266 | 0.85 135 85.2 11.0 6.87 123 10.33 1-43

B5 5. 21.0 [2017 | 1336 [ 1266 | 71.0% [57:3 834.8 22.9 2.3 T7.7  {0.32 T-88 |
8.0 6.33 21,0 12072 | 1336 | 1266 | 1.00 80 90.7 20.7 12.5 142 1028 1-38
9.5 5,31 }21.0 |2128 | 1336 | 1266 § 0.98 97 96.1 18.1 11.1 123 |0.24 1-40
3.5 3.898 | 0.0 — 111371 11109 — 35 0.0 — — — — 117
3.5 5.50 0.0 — (1336 | 1266 - 35 0.0 - — —_ — 1-18

cqccqacacd cdccdeccad ocgcccocacacagacdg OOOOOCCCCCCCCq ccq

9.5 9.75 5.0 1424 | 1006 | 726 | 0.49 194 45.6 3.05 2.37 5.04 ]0.30 129
6.5 B84 | 10.0 (1727 1006|728 | U.52 125 ( 51.8 | 5.59 | 3.22 5.22 | 0. T-56
6.5 104 10.0 1622 | 1006 | 726 | 0.53 123 66.9 8.17 570 8.23 }0.33 37
6.5 10.4 10.0 }1637 {1006 | 26 0.49 133 60.2 6.48 4.69 6.12 }0.28 3-8
6.5 104 102 | 1643 {1006 | 726 | 0.53 123 6g.7 7.85 5.61 7.86 10.33 3-9
6.5 104 ]10,0 |1639 {1006 | 726 ] 0.52 125 69.3 8.48 5.84 8.38 10.34 3-10
10.1 11687 {1006 | 726 | 0.65 131 78.6 9.80 6.44 942 }0.37 1-57
B5 | 10.0 [21.0 [Te0T 1006 | 726 | 085 85 52.5 — — — — 1-5%
6.5 9.87 121.0 11938 1006 | 726 | 0.73 89 87.5 1785 10.8 3.00 (0.28 1-55
7.5 T0.2 B0 | 1365 J1i/3 1858 | 049 53 B 325 2.59 5.48 ] U.30 1-61
105 § 102 50 1540 1173 | 858 | 0.51 206 61.2 4.28 3.09 700 1035 1-60

cG cq cccccdc
[s:]
[4;]
©w
3
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TABLE I1.B-3 (CONTINUED)

(&3]
P 1 RLZ Pg Cone T, T Tw Vp t r B qm3 qa4 kcs z Sampb
(em) |(atm) §@5) | ( (K? Ky {mis) | (ms) | (35
U {35 | 102 [100 J1706 |1173 | 958 { 0.63 185 | 50.6 ) 10.4 | 6.60 | 3.24 |0.35 | 1-62
[ U |105 | 995 }J10.0 |1759 | 1173 | 858 | 0.70 150 | %02 {110 | 6864 | 898 (035 | 1€3
U [ 65 | 100 (210 [1824 [117513858 Jos6 | 116 py — — — — { 125
Uu\l7s 10.1 21.0 12025 1173 § 858 | 0.60 125 ©3.9 15.0 8.64 6.75 .20 1-£4
6.5 | 164 ] 5.0 1328 | 887 ] 631 ] 0.26 | 271 | 2e4 [0.98 | 0.8 1.07 [0.11 3%
U tss |15 |50 1376 |87 Je31 1025 | 240 Jaso |1e1 127 | 172 |o.16 35
U 65 | 153 |100 |1545 ] 957 | 631 [0.25 | Z60 | 702 | 416 | 284 | 274 [0.37 3
U lss 181 {10.0 |1592 j 987 | 631 030 | 283 | 207 | 477 | 808 |298 |0.18 3.4
U155 1158 120 T TSBs {987 88T 1029 | 2% [ 730 1503 345 | 203 {oug 31
U |35 (153 |210 J1914 Jos7 | 631 | 034 | 280 |s28 |693 |411 | 245 Ot 32
1. Injection Probe: C - cooled, U - uncooled
2. Reaction Length
3. Mass Reactivity (g/g° s)
4. Area Reactivity(g/cm?*s) *1073
5. Reaction Rate Coefficient (g/cm2°s)(1/atm)°'5 +10-3
TABLE I1.B-4
40 um UT CHAR EXPERIMENTAL CONDITIONS AND OVERALL RESULTS
23]
Test ‘|p1 g2 | Pres {Ceonef T, T Tw § Yp tr B and | ga? | ke® Z  |szmple
em |Em e {ed 16§ j 0 {md Lo | o
T 21.0 | 1520 | 31120 | 1100 | 1.22 65 ] 5f.7 | 124 | 5.81 2.9  |0.08 ezl
u 21.0 — |1145 1143 —_ 67 |6t2 }182 565 | 132 [0.08 28
21.0 {1827 [ 1145 {1148 | 068 83 7581 12.4 4.85 11.3 j0.07 a6
21.0 | 1824 | 1145 [ 1143 | 0.98 128 | 784 | 505 | 194 ) 441 (0.03 27
10 | 1930 | 1428 {1450 § 0.91 35 1703 L2208 {581 221 (a1 s
21.0 {1931 | 1469 {1462 | 1.02 g4 1204 1259 }917 |z227 ot 28
21.0 | 1988 | 1469 | 1452 | 0.87 g5 | 94, 207 {712 | 172 |o.09 28
mmmm%m BE0 0. T 213
21.0 | 1906 1131 } 1103 | 1.12 76 €48 | 194 | 749 ]| 778 jo.10 | 2-11
2T 0 {1975 1935 | 1 T.57 3T oIS e 381158 018 | 212
21.0 [2025 {1338 | 1266 | 1.51 €3 fe75 Jeo2 {107 | 110 {0.13 | 2-13

1. Injection Probe: C -conled, U - uncooled
2. Reaction Length
3. Mass Reactivity (¢fg° s)

4. Area Reactivity (g/em2+s) <102
5. Reaction Rate Cosfficient (g/c:mz‘s)(1/atrn)0-5 *10™3
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TABLE I1.B-5
70 um PITT. CHAR EXPERIMENTAL CONDITIONS AND OVERALL RESULTS

o
1{m2 | Pres |Conci T,
o lam e |

T, tr B
«
5.0 | 0.03 1100 | 1755 J1335 | 1330 | 1.26 48 | 240 | 568 ]4.80 ] 194 |0.25 T3

v 3 4 | .5 X |Sample
® |md |mo | o da | e

qm

110 | 093 [10.0 {1780 | 1335 | 1330 | 1.40 78 46.0 {756 | 574 239 (0.29 1-4

B0 | 0.94 f21.0 |1800 (1335 [ 1330 | 1.24 65 ] 66.3 | 154 | 104 | 28.0 |0.24 T

7.0 09T 10,0 | 1757 | 1360 | 1450 | 1.39 50 12.3 — — —_ -— 1-7
11.0 | 0.91 9.9 {1799 | 1460 | 1450 | 1.35 81 — o — - — 1-8

1.0 0.82 |21.0 | 1971 | 1460 | 1450 | 1.51 46 €0.4 18.7 13.1 369 1029 15
091 210 1460 1.42 80.2

P
Y]

U

U X

U §13.0 | 093 j21.0 [1893 | 1335 {1330 | 1.37 95 78.8 13.7 | 8.56 223 |0.20 12
U

U

U

U

oo Lo

Injection Probe: C - cooled, U - uncooled
Reaction Length
Mass Reactivity {g/g * s)

Area Reactivity (g/cm?2 s) *1 03
Reaction Rate Coeﬁicient(g/cm2's)(1/atm)°-5 103

Experimental Results - Measurements taken during each test included reaction tube
temperatures, bulk gas Oz concentration, total pressure, reaction length, and individual particle
temperature, size, and velocity. Gas temperatures were obtained for each reactor condition before the
testing was performed. Subsequent analysis of the char residue included measurement of the ash
content, elemental analysis of Ti, Al, C, and H, bulk density, true density, and N surface area. Mass and
area reactivities and apparent kinetic coefficients were determined for each of the fuels. The overall
results for each of the tests are listed in Tables 11.B-3 to I1.B-5.

