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SUMMARY

The ultimate objective of this project was to develop a better understanding of volatiles

production to help optimize the yield and character of condensable coprodu. :sduring coal

pyrolysis or mild gasification. The specific objectives were to

(1) Develop pyrolysis procedures that minimize secondary reactions.

(2) Develop coal pretreatments that current knowledge suggests will promote
bond scission or prevent retrograde reactions.

Our approach was to study the pyrolysis of coals and tar-loaded coals by using several

techniques that span a range of heating rates and pressures. Slow-heating pyrolyses were

performed at low pressures in the inlet of a field ionization mass spectrometer (FIMS) and at

atmospheric pressures in a thermogravimetric analyzer (TGA). Moderately rapid-heating pyrolyses

were performed in a vacuum TGA apparatus and it. sealed silica ampules heated in a molten-salt

bath. The fastest heating rates were achieved with laser pyrolysis at about 30,000 K/s. This

technique was developed under this program.

The significant accomplishments and findings of this research are listed below.

• We designed, assembled, and tested a laser-heated entrained-flow system that
maintains a steady flow of coal particles in a fine stream traveling upward at
velocities of a few centimeters per second, then efficiently separates the char
from the tar in a cyclone and filter train.

• We measured particle temperatures by using optical pyrometry and imaging with
an infrared video camera.

• FIMS analysis of evolved tars suggests that, under rapid heat-up conditions, a
substantial portion of the tar evolution results from liquid transport rather than
from an evaporative process.

• The levels of phenols and dihydroxy phenols in laser-pyrolysis tars are
substantially higher than in other entrained-flow reactor tars, in part as a result of
fewer retrograde reactions involving these reactive products.

• Tar production in laser pyrolysis is extremely rapid, with tar release times of less
than 50 ms even at temperatures as low as 500°C. This finding is particularly
relevant in the context of mild gasification.



• Tar yields are significantly higher from laser pyrolysis than from some other
entrained-flow laboratory pyrolysis techniques, and the yields for subbituminous
coals approach those for bituminous coals, in contrast to the case with slower
heating methods, from which the yields for subbituminous coals tend to be much
lower.

• With slow-heating pyrolysis techniques, tar pretreatment did not result in
improved volatiles yields; but with a "rapid'-heating vacuum TGA technique,
10% to 30% increases in volatiles yields were observed for three different coals.

• Pyrolysis in a tubing bomb using a molten-salt bath at 490°C did not result in
significantly enhanced tar yields from an Illinois No. 6 coal loaded with partially
hydrogenated coal tar or hexahydropyrene.

° With laser pyrolysis, tar pretreatment results in a 20% decrease in volatiles yields
from an Illinois No. 6 coal but a 20% increase from a Pittsburgh coal when the
steady-state temperature is in the region of 840°-880°C.

The rates and temperature dependence observed during laser pyrolysis of coal are not

reconcilable with activation energies for tar generation as high as to 30 to 50 kcal/mol often

reported for ramped-temperature coal pyrolysis. Furth,.rmore, the very rapid laser-heating we have

used approximates a temperature-jump condition where the widely used model of distributed

activation energies for a set of parallel first-order reactions can no longer be a valid explanation for

apparent activation energies lower than those expected for any of the individual first order

reactions. In other words, the data obtained here appear incompatible with individual component

activation energies in the 50 to 65 kcal/mol range that would be representative of rate limitation by

weak-bond homolysis. On the other hand, the results are generally supportive of a ;.nechanistic

picture in which tar generation doe not result form spontaneous thermal scission of weak bonds,

but is the result of a complex sequence of hydrogen-transfer reactions.

The high tar yield seen in this work, where the entire volume of the coal particle becomes

hot and fluid at very nearly the same time, taken together with the evident non-vapor transport of

the tar under these conditions, emphasizes the importance of better understanding the development

of fluidity during coal heating. This specifically inclades the profound effectsmlong-recognized

but poorly understood---that mild oxidation has in suppressing coal fluidity, lt also includes the

more recently recognized fact that heating in the presence of an inert gas produced substantially

greater fluidity than does heating in the presence of combustion gases, even if the conditions are

very fuel rich and all the oxygen itself has already been consumed when the coal particles are

encountered. A better understanding of these fluidity phenomena carries substantial implications

for improvement of mild gasification under practical oxidation conditions.



In more general terms, if one wishes to have engineering models for volatiles production

(whether they aIe to be used for guiding experimental work in pulverized coal combustion or

wt"_ther they are to be used for process improvement in mild gasification) that are based on a

correct picture of the chemistry of tar generation and transport, then these results clearly cali ibr

further coal pyrolysis studies with well controlled, very rapid radiant heating, but with temperature

measurement improved further, from what we were able to accomplish within this project.
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INTRODUCTION

BACKGROUND

In the search for efficient ways to convert coals to liquid fuels or other hydrocarbon

products, the relative simplicity of pyrolysis has long been recognized as a very attractive feature.

However, char yields are typically high and volatile products are generally dominated by light

hydrocarbons and tars that can be extremely difficult to upgrade. Efforts to improve yields from

pyrolysis processes have been hampered by the acceptance of a traditional mechanism that is, at

best, incomplete. 1

Recent literature results clearly show that (1) bond scission during liquefaction and

pyrolysis is not limited to the traditionally postulated spontaneous thermal scission, and (2) critical

retrogressive reactions do not consist of simple recombinations of thermally generated fragment

radicals.l, 2 Thus, bond scission and retrogression are not inextricably linked and are subject, in

principle, to independent manipulation by approaches not limited to the application of heat or the

use of scavengers, respectively.

The specific pretreatment we tested calls for loading coals with tars rich in polycyclic

aromatic hydrocarbons (PCAHs). In earlier work performed for the Department of Energy,

Pittsburgh Energy Technology Center (DOE-PETC), Contract No. DE-FG-22-86PC90908, we

showed that the presence of PCAHs in liquefaction solvent increases the efficiency with which

hydrogen is used to engender bond cleavage reactions. In the context of mild gasification,

efficient use of hydrogen is even more crucial because the available hydrogen is limited to that

present in the coal itself. Figure 1 summarizes how PCAHs increase the efficiency of hydrogen

use: PCAHs recover hydrogen atoms that are transferred to positions where no linkage cleavage

can occur.

Initial results of Hi.ittinger and Sperling on the pyrolysis of coals loaded with aromatics

and hydroaromatics, 3 reported shortly after the inception of this project, and more recent work

by Miura et al.4 provides additional support for such an approach. These studies are limited to

additives that have low molecular weights (e.g., naphthalene, tetralin, fluorene) and therefore do

not include the types of PCAH structures known to form the basis for more effective liquefaction

agents (e.g., phenanthrene, pyrene). Further general support for this approach comes from the

well-known impact of tars on the thermoplastic behavior of coals, 5 because the ability to produce
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and maintain a liquid or "metaplast" state is clearly the key to volatiles production during coal

heating.

OBJECTIVES

The ultimate objective of this project was to develop a better understanding of volatiles

production to help optimize the yield and character of condensible coproducts during coal pyrolysis

or mild gasification. The specific objectives were to

(1) Develop pyrolysis procedures that minimize secondary reactions. Several pyrolysis
procedures were used. Two unique procedures were pyrolysis in the temperature-
programmed source of a field ionization mass spectrometer (Py-FIMS) and laser
pyrolysis of a stream of coal particles entrained in cold argon gas.

(2) Develop coal pretreatments that current knowledge suggests will promote bond
scission, prevent retrograde reactions, or both.

APPROACH

Our approach was to study the pyrolysis of coals and tar-loaded coals by using several

techniques that span a range of heating rates and pressures. Slow-heating pyrolyses (about

3°C/min) were performed at low pressures (in the inlet of a field ionization mass spectrometer)

and at atmospheric pressures in a thermogravimetric analyzer (TGA). Moderately rapid-heating

pyrolyses (600°C/min) were performed in a vacuum TGA apparatus and in sealed silica ampules

heated in a molten-salt bath. The fastest heating rates were achieved with laser pyrolysis at about

30,000 K/s. This technique was developed under this program.

We chose to use the pyrolysis techniques listed (in addition to laser pyrolysis) on the basis

of availability and _,nalytical convenience and because each of them provided some combination

of time, temperature, and confinement that we thought might enhance the beneficial impact of the

_arpretreatment we were testing. We felt the most important criterion was the ability to bring the

pretreated coal quickly to the temperature at which volatiles-producing chemistry is rapid, under

conditions that maintain as much as possible of the volatile pretreatment additive in contact with

the reacting coal material. Thus, we began by using in situ pyrolysis-field ionization mass

spectrometry (Py-FIMS) because of its powerful on-line analysis capability, even though slow

heating under high vacuum is not very favorable for maximizing retention of volatile additives

during heating up to the 450°-500°C region. After the Py-FIMS tests, we used atmospheric-

pressure, slow-heating thermogravimetric analysis (TGA); rapid-heating vacuum TGA; and

sealed-ampule pyrolysis because they progressively decreased the chances for premature loss of

the moderately volatile additive.



RELEVANCE TO DOE MISSION

The mild gasification progam at the Morgantown Energy Technology Center (DOE-METC) is

directed at recovering condensible hydrocarbons an0 chars for use as fuel or value-added product:;

under relatively mild temperatures (below 700°C) and pressures (below 50 psi). SRI's project sought

to develop a better understanding of the factors that control the release of volatiles and to develop

specific coal pretreatments for maximizing the use of hydrogen indigenous to the coal for volatiles

production. This understanding will be useful in tailoring mild gasification processes to match

desired volatile and char coproducts. The general results of this project--namely that at heating rates

of ~30,000 K/s high tar yields are obtained in very short times at relatively low temperatures, and that

under these conditions tar yields for even a subbituminous coal approach those for high-volatile

bituminous coals--have significant implications for what is in principle achievable under mild

gasification conditions.

Greater use of coal for energy and feedstock is desirable in the face of shrinking petroleum

reserves. A more correct and more complete picture of coal pyrolysis is necessary if "understanding"

is to be useful in directing experimentation toward processes for more efficient conversion of coals

to desirable products.

DOE is supporting several efforts to explore different reactors and configurations for mild

gasification, such as the fluidized-bed pyrolyzer, the moving-bed pyrolyzer, and the screw reactor.