Analysis of Test Resulls

Detailed analyses of char oxidation measurements were conducted for the three fuels used. The
analyses include char composition, char structure, char residence time and burnoff, and char reactivity.

Ash and Elemental Analyses - Ash and elemental analyses were performed on the residual
char from each test. The fraction of ash in a given sample was determined by oxidizing the sample in a
muffle furnace until only the ash component remained. Comparison was then made between the weight
of the original sample and that of the final ash. The Ti and Al contents of the ash were determined by
inductively-coupled plasma atomic emission spectroscopy (ICP). Elemental analysis of the char residue for
the C and H contents were performed on a Leko instrument.
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Particle Residence Time and Burnoff - The reaction length for a given test condition was
determined as the difference between the injection-to-collection-probe length and the ignition distance.
The average particle residence time was determined by dividing the reaction length by the mesasured,
average particle velocity.

The carbon burnoff (dry, ash-free) of a sample was determined by following three tracers: ash, Ti
and Al. Assuming that the given tracer does not react to form gaseous products during conversian, the
burnoff can be calculated by (Pace, 1982)

. (1-x,,)
%, (1=, )

This formulation of the burnoff allows for ash loss (for minerals other than the specific tracer) when used
with Ti or Al tracers. For each test, bumoffs were calculated using each of the tracers. In almost every case
the three values agreed within a few percent, promoting corfidence in the ash analyses. The three values
were averaged to produce the burnoffs listed in the tables and used in subsequent calculations.

11.B-1

Particle Temperature, Velocity and Size Measuremenis - Approximately 50 to 100
individual particle traces were obtained from the optical system during each test. Whilz valid
measurements were obtained for the particle temperature and velocity in all cases, accurate particle size
measurements were not obtained for the low temperature, 40 um tests or the higher pressures of 10 and
15 atm, due to limitations of the optical pyrometer. With the collection probe located 5.5 cm below the
optical control volume for nearly all of the tests, the optical measurements were typically obtained near the
midpoint of the particle residence time. Mean temperature and velocity measurements for each iest are
listed in Tables 11.B-3 to 11.B-5.

Individual particle measurements for a typical 70 um particle test, U3.2, are presented in Figs. 11.B-
4 and I1.B-5. Particle-to-particle variations in minerals, macerals and structure resufted in wide distributions
in temperature and size. The variation in combustion behaviors was also evidenced by SEM photographs
of particle samples. Fig. ll.B-4a shows a nearly normal pariicle temperature distribution that spans a range
of 300 K. The mean and median temperature values were essentially equivalent for this and all of the
oxidation tests. Fig. l.B-4b shows a 700 K difference in particle and gas temperatures. This is due to the
high reactivity of the char and the high oxygen concentration of the combustion environment. Little
particle size dependence is observed in the measured temperatures.

Measured particle velocities followed a normal distribution with a small standard deviation (~ig. I.B-
5a). Because of the small size of the particles, slip velocity was very low (ca. a few percent of gas velocity)
and very little difference in slip velocity for the particle size distribution was seen. Since the gas movement
is a developing laminar flow with a maximum velocity at the center of the reaction tube, particles slightly off
center would move a little slower than those flowing along the axis. Thus, the particle velocity distribution
was mainly dependent on the gas velocity profile.

The measured patticle size distribution, Fig. Il.B-5b, exhibited a wide variance and a skawing to
the smaller sizes. This is a result of differences in the combustion of individual particles. While most of the
particles seemed to burn in a decreasing density modg, a small portion burning with decreasing diameter

would result in the smaller sizes measured. Fragmentation would also contribute to the number of smaller
particles.

Char Structure Results - Structural changes in the chars were followed by densities (bulk,

apparent and true), SEM photographs, and N, BET adsorption surface area measurements. These
results are tabulated in Appendix A.
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Figure IL.B-4. Temperature measurement a) histogram and b) size dependence for a
typical test (U3.2).
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Bulk densities were obtained for each test using a small graduated cylinder and a weight scale.
The collected char residue was placed in the graduated cylinder and tapped until the minimum volume
was obtained (typically 1-2 minutes). This volume, along with the weight of the sample, was used to
calculate bulk density. Apparent densities were obtained from the bulk value by assuming the widely
accepted interparticle void volume of 0.45 (Field, 1970).

1
Papp =Pb ("1 _o. 45") B2

The following correction was made for the ash content to vield the carbon apparent density, pe (Hurt and
Mitcheli, 1992),

1-x,
Pe= %

1.B-3

Papp Pa

The change in char density with burnoff is typically modelled by the burning mode parameter, a, as follows

(Smith, 1982):
[+ 1
Pe _ (-"l) =
Pco mo dat

Figure 11.B-6 shows the effect of conversion on the carbon apparent density and the predicted density
change from the model. The burning mode parameter most consistent with the 1 atm data (Fig. |1.B-6a),
determined from least- squares regression (excluding outlying points), was 0.65, while the higher
pressure data were best fit by a value of 0.5. The 5 atm outliers at high burnout can be explained by small
errors in the burnout measurements. A small percentage increase in the burnout values brings these
points into conformance with the other data. Figures i.B-6b - 11.B-6c present the same information for the
40 um UT char and the Pitt. char. These fuels also exhibited nearly the same changes in structure with
conversion. This reducing density, and reducing diameter burning, indicates that significant reaction was
occurring within the patticle pores (Zone 11 burning). Higher gas pressures did not significantly alter this
mode of burning.

The trends in char structure indicated by the density analyses were consistent with the SEM
photographs. Selected char samples were chosen to provide a range of burnoffs at two pressures for
each of the fuels. Photographs of these samples are shown in Figs. I1.B-7 to {.B-9. The variety of char
structures present in each of the fuel types was most likely a result of varying maceral content in the
particle populations (Tsai and Scaroni, 1987). The predominate structure in both UT chars was lacy
cenospheres, while that of the Pitt. char was thin and thick walled cenospheres. As the chars burned,
pore combustion resulted in fragile lacy structures, nearly the same size as the original chars. At high
levels of conversion, these appear to have fragmented into smaller pieces. It is apparent that the char
population was composed of particles exhibiting a wide range of reactivities. In the 1 atm, 0.15 conversion
photograph in Fig. 11.B-7, for example, some particles show no signs of any reaction while others show
significant pore development and other signs of substantial conversion. It is also interesting to note that a
few particles retained their original coal-like shape even at high burnoff values. In agreement with the
density results, no pressure dependence is apparent in the photographs.

N2 and CO; surface area measurements were used to estimate the mesopore and micropore
areas of the original UT chars. The mesopore areas were faitly small, about 1 m2/g, while the micropore
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Figure Il.B-8. The change in carbon density with burnoff for the a) 70 um UT, b) 40 pm
UT and c) 70 um Pitt. Chars.
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10 atm - 0.8

Figure Il.B-7. SEM photographs of the 70 um UT char as a function of conversion at 1
and 10 atm total pressure.

100 um (x 130).
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Figure I.B-8. SEM photographs of the 40 pm UT char as a function of conversion at 1
and 10 atm total pressure. '
100 pm (x 200).
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Figure I1.B-9. SEM photographs of the 70 um Pitt. char as a function of conversion at 1
and 10 atm total pressure.

100 um (x 130).

177



areas where quite extensive, around 350 m2/g. Nj surface area measurements were also performead on

selected chars as a function of burnoff and pressure. The samples used for these measurements
corresponded to those used for the SEM photographs. These results are plotted in Fig. .LE-10. The
pore evolution shows a maximum around mid-burnoff with little mesopore area in either the unoxidized or
highly converted chars. Little pressure effect is seen in the surface areas.

All of the structure measurements are in agreement. The oxidation experiments occurred in a
regime where internal burning was significant and the total pressure had no apparent effect on th= char
structure,

Char Reactivity - The overall chemical kinetics of char oxidation are usually described by the
mass and area reactivities (Laurendeau, 1978). The mass reactivity, g, is defined by

1 dm
2= ———r 1.B-5
= dt

Assuming the particle temperature remains constant during burnoff and taking the carbon mass at the
midpoint of burnoff, the average mass reactivity can be detarmined from experimental measurement by

2B 1
= I1.B-6
q’“th

In a manner similar to the mass reactivity, the overall reaction rate can also be described on a particle
external surface area basis (assuming a spherical particle) by the area reactivity.