These large-scale (bench or pilot) efforts are supported by fundamental laboratory studies, many

of which are conducted with reactors designed to mimic the behavior of large-scale reactors, with

the attendant secondary reactions. These secondary reactions often preclude straightforward

interpretation of results. Pyrolysis in a heated grid with cold gas sweep is a laboratory approach

that minimizes secondary reactions, but the reaction environment of the coal varies widely with

coal rank as the degree of softening and wetting of the wire mesh changes. 6,7 Furthermore,

measuring the temperature of reacting coals in wife-grid pyrolysis, particularly under high heating

rates, is fraught with large uncertainties. 8-10 Our study complements those other studies because it

was designed to focus on the impact of a pretreatment or process variation on primary pyrolysis,

relatively free from secondary reactions of the evolved volatiles, under high heating-rate conditions

that still permit temperature measurement usir_ginfrared imaging and that allow efficient char-tar

separation and collection. A significant finding of this study is that, even at temperatures as low as

500°C, evolution of volatiles can be extremely rapid under high heating rates.

During this project, we collaborated with DOE scientists and other DOE contractors by

providing FIMS analysis of the tars produced in their reactors. One such study (involving METC

and Advanced Fuel Research) examined the differences resulting from heating rate and was

presentedl I at a symposium convened by the Division of Fuel Chemistry in conjunction with the
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American Chemical Society (ACS) National Meeting in September 1989. A full manuscript on

this work is now in preparation.



WORK PERFORMED

SLOW PYROLYSIS IN FIMS

When coals are pyrolyzed in the inlet of the FIMS instrument, the volatiles are released in

the vacuum and are analyzed without undergoing any more cycles of condensation and evapora-

tion. Thus, this method minimizes secondary reactions of the volafiles (once they are in the vapor

phase) and provides a baseline for comparing the nature of tars formed under different pyrolysis

conditions. Such a comparison was performed jointly with Advanced Fuel Research (AFR) and

METC. The preliminary results of this study were reported at the ACS National Meeting in Miami

Beach, September 1989. FIMS analyses of tars obtained by using AFR's rapid pyrolysis

entrained-flow reactor (EFR) and METC's slow.-heating-rate organic devolatilization reactor

(SHRODR) were compared with the results of i_asitu FIMS pyrolysis of the Upper Freeport,

Pittsburgh, and Utah Blind Canyon coals of the ,Argonne Premium Coal Sample Program

(APCSP). In general, the tars formed by using SHRODR have low average molecular weights

and narrow molecular weight distributions, compared with the tars from EFR or in situ FIMS.

The low molecular weight tars from SHRODR are a result of secondary cracking made possible by

the long residence time. SHRODR tars were also low in nitrogen, as reflected in the reduced

intensity of the ions at odd masses in the FIMS analyses of these tars. The preprint describing this

studyl 1 is listed under Publications Resulting from the Project.

During the project we also examined the in situ FIMS pyrolysis of ali eight coals from the

APCSP. In general, the spectra for the total tars evolved during temperature-programmed

pyrolysis appear to be composed of two groups of peaks. First, there is a cluster of prominent

peaks in the low molecular weight range (100-200 Daltons) that clearly belong to various

homologous series. Second, there is a broad, roughly Gaussian, distribution of peaks spanning

the mass range 150-1000 Daltons in which there are no prominent homologous series. The low

molecular weight cluster is particularly dominant in the Beulah Zap lignite and the Wyodak

subbituminous coal. With increasing coal rank, the prominence of this cluster decreases relative to

the broad Gaussian envelope, whose means appears to shift to higher masses with increasing rank.

Within the cluster of phenolic peaks, the relative importance of dihydric phenols decreases

with increasing coal rank. The higher-rank coals, particularly the Upper Freeport and the

Pocahontas coals, clearly show the growth of large PCAH structures. Their presence is less

evident in the lower-rank coals, although the presence of the pyrene nucleus was unmistakable



even in the Utah coal. While some of these trends are known from other studies, FIMS provides

an easy means for quantifying them and developing indices that could be used in modeling. A

preprint describing these results in more detail 12is listed under Publications Resulting from the

Project.

MODERATELY FAST PYROLYSIS IN VACUUM TGA

Pyrolysis in the temperature-programmed inlet of SRI's FI mass spectrometer (Py-FIMS)

has the advantage of providing on-line detailed information on the nature and yield of the tars.

However, the combination of high vacuum and slow heating rate (5°C/min) could mean that little

tar additive remains within the coal by the time the 400°-500°C temperature range of maximum

reactivity is reached. Not surprisingly, therefore, this technique revealed no improvement in tar

yield as a result of tar pretreatment, so we decided to use another laboratory technique in which

additive loss would not be so severe. Vacuum thermogravimetry is similar to Py-FIMS in that the

heating is in vacuum and a record is continuously provided of the amount of material that has been

volatilized, but it differs in that heating rates as high as about 10°C/s can be achieved by raising a

furnace, preheated to 1000-'C, around the quartz envelope containing the sample suspended in a

transparent quartz boat. Results obtained after the pretreatment technique was refined are described

briefly below. More preliminary results from this series of experiments are listed under

Publications Resulting from the Project.

We extended our original tests using unhydrogenated and mildly hydrogenated coal tars

for the pretreatment to include the use of more highly hydrogenated coal tars. These tars were;

obtained by prehydrogenation using a hydrous titania catalyst developed at Sandia National

Laboratories for use in hydrogenating pyrolysis tars. The catalyst was obtained through the

courtesy of Dr. H. P. Stephens. The tar additive was prehydrogenated by using these active

catalysts at 200 ° and 300°C and 100 psi H2. FIMS analysis of the parent and reduced tars showed

that the extent of hydrogenation was slight for the 3- and 4-ring PCAH components but much more

substantial for the 5-ring and larger components. For example, the sums of peaks correspond:ing

to the dihydrogenated components of phenanthrene, pyrene, and dibenzpyrenes under the more

vigorous hydrogenation conditions were 1.4%, 2.1%, and 15.0%, respectively.

The impact ,ff tar loading was determined by comparing the volatiles produced (weight

loss) as a function of time and temtperature with those produced from the pyrolysis of the

respective blank (i.e., tetrahydrofuran-treated coal). In each case, corrections were made for small

losses of moisture from the silica plugs, buoyancy effects, and possible magnetic susceptibility

effects by performin,," for comparison a blank run in which ali these factors were essentially

identical with those tfr the tar-treated run. To simulate the volatility of the loaded tar itself, an

7
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additional run was made by loading the tar loaded onto charcoal. This run suggested that 90-100%

of the added tar was volatilized by the time the final temperatures of about 450°C were reached.

The impact of tar treatment was conservatively calculated by assuming that 100% of the added tar

was volatilized.

Shown in Table 1 are the results for the final series of vacuum TGA pyrolyses using a

Wyodak, an Illinois No. 6, and a Pittsburgh coal. The final weight losses as a percentage of the

coal organic matter are shown in column 3, and the fractional changes in the volatiles production

effected by the tar additive are shown in column 4. Improvement factors obtained by interpolation

(or minor extrapolation) of the observed weight loss in the tar-treated run to correspond to that at

the maximum temperature of the blank run are given in column 5. In contrast to previous results

obtained in this project 13 with different pyrolysis techniques using unreduced or less highly

reduced tars, the effect of the tar additive in ali cases is to increase the net volatiles yield by a

factor of 1.1 to 1.3.

Table 1

EFFECT OF PRETREATMENT WITH HYDROGENATED COAL TAR ON VOLATILES
YIELD (VACUUM PYROLYSIS TO Tmax = ~450°C)

Tmax Final Weight Loss Relative Temperature-Adjusted
Coal Run (°C) (% Organic Matter) Enhancement Enhancement Factor

Wyodak a
Blank 452 28.9 1.00
H-tar treated 448 35.6 1.23
H-tar treated 441 31.6 1.09 1.31

Illinois No. 6a

Blank 443 27.2 1.00
H-tartreated 456 34.3 1.26
H-tar treated 434 28.2 1.02 1.12

Pittsburgh a
Blank 441 23.7 1.00
H-tar treated 444 28.9 1.26 1.20-1.26

aWyodakcoal wasClovisPoinl Mine,obtainedfromthe ElectricPowerResearchInstitute;theIllinoisNo. 6 and
Pittsburgh
coalswere PSOC1098and1099,respectively.
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These results suggest the potential for even great beneficial impacts from other conditions

that would further improve the chances for a substantial portion of a moderately volatile tar additive

to remain within the coal through the critical reaction period. In particular, we anticipated that

during laser pyrolysis, when the heating rate was 3 orders of magnitude faster and the pressure

was 1 atm, early loss of the tar additive would be minimized. Nevertheless, the yield enhance-

ments eventually obtained with laser pyrolysis or similarly pretreated coals were no greater and

sometimes substantially less than those shown in Table 1.

VERY RAPID LASER-HEATED PYROLYSIS

Among the pyrolysis approaches used in this project, laser pyrolysis represents the

opposite end of the heating-rate spectrum from pyrolysis in the source of a field ionization mass

spectrometer (Py-FIMS). We developed an apparatus for pyrolyzing an entrained flow of coal

particles with a continuous wave (CW) infrared laser that would bring coals loaded with volatile

"promoters" to reaction temperature in an unconfined environment with minimal loss of promoter.

Brief accounts of this technique are listed in Publications Resulting from the Project. A more

detailed description is presented here.

The laser-pyrolysis approach produces in-depth heating of the coal, providing rapid heat-up

to a steady-state i:-,rolysis temperature, which is naturally determined by the balance between

radiative input to the particle and the sum of convective and radiative heat losses to the cold gas.

The advantages of this pyrolysis mode are listed below.

• It provides very rapid heat-up to the steady-state temperature and thus is a close
approximation of the idealized temperature-jump experiment.

• The initially produced volatiles are evolved into a cold-gas atmosphere so that
secondary reactions obscuring the nature of the original volatiles are minimized.

° The flow system, in which thousands of 50-_m particles are pyrolyzed per
second, allows the collection of tens of milligrams of tar and other products for
later analysis, something not possible with a single-particle approach.

The difficulty in this approach is the need to provide constant flow rates and particle

loadings, as well as laser illumination that is uniform in time and space and reasonably omni-

directional. Furthermore, because even a narrow physical and aerodynamic particle-size

distribution inevitably has some range of particle velocities, residence times, and steady-state

temperatures, the need for rapid pyrometric temperature measurement on an individual particle
basis is increased.

9



Laser-pyrolysis Apparatus

A schematic diagram of the laser-pyrolysis apparatus is shown in Figure 2. Coals obtained

from grinding and wet-sieving under nitrogen (typically the 270/230-mesh fraction; nominal

diameter range 53-63 _tm) are loaded into the hopper of a rotating-disk dust feeder that feeds a

fluidized bed, using argon as the entrainment gas. This bed in turn feeds the inlet of the 3-mm-i.d.

ejector tube, the outlet of which is just downstream of an aluminum honeycomb flow straightener

and 3-5 mm upstream of the region where the IR laser beam crosses the axis of particle flow.

Condensible volatiles either are ejected from the pyrolyzing coal particles as an aerosol or quickly

form one when they encounter the cold argon stream. Several millimeters downstream of the

heated zone, the tar-aerosol and char-particle stream enters a collector with an 8-mm i.d. and a

conical interior that smoothly decreases to 3 mm. The flow then passes through a miniature

cyclone designed to collect particles larger than -10 _m. The taraerosol with particles (typically

0.2-0.3 _m in diameter) and any other small particles pass through the cyclone and are collected on

one of a pair of filters in a parallel-flow filter arrangement. The char-tar separation is very good;

microscopic examination shows that the cake on the filter consists of tawny yellow tar aerosol

particles essentially free of black coal or char particles of any size. The cyclone contains all the

char, with small amounts of tar aerosol attached to some of the char particles, evidently as a result

of collisions within the cyclone. Because the aerosol particles were -0.3 _m, compared with -50-

_tmchar particles, the mass fraction of tar contaminating the char was very low: typically less than

5%. This tarcontamination could easily be removed from the char by a quick tetrahydrofuran

(THF) wash. We removed the tar contamination before char analysis. However, no correction

was typically made for the percentage yields of tar. Thus the tar yields listed will actually be low

by 0 to 5 percentage points.

The beam from a Coherent Model 41 CW CO2 laser is passed through an 8-mm orifice in

a graphite disk to remove the fringes and is then directed to the cell by two flat and one slightly

concave (20-m radius of curvature) copper mirrors. The beam emerging from the laser has a

Gaussian profile, which is not suitable for our purpose. To convert the Gaussian profile into a flat

profile, we use a channel integrator as shown in Figure 3. The laser beam is focused through a

point using a 1-in. focal length zinc selenide lens and allowed to expand into a channel integrator

consisting of polished aluminum plates bolted together to form a channel having a 6.5-mm square

opening. The divergent radiation that exits this channel is then imaged with a second lens through

the KCI window in the pyrolysis cell and onto the axis of particle flow. The "beam" (which

diverges after passing through the particle stream) is reimaged back on the flow axis by a concave

copper mirror on the back side of the cell to minimize "jetting" of the particles caused by heating on

only one side. Figure 4 is a close-up view of the cell that shows how the channel-integrator output

10



-- Parallel Filters for
all,-.

Tar Aerosol
Collector Gas

Flow

Cyclone for Collection
of Particles > I0 gm

KCI Win_

o o

%
%

_'_, Collector Tube

I I
I I

I
I
I
_ Pressure

m I
i i
t i

i i i _]

3mmid t ,, _ ---

A_ Collector

Ejector Tube i Sheath Flow

SS J _%%
! ! %

s S $ %
s

I
I
I

1/8-in. Diam. Aluminum _I I

Honeycomb Flow _ _
Straightener _,. tt

Coal Particles In

Argon Flow

lR Laser
Beam

Exhaust

Antistatic

Device

Ejector SheathFiow_ ___ Settling
Fluidized Bed Chamber

I I Pressure
I_..._1 Tap1 Inch

Feeder Gas

RM-4159-2

Figure 2. Schematic of entrained-flow laser pyrolysis apparatus.

1]



12



I
:l



t _ Collector sheath flow
1.8 cm Collector flow

f flowjector

Ejectorsheath flow

0.32 cm

Figure5. Schematic of ejector-collectorsheath geometry.

Table 2

TYPICAL CONDITIONS FOR ENTRAINED-FLOW LASER PYROLYSIS

Coal particlesize 250/270 mesh (nominally 53-63 l_m)

Ejector-collectordistance 1.5 cm

Laserimage size 0.5 cmx 0.5 cre, 0.4 cm aboveejector

Power ~200 W/cm2 (oneway)

Average Carrier Space Velocities

(volumetric flow rate/cross-section area)

Ejector sheath 14.0 cm/s
CollectorSheath 14.0 cm/s

Collector 14.2 cm/s

Ejector Rangingfrom 10.4 to 20.6 cm/s at
0.020 to 0.040 in. water vacuum

Estimatedsettlingvelocity --10 cm/s (58-1_msphere, p = 1.3 g/cm3)
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is manipulated to provide two-sided heating. The radiation not absorbed by the second pass

diverges as it exits through the KC1 window and is absorbed by a graphite beam block.

Characterization of Velocity, Particle Size, and Temperature

Gas Velocity. The gas velocity is readily determined by measuring the frame-to-frame

displacement of the clouds or "packets" of smoke (taraerosol) that are rapidly evolved when the

particles are heated to 700°C or above. Figure 5 shows a schematic of the various flow streams in

the ejector-collector region, and Table 2 lists typical conditions for a pyrolysis run.

Because the tax aerosol particles are 0.2-0.3 i.tmin diameter, the aerosol travels essentially

at the carrier gas velocity once it has left the boundary layer of the particle. Viewed under scattered

light with close-up high-resolution visible-light video, the aerosol appears as a "packet" of smoke

streaming ahead of the particles, as shown in Figure 6. The distance traveled between successive

frames of the video (33 ms apart) provides a direct measure of the gas velocity.

The smoke packets in Figure 6 have an aspect ratio greater than 1.0 because of the

difference between gas and particle velocities and because of "streaking" while the video image is

accumulated. In the example shown in Figure 6 (and other video images from the same run), the

observed aerosol cloud velocities (laser on) within the region accepted by the collector ranged from

13.1 to 14.4 cre/s, compared with the nominal space velocities of 14.0-14.2 set by the volumetric

flow. The velocities observed were slightly higher close to the collector axis, and measured values

ranged down to 11 cm/s for the occasional smoke packets observed outside the periphery of the

collector. This observation is consistent with the parabolic pattern of gas velocity expected for

flow in a cylindrical tube. With the laser off, a slight compression of the particle-flow streamlines

was observed as the flow entered the collector, as is also consistent with the slightly higher space

velocity set for the collector (Table 2).

The limited increase in flow (<3%) with the laser on means that the volumetric expansion

and the bulk temperature increase of the argon carrierare similarly limited. In this case, the

temperature increase of the carrier stream was <50°C. The degree of carrierheating depends on

the particle density; bulk gas heating of <100°C is consistent with the calculated convective heat

loss from --50-_tm particles, the heat capacity of the "column" of argon carrierflowing past each

particle, and a particle density of less than 10 particles in the laser-heated region at any one time.

Particle Velocity. The particle velocity, as distinct from the carrier gas velocity, is

readily determined from the fast line-scan mode video record obtained with the imaging radiometer.

This record was obtained using an Inframetrics Model 600 IR Imaging Radiometer. This instru-

ment uses a single liquid-nitrogen-cooled HgCdTe detector filtered to accept light from 7 to 12 _tm

15
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F:igure6. Photographs showing frame-to-frame displacement of the tar
aerosol clouds ejected from pyrolyzing coal particles.

(except for 10-1 l I.un, where scattered laser light is blocked by a notch filter). The use of this

instrument to measure particle temperature (via measurement of radiance) is discussed in the next

section; here we are concerned only with the measurement of particle velocity.

Irl nomlal operation, the Model 6(X) scans horizontally across the imaged area at 8 khz,

while the vertical galvanometer is moved to produce a l(X)-line field every 16 ms. Two successive

fields ,are interlaced to generate a 200-active-line image every 33 ms. (Thus this instrument differs

from a nominal charge-coupled-device based video camera because here the (adiances of 500 x 200

individual fields of view are sequentially sampled for -4).3 Its each.) In the fast line-scan mode,

the vertical galvanometer is turned off and the detector is swept repeatedly back and forth across

the same line. This arrangement, shown schematically in Figure 7, effectively provides a viewing
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! slit that is scanned at 8 khz, which is fast relative to the time required for a particle moving at

,--10cm/s to pass the slit. The image produced is a vertically oriented oval, and the slower the

particle is moving, the longer the oval. Because the time required for a particle to pass this slit is

determined by the height of the slit and the diameter and velocity of the particle, the velocities of

individual particles of different apparent radius are obtained by measuring the length of the particle

images produced in the fast line-scan mode and the particle-size distribution of the collected char.

When the nominal space velocity (based on the mass flow rates of the inlet system) is

14 cre/s, the particle velocity is typically found to range from 5 to 9 cm/s. (This range is larger

than we believe actually occurs, lt results from taking +1 standard deviations for both the

measured streak length and the measured char particle-size diswibution, and combining in a way

that gives the largest range in determined velocities.)

Particle Size. Because heat transfer considerations dictate that larger particles will be

heated to higher steady-state temperatures, measurement of the particle size distribution of the coal

. feed and the recovered char is an integral part of the determination of particle temperature distribu-

tion. The relationship between particle size and steady state temperature can easily be seen from

the fact that at particle temperatures (Tg) below 10(X)°C, in 1 atm of a cool gas, the main heat loss

will be convective. The steady state temperature is then essentially determined to be the

temperature at which radiative input is balanced by convective heat loss.

Radiative input: ct D2 Convective heat loss: ct D(Tp - Tg)

Equating these two proportionalities,

(Tp - Tg) = AT ct D2/D = D

The particle-size distributions were determined from photomicrographs of the feed and

the recovered char made by using a LECO 2001 image analyzer. Figure 8 shows the particle size

distribution for an Illinois No. 6 feed coal (250/270 mesh, nominal mesh opening range,

53-63 I.tm) recovered from a cold-flow (laser off). experiw_nt and for the char sample recovered

from pyrolysis of the same coal immediately after the cold-flow run. Thi_; figure shows the

normalized number of particles per frame falling in the various diameter ranges.