IPL...LL IL.B-7

Taking Ay, at the midpoint of combustion, the time-averaged area reactivity can be determined fram

.M B IL.B-8
qa Apm tr "

The initial char apparent density and diameter can be usad to calculate the initial particle mass, m, and Apy,
can be calculated using Egns. 11.B-3, I1.B-4, and geometry. Values for qp, and g, for each test arz listed in
Tables {1.B-3 - I.B-5. They are also plotted in Arrhenius form in Figs. I1.B-11 to 1.B-15.

Figure 11.B-11 shows a comparison of area reactivities from the 1 atm UT char tests and from
experiments conducted with UT chars at Sandia National Laboratories (Hurt et al., 1991) and Stanford
University (Leslie et al., 1989). While the Sandia study did not report reactivities as a function of
temperature, the basic measurements required to make these determinations (mass fractions of ash and
tracers, residence time, diameter, density, and temperaturs) were reported. Thus, the Sandia reactivities
shown in the figure were calculated from the reported measurements using the methods of this study.
The Stanford reactivities in the figure are those reported by Leslie et al. (1983). It should be noted that the
particle temperatures were calculated, not measured, in the Stanford study. Experiments at Sandia were
carried out in laminar flows with gas Op pressures of 0.06 and 0.12 atm, while those at Stanford were

performed in turbulent flows at 0.075 atm O pressure. The data sets shown in the figure cover & particle
size range of 40 to 116 um.

Agreement between the similar-sized char data sets, 59 and 70 pm, is quite good and 21l the data
sets agree within a factor of three. The differences could be attributed to a number of variables including
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chars diifering in chemical and structural properties as a result of coal variability and differing
devolatilization conditions. Even if the starting chars were identical, differences between the data sets
would be expected because of the dependence of the area reactivity on the diffusion rate and, hencs,
the particle size, gas Op concentration and flow characteristics. it was reported that the 116 pm char
burned near the diffusion limit (Mitchell et al., 1992) and that the 59 pym char reacted in the pore diffusion
regime(Leslie et al,, 1989). While these two data sets were obtained at similar O, pressures, the smaller
patticle size and the turbulent flow of the Stanford experiments would move the combustion process away
from the diffusion limit as compared to the Sandia study. The structural changes in the chars of this study
indicate that combustion was occurring between the pore diffusion and kinetic regimes. This is plausible
considering the small particle sizes and the higher O; pressures (0.21 atm) at the higher temperatures.
The lower area reactivity of the 40 um UT char as compared to the 70 um UT char lends support to this

burning regime. All of these resuits are consistent with the graphical position of the data sets in the Fig.
IL.B-11.

Figure 11.B-12 shows the dependence of the area reactivity and particle temperature on the bulk
gas O; pressure for the 70 um UT char tests at 1 atm. As expected, higher O, pressures led 1o higher

reaction rates. And thus, he various particle temperatures seen at the 10 and 21% O concentrations

resulted from varying the reactor temperature {gas and wall) from 1145 to 1460 K. Ignition was obtained in
the 5% O, concentration environment at only the highest reactor temperature (this test turned out to be

controlled by diffusion). Little temperature overlap is sezn for the different oxygen concentration tests;
the hottest reactor condition with 10% Qs in the bulk gas produced particle temperatures equivalent to the

lowest temperature reactor conditions with 21% Oy in the bulk gas.

The mass and area reactivitiss for each of the three ssts of chars are plotted in Figs. ILB-13 to l[.B-
15. Little difference is seen in the trends of the two reactivity types because of the use of cornmon particle
sizes for each fuel. Activation energies are slightly lower for the area reactivitiess because of the general
trend of increasing burnoff with increasing temperature in the experiments. This results because a
buming particle's mass decreases faster than its external surface area. Since an inverse relationship exists
between these properties and the reactivities, the area reactivity decreases faster than the mass reactivity
with burnoff.

Surprisingly, little total pressure effect is seen in the reactivities of any of the fuels. Forthe most
part, the reactivities are grouped along the 1 atm line within the experimental error (about a factor of 1.5).
The high temperature 15 atm points in Fig. [.B-13 are an exception to this, and low by about a factor of 3.
This could be a pressure effect but is more likely a result of nonsteady particle temperatures at this
extreme test condition. The combination of high pressure and high temperature resulted in a short
reaction length for these tests. The assumption of a steadily burning particle would be invalid if the particle
temperature peaked about halfway through the reaction zone (near the temperature measurement
location) and then sharply fell during the remainder of the zone. The result would be a measured reactivity
lower than expected for the measured temperature.

Pressure Effects on the Measured Particle Temperature - Measured particle
temperature as a function of O, pressure and total pressure for the 70 um UT char experiments is shown in
Fig. 1.B-16. Experiments performed at a fixed reactor temperature and pressure but with varying oxygen
concentration (5, 10 and 219%) are joined by solid lines. Data from two reactor temperature settings are
shown for all but the 15 atm pressure sets. Although the data points for the total pressures do nct cover
the same O, pressure range, strikingly large dependencies of the particle temperature on the total
pressure and on oxygen partial pressure is apparent. At the same O, pressure and gas temperature, the
particle temperature is typically several hundred degrees lower at the next higher total pressure lavel. The
effect of the total pressure on the particle temperature was much larger than that due to changes in reactor

temperature. Conversely, increasing oxygen partial pressure causes sharp increases in particle
temperature at a fixed total pressure.

184




Tg = 1330K

Tg = 1460 K Tg = 170K

$ 20007 ' Tg = 987K

~ Tg = 1130K g=9

2 Tg = 1145K

2 Tg = 1000K

8

& 1800

=)

L]

=

D

2

=

S 1600~

B

= Total Pressure

a -O— latm

2 —0— Satm

= 1400 - A 10 atm
=~ 15 atm

1200 T ] T ] T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 11.B-16. The effects of O, pressure and total pressure on the measured particle

O, Pressure (atm)

temperature of the 70 um UT char.

185

3.5



Global_Char Oxidation Model

In high temperature char combustion processes, pore diffusion and internal reaction typically
influence the overall reaction rate. Because the details of the complex particle pore structure and the
accessibility of oxygen to these internal surfaces are usually not known, it has been common practice to
relate the char reaction rate to the external surface area (Smith, 1982). In this model, diffusion across the
boundary layer is treated but diffusion and burning within the particle pores is neglected. This globzl char
oxidation model was used to correlate the results of this study. The wide range of conditions over which
the oxidation experiments were performed provided a means of testing the validity of the n'h order rate
equation.

Using the single film burning model and assuming a quasi-steady reaction, the global model
equates the rate of carbon diffusion to the rate of carbon consumption. Using an nth order power law, the
following expression for the overall rate of carbon consumption per unit external surface ares, qa, i
obtained:

Oa = KePos" ILE-9
he apparent chemical reaction rate coefficient, k, follows the Arrhenius form:

-E

ko=Ae 11.B-10

Experimental studies have indicated that, besides CO, some CO; is also a primary product of

heterogeneous char oxidation (Mitchell, 1988, Waters et al, 1988, Young and Niksa, 1988, Mitchell &t al.,
1990b). This is significant because of the large heat of reaction (over 3 times greater than the CO
reaction) and the stoichiometry of the CO, reaction (only half as much carbon consumed per oxygen

molecule as compared to the CO reaction). The fraction of carbon converted to CO5 is represented by .
C +—;—(1+ )0, - (1-y)CO+wCO, 11.8-11

The rate of carbon diffusion on a particle-surface-area basis can be described by the following relation
(Frank-Kamenetskii, 1969 and Mitchell, 1988). It allows for the formation of both CO and CO_ and also

accounts for the Stephan flow (the convective flow resulting from a change in the number of moles during
the reaction).