Figure 8 shows that the particles which swell to final char diameters of 75-100 _m come

primarily from the 55- to 70-I.tm-diameter portion of the cold-flow population; laser heating has

"cut out" the larger part of the original distribution (particles 60-70 I.tmin diameter) and displaced it

18
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Figure 8. Particle size distribution of coal particles recovered from
a cold-flow experiment and cha- particles recovered from
laser pyrolysis.

to a higher diameter. In other words, the particles that heated quickly and swelled most were

those originally in the high end of the particle-size range.

Particle Temperature Measurement

Accurate temperature measurement is the key to obtaining reliable information from a hot-

wall, cold-gas pyrolysis technique. In contrast to a hot-wall, hot-gas pyrolysis approach, in which

ali coal particles quickly approach the temperature of the gaseous surroundings (which can be

straightforwardly measured with thermocouples), pyrolysis in a cold gas ne.,':essitates a pyrometric

temperature measurement. Furthermore, a distribution of coal particle sizes inevitably results in

a distribution of final temperatures. At temperatures above those at which the pyrolyzing coal

particles become visibly incandescent, a rough measure can be obtained by using a disappearing

filament pyrometer. However, this technique is limited to temperatures of 700°C or greater, and

it tends to provide a measure of the hottest particles and gives no quantitative information about

temperature distribution. Accordingly, after the initial laser-pyrolysis experiments in which we

had used a disappearing filament pyrometer, we used close-up infrared video imaging to determine

1,,_.---,----,-,_'_rtic'l_'t_rn[j.,_rahlroco_....--..---. ............and temperature distributions. We chose this approach because it simul-
_
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taneously provides a video record covering ,he entire laser-heated region and a measure of

number density and spatial, velocity, and temperature distribution of a set of moving particles.

Furthermore, an imaging radiometer was available at SRI.

The use of the Model 600 Imaging RadLiometerfor temperature measurement of

micrometer-sized objects is not straightforward, and various aspects of these measurements are

discussed in some detail below in the section entitled Issues in Particle Temperature Measurement.

In this section, we describe the temperature measurer ;ent only in enough detail to make the

description of the results comprehensible. In short, the imaging radiometer measures the light

emitted by a target over a single wavelength range and thus provides a temperature via its

measurement of total radiance. To obtain the temperature of the particle from total radiance, we

must know the emissivity and the size of the particle. Recent measurements by Fletcher and

coworkers show that the spectral emissivity of coal particles heated to various temperatures

generally falls between 0.87 and 0.98 (and is rather flat) at wavelengths between 6 and

13 I.tm;14,15therefore, we chose the 7- to 12-_1mregion for temperature measurement (except for

the region around the 10.6-I.tm wavelength of the CO2 laser, where a narrow-band filter is used to

remove scattered laser light).

When the particle is large enough to completely fill the area imaged onto a single pixel,

the emitting surface area is automatically defined by the optics and the object size represented by

a pixel; thus, an absolute temperature measurement then requires only knowledge of the object

emissivity. In this case, 60-ktm coal particles do not quite meet this size criterion. With available

infrared telephoto and close-up lenses, the imaged area is about 0.8 x 1.0 cm and an individual

pixel in the video image is assigned intensity collected from an area 94 x 94 llm, somewhat larger

than the 58-1_maverage diameter of the starting coal particles. Therefore, absolute temperature

measurement requires that an independent measure of particle size be combined with the tempera-

ture output of the imaging radiometer, together with adjustment factors for particle sizes smaller

than 94 ktm.

We used the particle size analysis discussed above to determine appropriate adjustment

factors in two ways. The first adjustment method was based purely on geometric factors and a

knowledge of the time-response behavior of the HgCdTe detector system. The second method

was an empirical approach in which a graphite block of known temperature and emissivity was

viewed through masked holes designed to mimic the particle-size range of interest here. Both of

these methods are discussed in detail below, under the heading Issues in Particle Temperature

Measurement. The two different methods gave very similar temperature distributions, and we
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consider the results as reliable as single-color measurements could be under these circumstances

(i.e., +75°C). Inframetrics, Inc., now makes a two-color version of its imaging radiometer that

would be. ideal for these purposes; however, this instrument costs $120,000 and was not available

tO US.

When the raw measured maximum temperatures and the measured particle-size

d_stributions are combined (larger particles are heated to higher temperatures), the distributions of

steady-state particle temperatures are obtained. One such distribution is shown in Figure 9,

together with the particle-size distribution for the feed coal, the material collected in a cold-flow

experiment, and the char recovered after laser pyrolysis, plotted in terms of "effective" diameter

(2[area/n]l/2) on a log-normal plot.
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Figure 9. Particle size distribution of coal, coal entrained under cold-flow
conditions, and coal char, compared with the temperature
distribution measured during pyrolysis.
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The feed ("unused" coal), and the cold-fle-_, material in Figure 9 are very similar, except

that the unused material, which was charged to the dust feeder before the series of runs from which

the current data were obtained, contains ,--20%(by number) material in the 15- to 45-I.tm range.

Under the flow conditions used during pyrolysis, essentially ali these fines were carded out of

the system in the fh-st test run with that coal sample and were thereafter not a part of the feed. In

contrast to the difference between the raw feed and the cold-flow material at the low-particle-size

end, Figure 8 shows that the coal char has a distribution beginning at the same lower size limit as

that of the cold-flow material but extending (at 98% cumulative undersize) to 100 Ixmrather than

the 75 I.tmof the cold-flow material. The char particle-size distribution and the measured particle

temperature distribution in Figure 9 have very similar slopes on the log-normal plot (that is, similar

dispersions). This result is exactly what was expected from the proportionality between particle

size and steady-state temperature predicted by heat transfer considerations: Over a given percentile

range, the percentage of change in observed AT (particle temperature minus gas temperature)

should be the same as the percentage of change in char particle size.

When the temperature is determined by the method described above and as a function of

position along the axis of particle flow, the temperature profile of the particle stream is obtained.

One such temperature profile is shown in Figure 10, which illustrates that the entrained-flow laser-

pyrolysis technique results in a fair approximation of the idealized temperature jump experiment,

certainly much closer to that ideal than can be achieved with pulsed laser pyrolysis.
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Figure10. Temperatureprofileof the particlesin the laserpyrolysiscell
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Effect of Temperature on Tar Yield and Character

Tar Yield. Figure 11 shows the effect of particle temperature on the tar yield. The

values plotted on the ordinate are based on the weight of the separately collected tar and char and

are corrected for the tar added in the pretreatment, assuming that I00% of that additive is released

in the pyrolysis and recovered. Because the ash balances could not be used to determine exact gas

yields, owing to density selection during entrainment, an upper limit to the gas yields was derived

on the basis of literature data of Solomon 16,17 and of Friehaut. 18 The gas yields for the high

volatile bituminous coals (Pittsburgh and Illinois No. 6) were assumed to be equal to those

observed by Freihaut 18 for a Pittsburgh coal under his "cool gas" entrained-flow pyrolysis

conditions; they rise from about 15% of the total volatiles al: particle (and gas) temperatures of

~650°C, where the tar yield is ~10%, to 30% of total volatiles at a final gas temperature of 850°C,
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Figure 11. Effect of particle temperature on moisture-free tar yield
from raw and pretreated coals.
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where the tar yield is --35%. For Wyodak the gas yields were taken to be 33% higher, as is

consistent with the relative gas yields reported by Solomon for Pittsburgh and Wyodak coals. 19

The gas yields estimated in this manner represent conservative values for gas yields under the

laser-pyrolysis conditions, because under Freihaut's conditions 18the final gas and particle

temperatures are essentially the same, whereas under our laser-pyrolysis conditions the final gas

temperature is at least 400°C below the final particle temperature.

There are two sets of data in Figure 11. The first is a set for pretreated and untreated coals,

in which the temperature was determined with a disappearing filament pyrometer (for about the

90th percentile in particle temperature). This set of data was obtained before the use of the channel

integrator was fully optimized to relocate the hot spot resulting from laser light that is right on the

beam axis and therefore passes directly through the channel integrator without reflecting off the

walls. Thus, the fraction of the particles heated to temperatures significantly below the hottest

particles was greater than in later runs. The second set of data was obtained with temperature

determination via the imaging radiometer and after the hot spot had been moved out of the way of

the coal stream. Thus, the temperature spread in this second set of data should be significantly less

than that in the first. For this reason, we expected to see higher tar yields at the same nominal

temperature in the second series of runs. This expectation appears to have been fulfilled at the

lower temperatures, where the tar yields (Illinois No. 6 coal) are still "--20% at a 95th percentile

particle temperature of 550°C. However, inasmuch as the tar yields seem to be approaching an

asymptote of 40-45%, this difference diminishes at higher temperatures.

The scatter seen in the plot is most likely a result of errors in determining the range of

particle temperatures. If a band is drawn around the first set of data and ali the scatter is attributed

to temperature errors, we see that it amounts to only about +40°C. In fact, the narrowness of

this band is surprising, considering that the plot includes four different coals, both loaded and

unloaded. Within the scatter of the data, there is no clear increase in tar yield from the pretreated

coals. This result is disappointing but not inconsistent with our observations, using several other

pyrolysis techniques, that the increase in tar yields (after correcting for the tar added in the

pretreatment) ranged from 0 to about 20% (i.e., 0 to ---7% on a moisture- and ash-free (maf)
basis.

The observation of similar tar yields from Wyodak and Pittsburgh coals is rat,her

unexpected in view of the widely differing yields reported under slow-heating TGA conditions by

Solomon and coworkers 17for the same Argonne Sample Bank coals (13% and 24% for Wyodak

and Pittsburgh, respectively). We may be seeing a substantially greater heating rate dependence of

tar yield for the low-rank coal (and therefore a greater benefit from very rapid heating), owing

24



to Wyodak's greater tendency to undergo low-temperature retrograde reactions. This variation

is consistent with (but appears to be more pronounced than) data reported in the literature. 20

Table 3 elaborates on these technique and coal comparisons, with some tar and total

volatiles yields taken from the literature, and with some averaged laser-pyrolysis tar yields from the

present work. As indicated above, the tar yields from Pittsburgh coals are similar in the three

entrained-flow techniques though somewhat higher in the laser-pyrolysis technique than in

Freihaut's "cool-gas" EFR. The 42% laser-pyrolysis tar yield at the highest temperature of the

present work (-1000°C) is quite similar to the 40% total organic volatiles yield obtained at 1100°C

in Solomon's hot-gas EFR, 19but much higher than the actual tar yield observed at that

temperature. The most striking observation is that the laser-pyrolysis tar yield data for the

Wyodak coal, although less extensive than the data for the Illinois No. 6 coals, show the tar yields

for the subbituminous coal to be not substantially less than those of the three bituminous coals.

This similarity is particularly striking when comparison is made with the 2.6-fold increase in tar

yield observed 17on going from Wyodak to Pittsburgh coal under normal TG A conditions

(10°C/min). lt is interesting to note that, upon demineralization, the TGA tar yield for the Wyodak

coal rises almost to the 23% level attained for the Pittsburgh coal. As Solomon and coworkers

point out, this difference after demineralization is evidently because the mineral matter is active in

some way in promoting retrograde reactions. The high tar yields obtained for raw Wyodak under

laser-pyrolysis conditions raise the interesting question whether demineralization would raise the

laser-pyrolysis Wyodak tar yield still further, possibly making it higher than the Pittsburgh tar

yield.

Tar Character. The laser-pyrolysis tars generated from ali four coals were collected

entirely in the form of tawny yellow aerosol spheres (solid at room temperature) that darkened

over several hours when exposed to air at room temperature. Py-FIMS was used to analyze a

selection of the tars. Perhaps the most interesting general result of these analyses is that a

substantial fraction of some of the tars was not volatile under these analysis conditions. The

volatilities during FIMS analysis were uniformly high for the Wyodak (90%) and Pittsburgh

coals (82-92%) but substantially lower (57-77%) for the two Illinois No. 6 coals. Furthermore, a

higher pyrolysis temperature resulted in a tar of lower volatility for the PSOC 1098 Illinois No. 6

coal but not for the Pittsburgh Argonne coal.

Generally, any fossil fuel material that has been distilled is completely (>95%) volatile

under FIMS analysis conditions (-50 I.tgheated to 500°C at 3°C/min at a pressure of <10 -6 torr).

Thus, either a substantial part of the Illinois No. 6 tar is ejected as an aerosol without ever being in

the vapor phase, or it retrogresses so rapidly that substantial crosslinking occurs in the
milliseconds before it cools. We consider the former much more likely, because the FIMS
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Table 3

COMPARISON OF LASER-PYROLYSIS TAR YIELDS WITH THOSE OBTAINED
FROM OTHER ENTRAINED-FLOW PYROLYSIS TECHNIQUES

Twall Tgasa Tar Yield
Technique/Investigator Coal (°C) (°C) % maf

"Cool Gas" EFR, Freihautb Pittsburgh 1240 1050 33 c

(PSOC 1451 ) 1070 900 26

939 795 20

825 660 14

668 500 4

"Hot-Gas" EFR, Solomon d Pittsburgh -- 1100 39.6 e
(Argonne) (21.8)

Wyodak -- 1100 25.5
(Argonne) (7.7)

Tparticle f

Cold-Gas Laser Pyrolysis Pittsburgh 970 4 2
This work (Argonne) 900 36

725 19
Illinois No. 6 900 34

(PSOC 1098) 650 29
550 22

Wyodak 725 19
Tgas a

TGA-FTIR, Solomon Pittsburgh 900 23.2
(Argonne)

Wyodak 900 9.0
(Argonne) (21.0 de-

mineralized)

a. Final gas temperatures are -160°C below the final wall temperatures in the cool-gas EFR, and equal to the final
gas temperatures in the hot-gas EFR. Final particle temperatures are equal to fin_ gas temperatures in ali
except the laser pyrolysis.

b. Taken from Reference 18, which utilizes a downward flowing, radiant-heating, entrained-flow reactor having cold
initial gas.

c. Percent tar yield, obtained by combining the total volatiles yields and the figures given in Reference 18 for tar as
a fraction ot"total volatiles yields.

d. Taken from Reference 19, which utilizes a downward flowing EFR reactor with similar final gas and wall
temperatures.

e. Total hydrocarbon volatiles yields: the tar and hydroc_bon gas yields from the authors'data have been combined
to give a maximum value for the tar that would have been produced had not some o_ _t oeen cracked to gas. The
values in parentheses are the actual tar yields reported in Reference 19.

f. Particle temperature (95th percentile), as determined through total radiance measured by imaging radiometer.
The values given represent a tempe.rature midway between the upper and lower limits obtained t'rom the
combination of radiance and parUcle-size distribution measurements.
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volatilities observed here are similar to those seen for the hot-wall, hot-gas entrained-flow

pyrolysis tars described by Khan et al.11 In that process, the tars continue to be heated (to a much

higher temperature) until they exit the drop-tube reactor. Furthermore, Freihaut concludes from his

coal-gas pyrolysis results 18that on a hundred-millisecond time scale, secondary reactions of

evolved volatiles are minor at gas temperatures below 800°C. Thus, the FI mass spectral analysis

results should be considered representative of the tar as it left the coal particle. The implications of

these limited volatilities are discussed in the next section, Mechanisms of Tar Transport.

FIMS analysis was also used to compare these laser-pyrolysis (LP) tars with a set of hot-

tube entrained-_low reactor (EFR) tars obtained from Advanced Fuel Research. These results are

discussed in Reference 21 (which is also the fourth paper listed in the project publications list) but

. two major observations are noted here. First, the biggest differences between the EFR and LP tars

were observed for the Wyodak coal, with the LP tars having two to three times as much catechol

and other dihydroxybenzenes. Second, examination of temperature-evolution curves for individual

masses produced during Py-FIMS analysis of the tars derived from the Pittsburgh and Wyodak

coals revealed that essentially ali the cresol and other monohydric phenols evolved during FIMS

I analysis were, for the EFR tars, pyrolytically generated on the hot FIMS probe; for the LP tars,they were preexisting. The larger amount of dihydric phenols in LP tars is expected, because

I dihydric phenols are well known to be subject to retrograde reactions and would be less likely to
survive the EFR hot-gas conditions. The absence of pyrolytically generated monohydric phenols

in LP tars goes hand in hand with the abundance of dihydric phenols in these tars: dihydric

phenols are known to be highly subject to retrograde reactions, and further pyrolysis of some of

these coupling products produces monohydric phenols. Thus in the EFR tars, which have been

more exposed to conditions promoting secondary reactions, there are fewer dihydric phenols and

more coupling products of these phenols, lt is likely that cresols and other monohydric phenols

are pyrolytically generated during FIMS analysis from coupling products of dihydric phenols.22, 23

Mechanisms of Tar Transport

i_ Several observations made on the LP tars allow us to conclude that a substantial portion of_ the tar is released from the pyrolyzing coal by something other than an evaporative process: (1) the

_ limited volatility of the LP tar under FIMS analysis conditions, (2) the physical appearance of the

collected tar cakes, and (3) the very short lag times observed between the entry of the particles into

the laser-heated region and the onset of tar (aerosol) release.

From the beginning of the LP runs, we found that the lag time between the entry of the

particles into the laser-heated zone and the appearance of tar aerosols was no more than about

10 ms. This short lag time raises the question whether, under these conditions, the major tar
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transport really involved diffusional transport of the newly generated tar, and then a vapor-liquid

equilibrium at the condensed-phase/gas-phase interface. This vapor-liquid equilibrium has often

been assumed, 24,25although Gray, 26 for example, and Suuberg 27 have considered the role of

explosive ejection in tar generation. The possibility of significant nonvapor transport was further

highlighted by our observation that FIMS analysis of the tars shows substantial portions of some

of them to be nonvolatile under the analytic conditions. This nonvolatile material is truly "tar"; it is

completely soluble in THF, and microscopic examination shows essentially no char particles,

which are easily distinguished from the yellow tar.

The final observation suggesting substantial nonvapor tar transport comes from the

appearance of the tar collected during the pyrolysis of coals into which small amounts of

hydrogenated coal tar have been loaded. Some of these differences can be seen in the photographs

reproduced in Figure 12.

Bec_,.usethe added tar is black and the tar generated during pyrolysis is yellow, we

expected the two materials, if they were co-vaporized, to produce a co-condensed tar aerosol that is

black or some intermediate color. However, the tar-aerosol cake collected on the membrane filters

generally shows a very distinctive pattern of swirls of black and yellow bands, indicating that the

black and yellow tars have remained separate. The details of the aerodynamic factors producing

these patterns aside, the two tar components clearly were generally not together in the vapor phase.

Because this pyrolysis is steady-state flow, invoking sequential vaporization and transport of the

two materials is difficult.* These results, taken together with those reviewed above, strongly

support the movement of a substantial fraction of the tar from the interior of the coal by a nonvapor

transport process during rapid coal heating for ali four coals tested, but particularly the Illinois No.

6 coal.

The contribution of substantial nonvapor transport processes under rapid heating conditions

would have a major bearing on the validity of the vapor-liquid equilibrium generally assumed 24,25

in the volatiles production models that are used in an attempt to understand or predict pulverized

coal combustion behavior. On one hand, the inclusion of a nonvapor transport component in the

models, if it allowed better prediction of behavior, would obviously be a significant step forward.

On the other hand, if the inclusion of a "corrected" view of tar transport were not necessary for

reproducing pyrolysis or combustion behavior, that finding would provide telling evidence that the

° Although the pyrolysis is operated under "steady-state" conditions, it is not a continuum on a microscopic scale. That is,
the interparticle distance is large compared to the particle diameter, and the tar aerosol(s) are first delivered to the local
region within the boundary layer surrounding the particle. If, for example, the preexisting tar applied during pretreatment
were to be vaporized first and the indigenous tar (which had to be chemically generated) second, it is conceivable they would
condense separately in time and/or space, forming different sized aerosols whose aerodynamic behavior in the collection
train would be different. "[his scenario seems unlikely, but it cannot be ruled out.
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models can succeed through inadvertent parameterization, not necessarily because they incorporate

the correct mechanistic picture.