1_-&{&):"_
g =| 2|22 MDoy P IL.B-12
f+y /R Tp dp o {mn Peg
— {_
P
where vis defined as
g=¥=1 ILE-13

g1

The rate of carbon consumption (Eqn. 11.B-9) and the rate of carbon diffusion (Eqn. ILB-12) are
combined to eliminate the unknown P, yielding an implicit equation for q, in terms of the apparent kinstic

coefficients (A, E and n), the gas and patrticle properties, and .
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The patticle temperature is described by the energy equation. In this study the particle
temperature is assumed to remain fairly constant during the oxidation process. Thus, the inertial
component can be neglected and the energy equation can be written as

Nud(T,-T. B
0= (d: g)(esff— J+ec(Tg—T‘:,)-quH 11.B-14

The Stephan flow is accounted for by the blowing factor, B. -

Cpg %a (w1
B =—f8 a(.__‘l’ ) I1.B-15
TMh L 2

The heat of reaction is dependent on the fraction of CO, generated.

AH=-26.4(1-y)~-94.1y [1.B-16

The model requires a number of temperature- and pressure-dependent gas properties: p, Cpg.
U. A,and Doy These values were determined at the film temperature assuming ideal gas behavior, using
curve fits from the JANAF Thermochemical Tables, and relying on molecular theory. The pressure
dependence of Cpg and p is very slight over the range of test conditions and, therefore, neglected. The
strong dependence of Doy on both temperature and pressure greatly affects the balance between the

diffusion and kinetic rates. The thermal conductivity shows an almost proportional dependence on
temperature and an almost negligible dependence on pressure.

The complex interaction between the three main equations in the mode! (Eqns. 11.B-9, {1.B-12, and
[1.B-14) and the variable gas properties make it difficult to accurately identify trends without a numerical
simulation. The computer model was used to perform a number of simulations with the aim of examining
the effect of O5 and total pressure changes on char oxidation behavior. In these simulations it was

assumed that the model and its kinetic parameters were valid over a wide range of combustion conditions.

Figure {1.B-17a shows the predicted effect of increasing O, pressure at a constant total pressure

of 1 atm. The parameters held constant are listed on the plot. Values of y (ratio of observed rate to
diffusion-limited rate) range from 0.35 to 0.6, indicating that neither the diffusion nor the chemical reaction
rate control the combustion process in this case. ) experiences a minimum at a pressure just below 0.2,
where the maximum amount of kinetic control occurs. At lower and higher oxygen concentrations the
diffusion process increases its control on the overall reaction and ¥, increases moderately, tending to
flatten out at higher O, pressures. The moderate rate of increase in g with increasing O2 pressure is not
as large as expected. Other simulations showed that the average value of 4 and the position of the
minimum in y vary considerably with changes in the combustion conditions and kinetic parameters. Also
shown on the plot are the particle reaction rate and the diffusion-limited reaction rate. Both rates startat 0
with no oxygen in the gas and then increase substantially with increasing oxygen concentrations.

Figure I1.B-17b shows the effect of the total gas pressure on the reaction rate. The solid lines
represent constant mole fractions (Yog) and the dashed lines represent constant O pressures (Pog). As

the total pressure is increased above 1 atm at a constant gas mole fraction, the reaction rate first increases
fairly rapidly and then flattens off at higher pressures. The initial rise is more pronounced for higher
oxygen gas compositions. In general, an increase in the O, mole fraction produces a substantially larger
increase in rate than an increase in the total pressure. The constant O, pressure lines show the same

unexpected trend as the temperature measurements of Fig. I{.B-16: a decrease in the reaction rate with
increasing total pressure. The pressure effect on the rate is quite marked at higher O, pressures.
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These pressure effects on the reaction rate can be explained in the following manner. The
decrease in diffusivity accompanying an increase in the total pressure slows the rate of O, diffusion to the
particle, resulting ina lower O, pressure at the particle surface in the case of constant O; partial pressure.

This decrease in the particle surface concentration slows the chemical reaction rate which, in turn, lowers
the particle temperature and results in a further decrease in the oxygen diffusivity. The process of
reducing reaction rate continues until a balance is obtained between the diffusion and kinetic rates and
between the energy generated by the reacting particle and the energy lost by the particle through heat
transfer. The final result is a decreasing particle reaction rate and temperature as the total pressure is
increased. For the case of constant O, mole fraction, where the bulk O, pressure increases in proportion

to the total pressure, the decrease in diffusivity leads to a very moderate increase in reaction rate and
temperature. Most of changes due to pressure have occurred by 10 atmand further pressure increases
produce little additional effect.

Elevated Pressure Data Analysis

Combustion Regime - Establishing the burning regime of the char experiments was an
important step in analyzing the data. Had combustion occurred in the bulk diffusion controlied regime
(Zone IIl) kinetic parameters could not have been determined. The ratio of the measured rate to the
maximum rate, ¢, was determined to help quantify the controlling processes. The maximum burning rate
was calculated assuming complete conversion of carbon to CO at the diffusion limit, while allowing for the
particle temperature increase due to the faster reaction. Hence, the diffusion and energy equations
(Egns. [L.B-12 and |1.B-14) were simultaneously solved for the given experimental conditions to determine
the maximum rate. The value of y determined from each test is listed in Tables 11.B-3 to ILB-5. x was
typically in the range of 0.15-0.50 for the 70 wum char and somewhat lower for the 40 um char. The
decrease in % with particle size was expected because the boundary layer depth also decreases with size,
resulting in a faster diffusion rate. In only one test, U6.2, did the reaction occur near the diffusion limit.
The effect of pressure on y was masked by its dependence on the gas film temperature and O, pressure.
% seems to have slightly increased with pressure from 1 to 5 atm but further increases in pressure were
accompanied by decreases in the film temperature and increases in O, pressure.

The y values calculated for the tests, typically less than 0.5, indicate that the kinetic rates were
exerting significant control over the combustion process. This resuit is consistent with the other
experimental data. The slight decrease in the area reactivity of the smaller sized UT chars (Fig. I1.B-11)
indicates a burning regime between the kinetic (Zone 1) and pore diffusion (Zone II) controlled zones (g, is

proportional to dp in zone | and independent of dp in Zone ll). The patticle density, SEM photographs,
and calculated o's and activation energies also support this conclusion.

Interestingly, no significant total pressure effect on the burning regime was found. This result
conflicts with the commonly held belief that higher pressures lead to complete diffusion control (zone Iif).
Since the maximum (diffusion controlled) reaction rate is independent of pressure for a given gas
composition (the diffusivity is inversely proportional and the O pressure is directly proportional to the total
pressure), the explanation must lie in the reaction rate behavior. Because the increase in overall rate with
total pressure is much lower than expected, as a result of the pressure and temperature dependent
diffusivity, the increase in i with pressure is also much lower than expected. This leads to the conclusion
that kinetic rates can exert significant control on the overall reaction rate at elevated pressures and that
kinetic parameters can reasonably be extracted from the experimental data.

eactjo oducts - CO/CO, - Although CO has commonly been accepted as the primary

product of heterogeneous char oxidation, some researchers have found evidence for the formation of
CO, as well. It was postulated by Arthur (1951) that the ratio of the CO to CO, formed was a function of the

particle temperature and that it could be described by the Arrhenius law in the following manner.
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In drop tube experiments, independent measurement of both the particle temperature and the rate of
reaction is required to allow calculation of the fraction of CO, produced. With increases in COp production

the particle temperature is increased and the reaction rate is decreased. Thus, an energy balance will be
consistent only for the proper y. With known particle temperature, reaction rate, and reactor conditions, y
is calculated by solving the energy equation, Eqn 1l.B-14. Only researchers at Sandia National
Laboratories have reported high temperature oxidation experiments where sufficient information was
collected to allow these determinations (Miichell, 1988, Waters et al., 1988, Mitchell et al, 1990, Hurt and
Mitchell, 1992a).

Results from the determination of y for the 70 um UT char data are shown in Fig. l.B-1€ as a
function of particle temperature. The results are somewhat scattered because of the sensitivity of the
calculation to errors; any errors introduced by experimental measurements or shortcomings in the global
model are inciuded in the calculated w. In spite of the scattering, there is clearly a transition from CO; to

CO preduction as the particle temperature increases from agproximately 1500 to 1900 K. At temperatures
below about 1700 K, oxidation rates are much too slow to produce the measured particle temperatures if
CO is the only product considered. The solid line in the figure represents the best fit Arrhenius mcedel to
the data; agreement is seen to be quite good considering the uncertainties associated with the vy
determination. Agreement is also good with the parameters determined by Hurt and Mitchell (1992) for a
UT char, A; = 3-108 and E; = 60 kcal/mol. Surprisingly, v seems to be independent of the total gas

pressure over the range covered in the experiments.
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Figure 11.B-18. Temperature dependence of ¢ for the 70 pm UT char.
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It should be noted that while these results indicate that CO, may be formed heterogeneously, the

global model is not sufficiently fundamental to prove this. Other explanations may also be plausible. For
example, the same trend would be observed if only a portion of the particles ignited and temperature
measurements were made on only burning particles. The collected char residue could contain a
significant fraction of unreacted or partially reacted particles, resulting in a measured reaction rate lower
than one corresponding to the measured temperatures.

Apparent Chemical Kinetics - The reaction rate coefficient, k¢, was determined from Eqn.
11.B-9, using Eqns. [1.B-10 and |.B-12 to determine P,s. Consistent with the previous work of other

researchers (Young and Smith, 1981, Mitchell and MclLean, 1982, and Hurt and Mitchell, 1992a) an
apparent reaction order of 0.5 was used. Arrhenius plots of k; are shown in Figs. 11.B-19 and I.B-20. The

activation energy and frequency factor at each total pressure were determined by a least squares
regression of k; vs. 1/Tp, ignoring outlying points; these parameters are listed in Table {1.B-6.

Interestingly, a significant pressure effect is seen on both the activation energy and frequency
factor in each case. Both of these parameters are decreased at higher pressures. While the frequency
factor decreases somewhat proportional to the pressure, the activation energy is significantly reduced at 5
atm and does not change with further pressure increases. This same pressure behavior is observed for
each of the fuels.

The effect of fuel type on k; is shown in Fig. [1.B-20. The rate coefficients for all of the chars

exhibit very similar temperature behavior and at any given pressure and temperature the rate coefficients
for the chars agree within the experimental error. With this in mind, the larger ‘best fit' Arrhenius
parameters determined for the 40 um UT char are most likely too high. A fairly large uncertainty was
associated with the parameter determination for this fuel because of the small temperature range covered
by the limited number of test conditions.- The close agreement of the global rate coefficients for the three
chars was expected because of their aimost identical physical structures.

The large changes in Arrhenius parameters with pressure variations indicate an inadequacy in the
model. Anocther observation further increases concern over the model adequacy. While little difference is
seen in the overall reaction rates measured for a range of pressures (Figs. 11.B-13 - IL.B-15), after using the
mode! to account for bulk diffusion effects, the reaction rate coefficients show a very pronounced
pressure effect (Fig. 1.B-19).

This could be a result of pressure related pore diffusion effects not accounted for in the global
model if the pore area available to oxygen decreased with increasing pressure as Lester et al. (1981)
conjectured. However, this would lead to an accompanying change in particle structure (a trend towards
constant density burning with increasing pressure) and none of the structure measurements showed any
significant effect of pressure. Also,unless the pore diffusion was also a complex function of temperature,
a change in only the frequency factor, not the activation energy, would occur.

A more likely possibility is the inadequacy of the nth order equation to predict changes with
pressure. While it is commonly used and has proven adequate for predictive use at atmospheric pressure,
the equation has no theoretical basis and has been shown to be invalid for atmospheric pressure char
oxidation (Essenhigh, 1988 and 1991). Extrapolation of this empirical equation to elevated pressure
would be valid only if it were consistent with experimental results. With the very limited research
conducted at elevated pressures to date, the validity of the equation at these conditions has not been
examined before. While the general trends of the model are consistent with the high pressure data
obtained in this study, the variation in the kinetic coefficients with pressure indicate the inadequacy of the
nth order equation to model pressure changes, Use of a more fundamental rate equation, such as the
Langmuir equation, may better describe the total pressure effects.
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TABLE 11.B-6
GLOBAL KINETIC PARAMETERS FOR AN APPARENT ORDER OF 1/2

Char | Pressure A E
(atm) (g/cm 2-s)(atm) -0-5 (kcaVmol)

70 umUT 1 1.780 14.8

| 5 0.0382 3.4

10 0.0227 3.8

15 0.00981 4.9

40 pmUT !! 1 8.38 234

‘ 5 1.38 18.8

70 pm Pitt. l 1 0.700 12.3

| 10 0.029 4.7

Because the choice of apparent order exeris a great influence on the determined Arrhenius
parameters, the use of 0.5 for the order in this study must be rationalized. While an assumed order of 0
leads to no total pressure dependence of the Arrhenius parameters (the reaction rate coefficients are
equivalent to the area reactivities), the 0th order assumption is cbviously erroneous as demonstrated by
the unmistakable increase in experimentally observed reaction rates with increases in Oz pressure. On
the other hand, an assumed order of 1 leads to small and even negative activation energies. Model
simulations have shown the predicted resuits to be fairly insensitive to the chosen order; assumed
apparent orders from .5 to 1 lead to Arrhenius parameters that seem to fit the data equally well. Further,
Essenhigh (1988) showed a smooth change in apparent order from 0 to 1 as char oxidation temperatures
increased from 1000 to 2000 K. Thus the chosen order of 0.5 is a good average value and, as mentioned
above, it has been used in recent atmospheric pressure char oxidation studies.

Model Predictions of the Elevated Pressure Daia

The kinetic parameters derived from the data were used with the global model as a check on their
predictive capabilities. Model simulations were performed for the conditions of the 70 um UT char
oxidation experiments. Fig. 11.B-21 shows the model predictions.

The comparisons show that the model can be uszd to predict the data as long as adjustments are
made in the kinetic parameters for differing total pressure (Table 11.B-6). Assuming the chemistry of the
carbon/oxygen reaction remains unchanged with pressure, the need to make adjustments in the kinetic
parameters with pressure indicates some inadequacy in the model. Another observation ircreases
concern over the model adequacy. While little difference is sgen in the overall reaction rates measured for
a range of pressures (Figs. Il.B-13 - 1.B-15), after using the mode! to account for bulk diffusion effects, the
reaction rate coefficients show a very pronounced pressure effect (Fig. 11.B-19).

This could be a result of pressure-related pore diffusion effects not accounted for in the global
model such as the pore area available to oxygen decreasing with increasing pressure as Lester et al.
(1981) conjectured. However, this would lead to an accompanying change in particle structure (a trend
towards constant density burning with increasing pressure) and none of the structure measurements
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showed any significant effect of pressure. Also, unless the pore diffusion was also a complex function of
temperature, a change in only the frequency factor, not the activation energy, would occur.

A more likely possibility is the inadequacy of the nth order equation to predict changes with
pressure. While it is commonly used and has proven adequate for predictive use at atmospheric pressure,
the equation has no theoretical basis (Essenhigh, 1991). Extrapolation of this empirical equation to
elevated pressure would be valid only if it were consistent with experimental results. With the very limited
research conducted at elevated pressures to date, the validity of the equation at these conditions has not
before been examined. While the general trends of the model are consistent with the high pressure data
obtained in this study, the required variation of the kinetic coefficients with pressure to completely
describe the data indicate the inadequacy of the nth order equation to predict changes due to pressure
effects. Use of a more fundamental rate equation, such zs Langmuir- type kinetics, may better describe
these total pressure effects.

Summary and Conclusions

The object of this study was to examine char oxidation at elevated pressure. To this end a high
pressure facility was designed and constructed and char oxidation experiments were conducted at both
atmospheric and elevated pressures.

The facility consists of a high pressure drop tube reactor, an optical pyrometer and support
equipment. The electrically heated, computer controlled reactor has the following capabilities: pressure
from 1 to 30 atm, temperature from 1000 to 1700 K, controllable temperature profile along the reaction
tube length, particle residence times from 30 to 1000 ms, variable gas compositions of inert and oxidizing
gases, and optical access ports for in-situ diagnostics. A particle imaging system providing in-situ,
simultanecus measurement of individual particle temperature, size and velocity was developed for use in
conjunction with the reactor. The pyrometer was shown to be both precise and accurate for the intended
operating conditions (particles ranging from 30 to 150 um at temperatures above 1500 K and velocities
under 5 mys). High quality temperature and velocity measurements were obtained over the entire design
range, while high quality size measurements were cbtained for all but the smallest particles and lowest
temperatures. The size measurements were also limited to pressures below 10 atm.