Comparison with Other Laser-Heated Coal Pyrolysis Approaches

Of the more r cent applications of laser heating to coal pyrolysis, the approach of Gat and

coworkers at TRW 28"30is particularly relev_mt to our project. Other LP approaches include studies

on electrodynamically suspended particles by Maloney andcoworkers at METC, 31-33Sarofim and

coworkers at MIT,34 and Meuzelaar and coworkers at the University of Utah.35

The approach followed in this project was similar to that used by Gat et al.,28-30who used

a CW infrared laser (HF, _. = 2.7 I.tm) to heat from two sides a stream of coal particles entrained

in an argon flow. In contrast to our approach, Gat and coworkers used a focused beam of very

high power (>2 kW/cm2 versus our -200 W/cm2), heated the coal to much higher temperatures

(2000°-3000°C versus our 500°-900°C) in the waist of the focused beam, and did not collect tars

or other volatiles but inferred their yields from ash tracer techniques. They used a three-color

pyrometric temperature measurement technique, using light emitted at 0.8, 0.95, and 1.1 lam, that

provides not only a measure of temperature but "alsoan indication of the temperature measurement

error. 36 A comparison of measured rates is not very useful because of the large differences in

temperature range. The differences between the TRW results and ours can be summarized by

saying that their general goal was apparently to assess the total volatiles yield tinder very high

heating rates and high final temperatures. Their approach (heating in a focused beam) was not

designed specifically to ensure even illumination of all particles and did not collect any product tars;

however, it did produce more reliable temperature measurements.

The approach of Maloney and coworkers 3!-33 involved heating electrodynamically

suspended particles in an oxidizing environment to study the ignition process. The principal useful

point of comparison is in the heating rates and temperatures at which volatiles evolution and other

stages in the pyrolysis begin and end and in the conclusions reached about what limits the rates of

evolution. Mnloney concludes that "...the heavy volatile evolution was a mass transport controlled

process involving bubble growth and transport." This conclusion does not seem easily reconciled

with our conclusion that mr evolution is substantially a nonvapor, nondiffusive process; that is to

say, to the extent that aerosol formation in a cold (or hot) gas occurs by what is essentially an

ablation process, it will occur at the rate that the energy is supplied for that process, lt will depend

on heat transport, but it will not be diffusion-limited.
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Comparison with Pyrolysis Data from the Literature

Overall Yields. The tar yields obtained in this project are significantly higher, as

expected, than those obtained with slower-heating pyrolysis techniques. This finding is particularly

true for the lowest-ranked coal we studied, the Argonne Wyodak sample. As indicated above, it

produces a tar yield close to that of the Argonne Pittsburgh coal. This result can be seen from the

data summarized in Table 3, where the tar yields obtained from laser pyrolysis are shown "along

with those obtained by Solomon 19 and Freihaut et al. 18in their respective hot- and cool-gas

entrained-flow reactors. To compare total yields, we have listed, for both these EFR reactors, the

tar yield and the tar-plus-all-organic volatiles to account for the inca'ease in secondary tar cracking at

the 1100° and 1000°C final gas temperatures in these reactors over that in the ---100°C argon flow of

laser heated pyrolysis. The tar yields are higher in the laser-pyrolysis system, as the data in Table

3 show. There is some improvement even over the yields from the cool-gas reactor of Freihaut,

perhaps because the heating rates in the United Technologies Research Center entrained-flow

reactor system are only 2000-5000 K/s, five to ten times lower than in the laser heated system.

Previously published data on the dependence of volatiles yields on heating rate 20 (at lower

maximum heating rates) would lead us to expect some increased yield with heating rate, but perhaps

not as much as is shown in Table 3. However, the differences seen here may be consistent with the

observation by Solomon 10that, at heating rates of 10,(K_0K/s or higher, even non-softening coals

like lignites give chars that indicate melting took piace. The retrograde reactions in the Wyodak coal

may simply be more overwhelmed by the rapid tar production process (including explosive ejection

of nonvolatile species) at 30,000 K/s than they are at 5000 K/s. lt is possible that the combination

of the absence of convective heating, and the presence of radiative heating in depth--i.e., with a

wavelength where the optical depth of the coal (-15 lain) is substantial compared to the 25-I.tm

radius of the coal particles--serves to maintain the surface of the coal in a more fluid state during

the escape of tars from the interior of the coal particles. Thus it is not possible to say with any

precision at just what heating rate the yield advantage apparently seen in the present laser-pyrolysis

studies would first be encountered, or if this advantage would be diminished when the gas is hot

and the irradiating wavelength is shorter, making intra-particle conductive heat transfer more

important. A more complete answer to this puzzle of heating-rate and heating mode also awaits

more complete analysis of the tars from the respective studies by a single set of analytical

techniques.

The high yields seen in this work, where the entire volume of the coal oarticle becomes hot

and fluid at very nearly the same time, prompt us to make some additional comments on the impact

of the heat delivery mode during coal gasification. Fletcher 37recently pointed out that the softening

of coal particles during pyrolysis (heating in the presence of an inert gas) is substantially more
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pronounced than it is under combustion conditions. Moreover, the inhibition of softening observed

under combustion conditions seems to apply even to coal particles that encounter radiative and

convective heating after essentially ali of the oxygen has been consumed. Thus, we would

speculate that what inhibits the softening is not 02 itself, but some oxygenated radicals (e.g. OH.).

The mechanism aside, however, these observations may c,'u'ryprofound implications for air-blown

and oxygen-blown gasification. Now, if the goal of gasification (as in the Texaco gasifier) is to use

very high temperatures to drive everything to CO and H2, then the impact of the oxygen on the coal

fluidity may be essentially moot. However, if the goal (as in mild ga: ification) is to maximize the

yield of moderate size hydrocarbons, then it may be worthwhile, at least in principle, to focus on

heat-transfer techniques that do not use the expedient of partial oxidation in the gasification chamber

itself. On the other hand, if heat-transfer practicalities in large-scale operation make it impossible to

achieve the goals of rapid heating and remote oxidative generation of heat at the same time, then the

question seeming to deserve fundamental attention is how the presence of sonde oxyger_, even under

very fuel-rich conditions, substantially limits fluidity development.

Tar Production Kinetics. The question of tar production kinetics is not completely

distinct from that of total yields, but comparing tar production in terms of defined first.order rate

constants is also useful. We were at first surprised to (1) obtain substantial tar yields in the very

short reaction time (<90 ms) during which even the hottest particles in the stream were no more than

550°-650°C and (2) observe a lag time of no more than 10-20 ms between the entry of the coal into

the laser-heated region and the readily visible onset of tar aerosol evolution. An awareness of the

difficulties and uncertainties often encountered in temperature _,_easurement in rapid-heating

pyrolysis experiments prompted us to use several different approaches to calibrating the imaging

radiometer for use in measuring small-p_u-ticle temperatures _mdto consider carefully the

uncertainties and probable error limits in our approach. These conceiras are discussed in the section

entitled Issues in Particle Temperature Measurement. Here we discuss our measured yields and

temperatures in view of coal pyrolysis data in the literature.

Few pyrolysis studies in the literature report kinetic parameters that provide low-temperature

rates as high as those that emerge from our laser-pyrolysis data. This finding is illustrated in the

Arrhenius plot compiled from literature data by Solomon and Serio, 8 reproduced here with some

modification as Figure 13. To the original plot we have added a dashed rectangle bracketing our

particle temperatures and devolatilization rate constants in the mid-range of our laser intensities and,

for comparison, two point (open circles with a connecting line) extracted from the published data of
Freihaut. 18

The middle of our temperature range (550°-650°C) is where we have the most data and

where we judge the temperature and yields to be best characterized; for PSOC 1098 Illinois No. 6
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coal, the defined fin'st-order rate constant at 650°C is determined to be in the range 9-14 s "1. We

placed rate data for only one set of pyrolysis conditions on this plot, because the precision of the

data does not warrant their being explicitly cast in the form of an Arrhenius plot. Nevertheless, it

should be pointed out that the temperature dependence of the laser-pyrolysis tar yields apparent in a

rough way in Figure 11 (above) is consistent with rather low activation energies. Specifically,

conversion of representative tar yields from Figure 11 into apparent activation energies leads to

values from 5 to 10 kcal/mol. These values are somewhat low even for processes under diffusion

control. Given the uncertainties involved, the significance of these values lies only in their general

magnitude; that is, the temperature dependence is something like 10-20 kcal/mol or so, but it is

definitely not 50 or 60 kcal/mol. For comparison, we can look at the temperature dependence in the

recent data of Freihaut and coworkers. 18 These authors chose not to report their data as rate

constants, let alone as activation energies, presumably because of the very same measurement

uncertainties that we have discussed in this report. Nevertheless, from their reported residence

times, temperatures and tar yields, rough rate constants can be extracted. Two such rate constants

we have calculated from their published yields are shown as open circles in Figure 11; they

correspond to an apparent activation energy of-5 kcal/mol. Thus, tar yields derived from rapid

pyrolysis in cold or cool gas atmospheres appear to show a rather lower temperature dependence

than the higher values preferred by Solomon aad coworkers, 8 and we need to ask what conclusions

can be drawn from this apparent discrepancy.

First, the discrepancy described above is not due to uncertainties in what tar yield to take as

"100% reaction," or to minor factors such as exact ash content of the entrained feed coal. Freihaut

has suggested 38 that the substantial yields observed 18even at 500 ° or 550°C reflect pre-existing

"trapped" volatile material. If this is the case, then inclusion of this physically trapped material in

the rate calculations would produce a temperature dependence that is spuriously low. However,

Illinois No. 6 coals are not noted for having large amounts of extractable material. Nevertheless, if

we assign 12% (maf) tar yield to this "pre-existing" tar, we find this raises the apparent activation

energy, but only up to the 10 to 20 kcal/mol range. Thus we conclude that skewing the measured

rate constants in either our data or that of Freihaut enough to bring the measured activation energies

into the 50 to 60 kcal/mol range representative of rate limitation by weak-bond homolysis would

stretch the limits of plausibility. The implications of this conclusion are discussed below.

Pyrolysis Activation Energies and the Distributed Activation Energy Model.