Approximately 100 oxidation experiments were performed with two sizes of UT and Pitt.
bituminous coal chars at 1, 5, 10, and 15 atm total pressure. Reactor temperatures were varied between
1000 and 1500 K and bulk gas compositions ranged from 5 to 21%, resulting in average particle
temperatures ranged from 1400 to 2100 K with burnouts from 15 to 86%. Individual particle temperature,
size and velocity were determined for approximately 75 particles at each test condition and overall reaction
rates were independently determined from mass loss measurements. This allowed an internal check of
the data consistency and insight into the products of combustion. Significant particle-to-particle variations
were observed at each test condition. The results from the 1 atm UT char oxidation results were shown to
be consistent with results obtained by other researchers using the same coal. The chars were found to be
burning in mainly a reducing density mode in a regime intermediate between the kinetic and pore diffusion
zones, irrespective of total pressure. While the global model was used to correlate the resulis of the

study, the extrapolation of the nth order rate equation to pressures higher than atmospheric was found to
be invalid.

The effect of increasing total pressure on char oxidation at a constant gas composition c¢an be
summarized as follows. Raising total pressure also necessarily increases the bulk gas O pressure,

leading to an increase in the reaction rate. However, this increase is tempered by the decrease in oxygen
diffusivity that also accompanies increases in pressure. The overall result is a slight increase in rate with
increasing total pressure. Most of this change has cccurred by 10 atm and further increases in total
pressure produce little effect on the rate.




The maijor findings of the study are as follows:

1.

In spite of careful size classification and char preparation, the resuiting particle population
exhibited substantial variation in combustion behavior.

Increasing total pressure in an environment of constant gas composition leads to modest
increases in the reaction rate and particle temperature.

Significant kinetic control of the char oxidation process is exhibited at elevated pressures.

The global model kinetic parameters were found to be strongly dependent on the total
pressure. This indicates that the empirical nb order equation is not completely valid over the
range of pressures covered in the experiments.

CO,, formation must be accounted for at particle temperatures below about 1700 K. This is
true regardless of the pressure.

Independent particle temperature and mass loss measurements are both experimental
necessities to fully describe combustion behavior.

With little high pressure char oxidation data available in the literature, this study has begun to filla
much neglected area of coal combustion and gasification. Insight into the fundamentals of char oxidation
at both atmospheric and elevated pressure has been gained. Practically, the results are directly applicable
to pressurized coal combustion. Accurate high pressure oxidation predictions could be made using the
nth order global model as long as the Arrhenius parameters were adjusted not only for coal types but for
pressure as well. However, a number of issues still remain unresolved: Do Langmuir or other types of
kinetics better explain the total pressure behavior?, Do other coal chars exhibit similar pressure effects?,
How do pore diffusion characteristics change with pressure?, Do chars of different sizes behave similarly at
elevated pressures?, can these trends be extrapolated to higher pressures?, What effects do different
gas environments have at pressure? Further work is also necessary to quantify the effects of pressure on
devolatilization as well as simultaneous devolatilization/oxidation before a complete understanding of the
coal combustion process can be obtained.
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NOMENCLATURE

apparent frequency factor
CO/CQO; apparent frequency factor
particle extemnal surface area

mean particle extemal surface area
carbon burnoff

blowing factor

gas specific heat

oxygen diffusivity

particle diameter

apparent activation energy
CO/CO,, activation energy
convection heat transfer coefficient
heat of reaction

apparent chemical reaction rate coefficient
film diffusion rate coefficient

mass of carbon

carbon molecular weight (12)

initial mass of carbon

apparent reaction order

Nusseit number

total gas pressure

oxygen partial pressure in the bulk gas
oxygen partial pressure at the particle surface
overall rate of carbon consumption
per unit external surface area (area reactivity)
mass reactivity

Prandt! number

gas constant (1.9859)

gas constant (82.32)

Reynolds number

time

gas temperature

particle temperature

particle residence time

wall temperature

particle velocity

particle terminal velocity

mass fraction of ash

burning mode parameter

intermediate factor based on y (Eq. 4)
particle emissivity

gas thermal conductivity

gas viscosity

gas densfty

ash apparent density (1.5)

particle apparent density

bulk density
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(cal/mole-K)
(cm2/sec)
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(calem2-s-K)
(calge)
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(@

(g/g-mole)

(@

{(atm)
(atm)
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K
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(©)
K
(cvs)
{cm/s)

(callcm-s-K)
(g/em-sec)
(gfem3)
(g/ce)
(g/ce)
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carbon density

initial carbon density

Stefan-Boltzmann constant (1.345-10-12)
fraction of measured to CO diffusion limited rate
fraction of CO, production
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II.C. SUBTASK 2.c. - SECONDARY REACTION OF PYROLYSIS PRODUCTS AND CHAR
BURNOUT SUBMODEL

Senior Investigators - Peter R. Sclomon, James R. Markham, and Michael A. Serio
Advanced Fusl Research, Inc.
87 Church Street, East Hartford, CT 06108
(203) 528-905

Obijective

The objective of this subtask was to develop and evaluate by comparison with laboratory
experiments, an integrated and compatible submodel to describe the secondary reactions of volatile
pyrolysis products and char burnout during coal conversion processes. Experiments on tar cracking, soot
formation, tar/gas reactions, char burnout, and ignition were done in order to allow validation of submodels.

Summary of Accomplishments

The processes addressad under this subtask were:

u ignition

n soot formation
N soot radiation
] char burnout

These processes were studied using a new laminar coal flame experiment developzd &t AFR
known as the Transparent Wall Reactor (TWR) and a nove! diagnostic method known az Fourier
Transform Infrared (FT-IR) Emission/Transmission (E/T) Tomography. This work is described in a number
of publications and papers that resulted from this contract:

] Solomon, P.R., Chien, P.L., Carangelo, R.M., Best, P.E., and Markham, J.R., Application of FT-IR
E/T_Spectroscopy_to Study Coal Combustion Pnenomena, paper presented at the Int. Coal
Combustion Symposium, Beijing, China (1887).

n Solomon, P.R., Chien, P.L., Carangelo, R.M., Best, P.E., and Markham, J.R., Application of FT-IR
Emission/Transmission (E/T) Spectroscopy to Study Coal Combustion Phenomena, The 22nd
Symposium (int) on Combustion, The Combustion Institute, Pittsburgh, PA, p. 211 (1883).

" Solomon, P.R., Best, P.E., Markham, J.R., and Klapheke, J., The Study of Coal Flames Using FT-
IR_Emission/Transmission Tomography, Int. Conference on Coal Science Proceedings, 1EA,
Tokyo, Japan, p. 329 (October 23-27, 1989).

] Solomon, P.R., Serio, M.A., and Markham, J.R., Kinetics of Coal Pyrolysis, Int. Confererce on
Coal Science Proceedings, 1EA, Tokyo, Japan, p. 575, (October 23-27, 1989).

u Brewster, B.S., Smoot, L.D., and Solomon, P.R., Structure of a Near Laminar Coal Jet Diffusion

Flame, Poster Session, 23rd Symposium (Int) on Combustion, The Combustion Institute, Orleans,
France (1990).

n Solomon, P.R., Chien, P.L., Carangelo, R.M., Szrio, M.A., and Markham, J.R.,_New lgnition
Phenomenon in Coal Combustion, Combustion & Flame, 79, 214 (1980a).
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n Solomon, P.R., Markham, J.R., Zhang, Y.P., and Carangelo, R.M., ET-IR Emission/Transmission
Tomography of Coal Flames, ACS Div. of Fuel Chem. Preprints, 35, (3), 746, (1990).

] Markham, J.R., Zhang., Y.P., Carangelo, R.M., and Solomon, P.R., FT-IR Emission/Transmission
Tomography of a Coal Flame, 23rd Symposium (Int) on Combustion, The Combustion Institute,
Orleans, France, pp 1868-1875 (1990).

n Solomon, P.R., and Best, P.E., Fourier Transform Infrared Emission/Transmission Spectroscopy
in Flames, in Combustion Measurements, (N. Chigier, Ed.), Hemisphere Publishing Corp. pp. 385-
344 (1991).

n Brewster, B.S., Smoot, L.D., Solomon, P.R., and Markham, J.R., Structure of a Near-Laminar Coal

Jet Flame, Energy and Fuels 7 (6), 884 (1893).

n Solomon, P.R., On-Line Fourier Transform Infrared Spectroscopy in Coal Research, in Advances
in Coal Spectroscopy, (H.L.C. Meuzelaar, Ed.), Plenum Publishing Corp. pp. 341-371 (1992).