For many years, ramped-temperature pyrolysis data have been fit with a mechanistic picture

consisting of parallel first-order reactions (thermal bond scissions) having a distribution of

activation energies. Reaction under these conditions, where a series of reactions come into play in

sequence as the temperature is continuously raised, leads to an overall temperature dependence that
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can be less than that of any of the contributing reactions. However, this apparent lowering of the

activation energy cannot happen with a temperature-jump experiment. In the true "T-jump"

situation, there of course can be no reaction during heat-up; under these circumstances, the

apparent activation energy will be a weighted average of those for ali the contributing reactions. In

other words, with a true temperature jump experiment, one cannot observe an overall activation

energy which is less than that for any af the parallel fLrst-order reactions. Thus, to the extent that

the present laser-heated pyrolysis approximates a temperature-jump situation, any low activation

energies observed will be low because a complex set of reactions (rather than a set of parallel

first-order reactions) controls the rate of tar formation. Thus, we take the low temperature

dependence evident in Figure 11 and in Freihaut's data in Figure 13 as supportive of bond cleavage

by a complex sequence of reactions wherein many of the bond cleavages ultimately occur as a result

of H-transfer, either from aliphatic carbon (H-abstraction, 13-scission) or to ipso aromatic carbon

(H-donation, 13-scission). Thus these results, though not of high precision, offer tantalizing

support of our contention 1 that bond cleavage in coal pyrolysis is not controlled simply by a parallel

set of weak-bond cleavage reactions.

The reported or extrapolated rates from various sources vary over more than 5 orders of

magnitude, as pointed out by Solomon and Serio. 8 Only four of the groups whose data are shown

in this figure had reported data on rare parameters that indicate rate constants in the range of 5 to 10

s-1 in the temperature range 500 ° to 575°C: Anthony et al., 39Badzioch and Hawksley, 40 Solomon

et al., 10and Freihaut 18,41(lines le, 5b, 10a, and 12 and the open circles). The latter two groups

have focused more than perhaps any other workers on the problem of determining correct particle

temperatures during pyrolysis. Specifically, in a paper more recent than the Solomon review,

Freihaut and coworkers TMreport results from a hot-wall, cool-gas pyrolysis technique--akin in

principle to our laser-pyrolysis approach--in which they observe tar yields of 10 to i 5% at

temperatures as low as 500°C (for a Pittsburgh seam coal with hot-zone residence times of

•-100 ms). This yield is very close to the range of our rate data. In contrast, many reports

(primarily from heated-grid pyrolysis studies) suggest that reaction times of up to 1 s are necessary

for the bulk of tar evolution to occur, even at 600°C. Many of these older studies are represented by

the Arrhenius plots below and to the left of the region represented by the temperatures and evolution

times (approximately indicated by the dashed box in Figure 13) measured in this project.

The interesting observation that emerges from the data in this project (and from that of

Freihaut et al.TM)is not that tar evolution occurs at 500°C (this fact is well known), but that it

occurs so rapidly at such low temperatures. It is interesting to question why our results lie outside

the range of those from the great bulk of coal pyrolysis kinetic studies (as represented in Figure

13).
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In addition to the fact that particle temperature measurements can always present

uncertainties, we note that few if any other studies involve such rapid heating to such low

temperatures (i.e., _600°C). In most studies driven by interest in the --105-K/s heating rates

relevant to pulverized coal combustion, the investigators have also been interested in the

temperature range most applicable to such combustion (i.e., >1000 K). The use of rapid heating

to low temperatures, together with more precise particle temperature measurements, should provide

needed leverage at the low-temperature end of the coal pyrolysis temperature spectrum and, in so

doing, may help to provide some distinction among the widely varying apparent activation energies

evident in Figure 13. Such data, as discussed above, should also help to clarify the mode(s) by

which nascent tar is transported out of the coal particle.

Issues in Particle Temperature Measurement

Reliable temperature measurement is the key to obtaining reliable information from a hot-

wall, cold-gas pyrolysis technique. In contrast to a hot-wall, hot-gas pyrolysis approach, in which

ali coal particles quickly approach the temperature of the gaseous surroundings (which is, in turn,

straightforwardly measured with thermocouples), pyrolysis in a cold gas necessitates a pyrometric

temperature measurement. After the initial laser-pyrolysis experiments in which we used a

disappearing filament pyrometer, we used close-up infrared video imaging with an Inframetrics

Model 600 Imaging Radiometer to determine particle temperatures and temperature distributions.

This instrument is very convenient to use. A telephoto lens with a close-up attachment provides a

macro capability. The camera is then used to view (perpendicular to the axes of particle travel and

laser illumination) the approximately 0.5-cm-long laser-heated region. This approach provides

a video record covering the entire laser-heated region at once, a determination of number density

and spatial and velocity distribution, and the temperature distribution of a set of moving particles.

When operated in the fast-line scan mode, the radiometer scans the same horizontal line

every 125 Its, essentially providing a viewing slit that the entrained particles pass in their upward

flow. The temperatures and velocities of the particles are determined from the intensity and length

of the images produced as the particles pass the slit.

The Inframetrics Model 600 provides an image in the EIA RS-170 standard video format,

achieved by means of a vertically and horizontally scanning mirror system and a high-sensitivity

mercury-cadmium telluride detector. The radiometer normally provides straightforward and

accurate temperature measurements for relatively massive objects of known emissivity. Because

of the limited response time of HgCdTe detectors, the design of the Model 600 represents a

compromise between high resolution and the ability to scan rapidly enough to capture moving

targets. As previously discussed, when the objects are large enough that they completely fill an
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area equal to or greater than that imaged onto a single pixel [i.e., one instantaneous field of view

(IFOV)], the emitting area is in effect defined by the particular set of optics in use. As the camera

moves farther away from the object, the area filling an IFOV increases with the square of lhe

distance, but the fraction of the light emitted from this growing area that falls on the detector will

decrease, also with the square of the distance.

There is one other size requirement. The rapid rate at which the continuously moving

mirror allows the detector to sweep across the object means that the detector charge is written into

storage every 0.3 Its. The limited response time of the HgCdTe detector means that the surface

being observed must have the same temperature for >5 -IFOVs so that the detector can achieve

>98% of its steady-state response.

If either of the above requirements is not met, a calibration factor must be used so that the

correct temperature can be measured. If the size of the object is known, this calibration can be

either calculated or determined experimentally by using objects of the same size and emissivity

with known temperatures. For objects of about 50 I.tm, the calibration factors are large and exert

great leverage on the measured temperatures. Thus, calibration is particularly important for our

experiments. We first determined the particle temperature using factors calculated from geometric

considerations, which are outlined below. Because the resulting temperatures seemed too lcw by

comparison with literature data and because significant potential error is inherent in these large

adjustments, we have also experimentally determined the calibration factors. More careful

examination of the literature data has since indicated that some of the various "measured" pyrolysis

temperatures reported may be as much as several hundred degrees in error, and recent experiments

in which the temperature measurements are more reliable TMsuggest fairly rapid tar formation in the

vicinity of 500°C. Our laser-pyrolysis data and the literature data were discussed earlier in this

report; in this section we focus on the details of the temperature measurement and the

potential/probable errors involved.

Geometrically Calculated Calibration Factors. This approach to the temperature

measurement of small objects was used after consultation with Dr. Gary Orlove of Inframetrics,

Inc. in Billerica, MA. With the 3× telephoto and 6-in. close-up lens attached, the viewing distance

is fixed at 6 in. At this distance, one IFOV is 94 × 94 _tm; the calibration factors are obtained by

considering what fraction of the vertical field of view is filled by a _,_-ticle of given vertical size and

what fractional detector response is achieved in the time required to sweep across the horizontal

dimension of the particle. These ge ometric considerations are shown schematically in Figure 14,

in which the Model 600 detector response or "slit response function" (SRF) is plotted.



In this figure, the horizontal axis corresponds to the object size (width) with the 3×

telephoto and 6-in. close-up lens attached. As Figure 14 suggests, for an object that is large in the

vertical direction but that corresponds to only one IFOV (94 lain) in the horizontal direction, the
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Figure14. Slitresponsefunctionfor horizontalscanningof verticalslits (SRFdiam),asa functionof
slit width,using InframetricsModel600 equippedwith 3X telephotoand 6-in.close-up
lens(datafrom Inframetrics,Inc.).

detector reaches half of its full-scale response; thus the radiometer will measure only half the true

radiance. If the object is, in addition, small in the vertical direction, then the measured radiance

will be lower by an additional factor, corresponding to the fractional filling of a rectangle of height

equal to one vertical IFOV and width equal to the particle width. The net calibration factor is the

product of this fractional area and the modified slit response factor corresponding to the object

(particle) diameter. If the background behind the particle (filling that portion of an IFOV not filled

by the particle) emits a significant amount of light compared with the particle, this factor must also

be accounted for. In this case, where the walls of the laser-pyrolysis cell are typically about 50°C

(apparent black body temperature, -30°C), it is not a significant additional correction factor for

particles larger than about 80 I.tmbut is quite substantial for a 50-I.tm particle below about 600°C.

Ali these factors are combined as shown below, where the calibration factor is calculated via
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Measured radiance - (1 - SRFeff) x Background radiance
True particle radiance = SRFeff

where SRFeff is the effective slit response factor for an object of diameter D and is given by

SRFeff = SRFpartdiam × Ccoal

SRFpart diam is the slit response factor for an object having a width equal to the particle diameter

(and an infinite height), taken directly from Figure 14 above, and Ccoal is the fractional filling of

a slit with a height of one IFOV and a width of one particle diameter.

Ccoal = Areaparticle _
Diamparticle x 1 IFOVvertical

After the factor given by SRFef f is used to obtain the true particle radiance (measured, in

this case, from 7 to 10 ktm and from 11 to 12 l.tm), the latter must then be converted into tempera-

ture by the temperature-dependent relationship between emitted light and temperature. The

calibration of the radiometer and auxiliary optics was performed using a massive object of known

emissivity at 400 to 700°C. For particles of 57 _tm, slightly below the nominal median particle

diameter in a 250/270-mesh screen fraction, the adjustment converts a raw measured temperature

of 175°C to an actual temperature of about 740°C. The extent of the adjustment diminishes rapidly

with increasing particle size. For 70-mm particles, a raw temperature of 175°C is converted to
about 480°C.

Calibration of the Radiometer for Small Particles by Using a Masked

Graphite Target. The Model 600 Radiometer normally provides straightforward and accurate

tempere,ture measurements for relatively massive objects of known emissivity. When the objects

are large enough to completely fill an area equal to or greater than that imaged onto a single pixel

(i.e., one IFOV), the emitting area is, in effect, defined by the particular set of optics in use. As

an alternative to the calculation of the fractional filling of one IFOV achieved by particles of various

sizes, we used masks with circular holes in sizes chosen to mimic particles coveting the 50- to

125-ktm size range of interest for pyrolysis of a 250/270 screen fraction. These masks were placed

in front of a graphite block of known emissivity and temperature.