The work done under this subtask is described below. In cases where the work has been well
documented in the open literature, reference has been made to the appropriate publications and only the
abstracts are included. Details of the work can also be found in the Quarterly and Annual reports for this
contract. Additional studies of char burnout were performed under Subtasks 2.a., 2.b., and 2.f. Studies
of tar cracking were also made under Subtask 2.e.

1.C.1. Application of FT-IR Emission/Transmission (E/T) Spectroscopy to

Study Coal Combustion Phenomena

This work was described in Solomon et al. (1988). The abstract for this paper is given below.
Abstract

This paper describes the application of a recently described Fourier Transform Infrared (FT-IR) Emission
and Transmission (E/T) technique to study coal flames produced in a transparent wall reactor.
Comparisons are made for the ignition, soot formation, particle temperature and gas temperature for a
number of coals varying in rank from lignite to fow volatile bituminous. Samples of chars prepared at
different temperatures and demineralized coals were also studied. Flame properties were compared with
characteristics of the samples to determine the factors which control flame behavior. A comparison of the
ignition of several samples suggests that the rate of ignition correlates with the initial rate of weight loss
in air in a TGA experiment at lower temperatures. Ignition of chars is heterogeneous; ignition of high rank
coals is homogeneous; but low rank coals exhibit both homogeneous and heterogeneous contributions to
ignition. Soot formation in combustion correlates well with the tar yield in pyrolysis, suggesting that tar is
the chief precursor of soot.

This work is also discussed in a paper by Solomon et al. (1987) and in review articles by Solomon
and Best (1991) and Solomon (1992).

I.C.2. FT-IR E/T Tomography of a Coal Flame

This work is discussed briefly in Solomon et al. (1989) and in more detail by Markham et al.
(1990). The abstract for the latter paper is given below:

Abstract

Fourier Transform Infrared (FT-IR) Emission/Transmission (E/T) spectroscopy has recently been shown
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to be a versatile technique for coal combustion diagnostics by allowing for measurements of particle
concentrations and temperatures, and gas compositions, concentrations, and temperatures. These
measurements are for the ensemble of particles and gases along a line-of-sight in the flame. In this paper,
tomographic reconstruction techniques have been applied to line-of-sight FT-IR E/T measurements to
derive spectra that correspond to small volumes within a coal flame. From these spectra, spatially rezolved
point values for species temperature and relative concentrations can be determined. The techniques was
used to study the combustion of Montana Rosebud subbituminous coal burned in a transparent wall
reactor. The coal is injected into the center of an up-flowing preheated air stream to create a stablz flame.
Values for particle temperature, relative radiance intensity, the relative CO, concentrations and the CO,
temperature have been obtained as functions of distance from the flame axis and height abova the coal
injector nozzle. The spectroscopic data are in good agreement with visual observations and thermocouple
measurements. The data present a picture of the coal burning in & shrinking region which collapses to
the center at the tip of the flame. The highest CO, temperatures are 2200 to 2600 K. The highast particle
temperatures are 1900 to 2000 K with occasional temperatures up to 2400 K.

This work is discussed further Solomon et al. (1930), where a second Rosebud subbituminous coal
flame was studied which was produced using a slower flow of preheated gas, along with & third flame
produced from Pittsburgh Seam bituminous coal under the same conditions. The thres flamas showed
both coal and flow dependent phenomena. The slow flow cases showed reduced mixing (more soot and
more variations in flame properties with radius) compared to the fast flow case. The Pittsburgn Sezm coal

produced higher soot yields, higher particle swelling, lower particle temperatures and lower char reactivity
when compared to the Rosebud coal.

1.C.3. New lgnition Phenomenon in Coal Combustion

A new ignition phenomenon has been observed during the studies of coal combustion in the TWR.
The experiment, which was described in several publications (Solomon et. al., 1988; Markham el al.,
1990), injects coal particles suspended in a rocom-tempearature carrier gas as a jet into a flowing prehzated
air stream. The new phenomenon is shown in Fig. 11.C-1, which is a photograph of several ignited coal or
char particles traveling upward. The particles of interest are at the edge of the cold particle strzam and
have first contact with the surrounding hot preheated gas stream. They ignite and appear to burn on the
particle’s surface, as indicated by the fact that the width of the luminosity is roughly that of the oarticle
diameter. The particles become hotter with increasing distance.

The new ignition phenomenon occurs after the particles have burned for a short time. Under these
conditions there is often a secondary ignition event. To the unaided eye, it looks like a bright flash of light

at the end of a long luminous trajectory. When viewed through a microscope, this event has the following
characteristics. '

1. The dimension of the second flame zone increased to about 3 times the original dimanszion.
2. The second flame appears to be hotter than the criginal.

3. The second flame often ends with particle fragmentation, suggesting burnout of the char.
4, The duration of the flame is on the order of a few milliseconds.

5. The flame appears to oscillate or spiral around the particle in almost all (80%) cases.

The effect has been obsearved for chars as well as coals, so it is not associated with volatilss. The
effect has been observed for demineralized coals and thus is not a mineral effect.

One possibility is that the flame results from CO burning in a sheath surrounding the particlz rather
than well away from the particle. This would transfer the heat from the CO-CO, flame back to the particle
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Figure IL.C-1 Secondary Ignition Observed for a) Coal and b) Char Particles.
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and result in a more intense flame with the possibility of more rapid burnout. However, this mechanism
requires that the chief heterogeneous reaction be CO, gasification on the coal particles surface. The higher
temperature may make this slower reaction possible.

This work is discussed further in Solomon et al. (1990a). Further work is required to more fully
characterize and explain this new phenomenon.

11.C.4. Pyrolysis Experiments with In-Situ FT-IR Diagnostics in the TWR

Introduction

In the literature, there are orders of magnitude discrepancies in the reported rates for coal
pyrolysis weight loss or tar loss. The conflict in values and the reasons for the conflict have been
discussed previously (Solomon and Hamblen, 1985; Solomon and Serio, 1987; Solomon et. al., 19982).

These studies concluded that inaccurate knowledge of coal particle temperatures was the chief cause of
the variations.

To improve the knowledge of particle temperatures, a new method was developed which employs
a Fourier Transform Infrared (FT-IR) spectrometer to measure the emission and transmission (£/T) in a
reacting particle stream (Solomon and Hamblen, 1985; Serio et al., 1987). This technique has been
applied to measure the temperature of coal particles in an enirained flow reactor (EFR) (Best et al., 1986;
Solomon et al., 1987a) and a heated tube reactor (HTR) (Solomon et al. 1886). The kinstic rate,
determined from these experiments for a number of coals and lignites was 8.6 x 10" exp (-228,600/RT)
sec” for tar loss (or approximately half this value for weight loss) and was the highest ever reported at
temperatures above 600°C. There were, however, some limitations to these experiments. The EFR
experiments only allowed optical access for temperature measurement at one position and the HTR was
limited to non-swelling coals. Recent experiments by Flatcher (1989) in an apparatus which dogs not have
these limitations and which employs temperature measurements by 2-color pyrometry have confirmed
these high rates within a factor of 2 for both low and high rank coals.

Under this subtask, kinetic rate measurements were made on a Zap North Dakota lignite and a
Pittsburgh Seam bituminous coal in the transparent wall reactor (TWR) which doss not have tha limitations
of the HTR or EFR. The temperature measurements were made with the FT-IR E/T technigue. This
reactor, with the in-situ FT-IR diagnostics, was used under this subtask to make spatially rzsolved
measurements on coal flames using a tomographic technigue, as discussed above. These measurements
provide fundamental data on the processes of ignition, soot formation, and char burnout for submodel

validation. The pyrolysis experiments allow a test of the experimental and optical systems for 2 simpler
set of conditions.

Experimental

The measurement of particle temperatures from tha particle’s emitted radiation is difficult if the
pyrolysis reactor has hot walls. In this case, wall radiation scattered by the particles interferes with the
emitted radiation. To overcome this problem, the pyrolysis experiments in this study were performed in
a reactor with relatively cold walls. The apparatus is a transparent wall reactor (TWR) which has been
discussed above and in the literature (Solomon et al., 1989c). Nitrogen is passed through 2 heat
exchanger and enters a reaction section at approximately 850°C. Coal entrained in cold nitrogen carrier
gas is injected through a co-axial 7 mm diameter tubz into the preheated stream. An octagonal glass
enclosure shields the pyrolyzing stream from room air currents. The glass enclosure has movable KBr
windows to allow access to the flame for radiation measurements. Particle velocities were measurad using

a video camera under slightly oxidizing conditions which zllowed a small percentage of the particles to
ignite.

To measure temperatures of pyrolyzing coal particles, several other problems had to be overcome.
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Because pyrolysis in this reactor occurs at relatively low temperatures (600-800°C), the measurements
are made in the mid-infrared where sufficient energy is emitted. In addition, coal is not a gray-body and
its emissivity changes during pyrolysis. To overcome this problem, the temperature has been measured
using the amplitude of the radiated energy in a frequency range where the emissivity is close to one and
independent of the extent of pyrolysis. The transmission is used to determine the emitting surface area
of the particles. Finally, soot radiation can make the particle temperature appear much higher than it really
is. Measurements have been made with a gas temperature of 850°C, so soot formation did not occur.

The coals studied in this work were a dried Zap North Dakota lignite and a Pittsburgh Seam
bituminous coal. The ultimate analyses are approximately those reported in Serio et al. (1987). Both
samples were sized to 200 x 325 mesh. Weight loss was determined from captured char particles, by ash
tracer analysis, using a Perkin Elmer TGA.

Results and Discussion

The emission spectra for the pyrolyzing particles at 15 cm above the injector are presented in
Solomon et al. (1989) and Solomon (1992). The spectra are normalized by the emitting surface area
using the measured attenuation at 3500 cm™ assuming a total extinction efficiency of 1.2. The spectra
are not gray-body. They reveal the infrared absorption bands in the char, such as the higher hydroxyl and
carbony! bands in the lignite and the higher aliphatic and.aromatic C-H bands in the bituminous coal.
Bands for pyrolysis water, CO,, and CO are also apparent. Particle temperatures were determined by
matching the theoretical black-body curves curves to the radiance at 1600 cm™, where the emissivity is
approximately 1.0 (Best et al., 1986).

Spectra such as these were obtained for both coals at positions between 5 and 40 cm. In addition,
char samples were captured at 2 number of locations and the FT-IR E/T technique was used to determine
both particle and CO, temperatures (Solomon et al., 19872,1989¢). The CO, and particle temperatures
agree to within 100°C. The thermocouple temperature measurements averaged across the estimated
width of the particle stream are also in reasonable agreement, except early in the early stages when the
particles are heating and in the later stages when the gas is cooling. The particle’s heating rate is about
5000°C/sec. Data were also obtained for the weight loss determined by ash tracer analysis, which are
compared to predictions of the FG-DVC model (Solomon et al., 1988).

As discussed in Solomon et al. (1989) and Solomon (1992), the high kinetic rates for tar evolution
or weight loss recently reported by Solomon et al. (1985,1986a), Serio et al. (1987) and Fletcher (1989)
are supported by these TWR measurements. At high heating rates, significant pyrolysis occurs within 100
ms at temperatures between 700 and 1000 K for both a lignite and a bituminous coal. At lower heating
rates, the differences in rate between coals of different rank are more readily apparent (see subtask 2.a.).

I.C.5. Gas Flow Characteristics and Sample Burnout Profiles in the TWR

introduction

In order to provide data for validation of the PCGC-2 code predictions (reported under Subtask
3.a.) and discussed in Brewster et al. (1990, 1993) an effort was directed at characterizing the TWR with
regard to air and particle velocities, gas temperature profiles, particle spreading, and char burnout as a
function of distance from the nozzle.

Results and Discussion
Radial gas temperature measurements were taken by thermocouples with and without coal being
injected. Figure I.C-2, for the no coal case, shows measurements done from 2 mm above the nozzle to

70 cm above the nozzle. The measurements were taken with a bare 0.005" diameter bead chromel-alumel
thermocouple, which was corrected for radiation loss to the cold walls, and for thermocouple surface
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emissivity. Emissivity values of 0.1 and 0.5 were used, based on a literature value range for shiny to
oxidized surfaces of this material. The figure clearly shows the region where cold gas is injected through
the nozzle and that the integrity of the hot gas column is maintained through 20 cm.

Figure 11.C-3 again profiles the gas temperature, but with 200 x 325 mesh Montana Rosebud coal
injected into the TWR. For this case a 0.015" diameter platinum - 13% rhodium/platinum thermocouple
was used. Surface emissivity values of 0.1 and 0.9 were used, based on the extremes of shiny metal to
a soot/carbon coated surface. Profiles similar to the no coal case were observed, except for in the coal
region, where the temperature greatly increases upon ignition of the coal at 10 cm above the nozzle.

The dimensions of the particle stream for the Rosebud flame were measured with a video camera.
A schematic is shown in Fig. 11.C-4. Above the ignition point, direct recording of the flame width was
possible; below the ignition point, a He-Ne laser was directed through the particle stream and the laser
light that was scattered by the particles was used to define the stream boundaries. The dimensions
determined by the video camera were in agreement with spectroscopic detection of particles during the
tomography measurements, and for detection of trace amounts of SO, fed through the nozzle.

Particle velocities as a function of distance from the nozzle are shown in Fig. 11.C-5 for pyrolysis
(N,) and combustion (air) conditions. These were measured from particle tracks that were recorded with
the video camera at a known shutter speed. For pyrolysis conditions, a small amount of oxygen was
added to the gas stream to allow a small percentage of the particles to ignite. The particle velocities for
each case are similar until beyond 20 cm above the nozzle. At this point the pyrolyzing stream
approaches the calculated velocity of the hot gas at the nozzle region. Under combustion conditions,
however, the energy released upon ignition drives the particles to-higher velocities.

Particle burnouts as a function of distance from the nozzle were measured for 200 x 325 mesh
samples of a dry Zap lignite, dry Rosebud subbituminous coal, and Pittsburgh Seam bituminous coal.
Char collections were achieved with a 5/8" diameter water cooled extractor that adds cold helium gas to
the removed hot particle stream as it is aspirated to a cyclone separator. The extractor inlet temperature
was maintained below 300°C by the helium addition

Percent burnout was determined by ash tracer analysis of the collected char. The results are
presented in Fig. 11.C-6. One observation is the rank dependent effect on char reactivity, as indicated by
the interval of time necessary to achieve 100% burnout; Zap < Rosebud < Pittsburgh.

JI.C.6 In-Situ FT-IR Diagnostics in BYU Gasifier

An optical path was added to the BYU gasifier to allow the FT-IR transmission and emission
measurements, as shown in Figs. II.C-7 and 1.C-8. Figure I1.C-7 shows the location of the optical path
for the gasifier, while Fig. I1.C-8 shows the schematic details of the spectrometer optics. The method
requires two basic measurements: an emission spectrum from the flame through the spectrometer to the
emission detector, and a transmission spectrum using the IR source within the spectrometer through the
flame to the transmission detector. Several calibration spectra are also required: 1) a background
emission spectra from the hot gasifier without a flame (to correct the emission spectra for gasifier wall
radiation); 2) an emission spectrum from a black-body source (to correct the emission spectrum from
instrument losses and detector sensitivity, etc.); and 3) a transmission spectrum without a flame (to correct
the transmission spectrum from instrument and optical path effects).

An example of the corrected transmission (1-r) and emission (E) spectra are shown in Fig. II.C-
9a,b. The emission (radiance) curve represents the radiation per unit area of the flame. The normalized
emission, E/(1-7), has the effect of normalizing to effective area of the radiating particles to provide the
radiation per unit area of radiating particles and gases (Fig. I1.C-9c). In the regions of the spectrum in Fig.
11.C-9c where there are no gas absorptions, the curve can be fit by a black-body Planck function, scaled
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Figure I1.C-8. Schematic of BYU Gasifier with In-Situ FT-IR Diagnostics.
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