We f'trst considered using masks with holes covering the actual size range of the char

particles produced in our pyrolysis experiments. However, that method would necessitate

accounting for the effects of diffraction (because the hole sizes would be on the same order as the

7- to 12-txm wavelength range used for temperature measurement) as well as those of a mask

comparable in thickness to the hole diameter. Even though the light passing through the hole
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would in our case undergo less spreading by diffraction, because the graphite block was not a

collimated light source, we could not satisfactorily piace an upper limit on the extent of the effects

of diffraction. Furthermore, the apertures readily available from electron microscopy suppliers do

not constitute broad holes in a thin mask. For instance, a 75-1am aperture obtained from Ernest

Fullam Associates is commonly cut in 2-mil-thick (50-1am-thick) stock, and consultation with

technical staff there revealed that reliable use of substantially thinner material is difficult for them.

For these reasons, we decided to record apparent temperatures while viewing the heated block

through holes roughly 25 times larger at correspondingly larger viewing distances. In this way,

the same fractional filling of an IFOV is achieved for a 1.5-mm hole at an object distance of about

350 cm as for, say, a 57-gin particle viewed at our normal close-up viewing distance of 15 cm

(6 in.).

The masks were cut from black anodized aluminum sheet so that the emissivity of the

background (i.e., the area surrounding the hole) would be the same as that of the anodized interior

of the pyrolysis cell. The holes ranged from 1.56 to 3.97 mm in a sheet 1 mm thick. At a viewing

distance of 365 cre, these holes provided light from the same apparent area as holes ranging from

57 to 146 gm at our normal close-up viewing distance. An iris having an aperture adjusted to be

slightly larger than that in the particular mask being used was placed between the mask and the

graphite block to limit heating of the mask. A flow of compressed air across the face of the mask

was used to hold its temperature at the same background level achieved by the pyrolysis chamber

interior during a typical pyrolysis run. The "true" temperature of the 3-in.-diameter, 2-in.-long

graphite cylinder was determined by a platinum resistance thermometer in a 1/4-in. hole drilled

3/8 in. from and parallel to the viewed face of the cylinder. Ali surfaces of the graphite except the

end being viewed were wrapped with .-.1 in. of spun silica to minimize heat loss and temperature

gradients. The graphite block was heated to 700°C (the temperature limit of the resistance

thermometer), and the apparent temperatures were recorded through holes of different sizes as the

graphite block slowly cooled. In this way, the series of calibration curves shown in Figure 15 was

developed.

After the data shown in Figure 15 were recorded, the camera-target distance was decreased

by an amount calculated to have the 1.56-mm hole (normally the 57-1am mimic) subtend the .same

angle as the 2.38-mm hole (normally the 87-1ammimic) to determine whether the finite length of

the hole (which is relatively most important for the 1.56-mm hole) significantly affects the image of

the light passed by the hole. There was evidently no proble.n with "tunnel" effects, because this

change in distance resulted in the image of the 1.56-mm hole registering the same apparent

temperature as had the 2.38-mm hole at the original distance.

40

t



The size of the adjustment required to convert apparent temperatures to true temperatures,

as indicated in Figure 15, is quite substantial, particularly for particles at the smaller end of our

distribution. For example, a 57-I.tm particle at 500°C (having the same emissivity as the graphite

block) will register an apparent temperature of ollly 160°C, while a 116-I.tmparticle at 500°C will

give an apparent temperature of 304°C. While the size of the required temperature adjustment is

hardly ideal for our purposes, it is the result of design trade-offs that lnframetrics, Inc., had to

make to achieve rapid lR imaging capability for objects only marginally above ambient
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Figure15. Temperaturesmeasuredwith the InframetricsModel600as a functionof true temperatures
for a blackbodyviewedthrougha rangeof holesizeschosento mimicmicron-sizedobjects.

temperature. For those of us working on this project, it was the price we paid for the convenience

of applying this existing imaging capability to our low-temperature entrained-flow pyrolysis

conditions. [The two-color version of the Model 600 would be nearly ideal for our purposes, but

it costs nearly twice as much ($120,000), and one was not available to us at SRI.] In using these

calibration curves, we must therefore (1) obtain accurate particle-size distributions for the chars,

(2) combine them with the apparent temperature distributions in an appropriate manner, and (3)

carefully assess the uncertainties in the process.

The curves in Figure 15 provide a measure of the temperature adjustment required for small

particles. The slope of the fitted straight lines (i.e., the ratio of apparent temperature increase to

41

_7



true temperature increase) increases from 0.30 for 57-I.tm particles and approaches 1.0 as the

particle size increases beyond the point where a single particle fills an entire IFOV and where

the particle is imaged onto the HgCdTe detector long enough for the steady-state voltage to be

registered.

The curves in Figure 15 do not achieve a slope and intercept of exactly 1.0 and 0,

respectively [.theactual measured value reached 0.92 for 402-mm particles, with no significant

increase as the particle (hole) size is increased further], because the optics and emissivity are

slightly different from those in the original calibration. This factor is taken into account by

determining the apparent temperature of an unmasked graphite surface of known emissivity and

temperature using all the optics (including the KC pyrolysis chamber window) that are in place

during a pyrolysis run. This calibration curve is shown in Figure 16.

cD
o 700 , ,, ,, , ,, , ,,
LLI

I--< 600 m Extended Range

rr _ Normal Range

LU
Q..

500LU
l-
D
UJ
rr" 400
O3

U.J
300

>-
_1
._1

o 200
rr"
I-.-
uJ
_; 100 ._r.. , . . . . , .... h • • • , • • . , I ....0
rr" 100 200 300 400 500 600 700
>-
13..

TRUEGRAPHITETEMPERATURE(°C)

Figure 16. Rawtemperaturesdeterminedwith the InframetricsModel600 for an unmaskedgraphite
body of known temperature by viewing through ali optics used in looking intothe pyrolysis
cell.

The precision of the calibrations shown in Figures 15 and 16 is quite good. In

combination, they allow us to correct for both the geometric factors and the special optics that

apply during normal pyrolysis runs. With these two sets of calibrations, any indicated (i.e.,
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apparent) temperature originating from the total radiance measurement of the imaging radiometer

can be convened to the true temperature, assuming that the cross-sectional area and the emissivity

of the particle in question are known.

Combination of Particle-Size Distributions of the Recovered Chars with

Measured Temperature Distributions. Because the resolution of the radiometer image is not

sufficient to accurately measure particle size in the 50- to 150-pm range of interest in this work, we

cannot determine the temperature of any particular imaged particle. However, because heat transfer

considerations dictate that the AT of any particle will be proportional to the particle diameter, we

expected the largest of the original coal particles to achieve the highest steady state temperatures.

This expectation has been verified, at least with respect to the original coal particle size. Figure 8

(above), shows the particle-size distribution for the raw coal (obtained from a laser-off run) and for

the char recovered from a rather low temperature run (tar yield, 13%). The particle-size

distributions, as described earlier, are obtained from photomicrographs of the recovered chars by

using a computer-operated LECO 2(X)l image analyzer.

Comparison of the two profiles shown in Figure 8 makes it clear that in this case the laser

heating has removed most of the larger particles from the original distribution (60-70 pm

in diameter) and displaced them to a higher diameter (70-100 pm). In other words, clearly the

larger particles are heated the most and, under the circumstances of this particular experiment, are

recovered as more swollen char particles. However, the situation is more complex than we had

originally anticipated.

Many coals of course swell significantly during heating. Because the important diameter

for the final temperature is clearly the fully swelled diameter, we had originally assumed that the

particles that swell would be heated still further as a result of the swelling. Thus, heat transfer

considerations would seem to indicate that a 60-pm-diameter particle that swelled to 66 pm would

experience a 10% higher AT than a 60-pm particle that did not swell. However, this conclusion is

correct only if the optical density of the particles is not decreased during the swelling/devolatili-

zation process. From our microscopic examination of the char particles recovered after pyrolysis

under a range of conditions and from some literature data on absorption and emission of IR

radiation by coal particles, 14,15,42we now conclude--on the basis of (1) an optical thickness (at

10.6 I.tm)on the order of 15 pm for the original coal, 15,43 (2) the increased cross-section area of

the swollen coal, and (3) the loss of volatile matter during swelling--that the swollen 250/270-

mesh particles will actually have lower final temperatures than particles of the same size that do not

swell. Thus, the larger particles in the original size distribution will heat the most (albeit more

slowly than smaller particles); but as they begin to swell (i.e., spread their absorbing material over

a larger cross-section area) and lose volatile matter, their optical density will actually decrease and
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they will achieve a lower steady-state temperature in the constant irradiation/convection

environment than if they had not swelled.

Another restllt suggesting that the largest char particles (the cenospheres) are indeed not the

hottest particles is the observation that the average char particle size does not _em to increase

with increased laser intensity. This finding is in contrast to what we might have expected from

the literature on swelling as a function of heating rate, in which higher free-swelling indexes are

typically observed when the heating rate is increased, because of increased fluidity. 44 However,

more recent data at high heating rates show a heating rate/final temperature limit above which there

is no particle swelling. 37,45 Examination of the recovered char particles in these studies and ours

shows that, at heating rates higher than about 10,000 K/s, gas escapes primarily by local formation

and rupture of bubbles without a significant increase in overall particle diameter. In other words,

the coal fluidity is so high that the "balloons" pop before they can be blown up very far. If the

coal mass is sufficiently fluid, this reaction can result in a net shrinkage of the intact char particles

as mass is lost to the gas and aerosol phases.

This reversal at high heating rates of the generally observed re!alionship between swelling

and heating rate and the realization that the optical density of coal particles in this size range will

actually decrease with swelling both bear directly on our original assumption that the largest char

particles would necessarily be those that attained the highest temperatures. Accordingly, we were

forced to change somewhat the way in which the apparent temperature and particle-size distribut-

ions are combined to obtain the corrected temperature distribution in the laser-heated zone.

From the decrease in absorption with swelling discussed above, we conclude that the

hottest particles will not be those that are most swollen (i.e., those having diameters of 70 to

1t30 _m). We also know that the hottest particles will not be the smallest (45 to 55 l.tm), because

convective heat loss is most favorable to these small particles. The hottest particles will be those in

the center to upper end of the original particle-size distribution (-55 to 65 _m) that have not

swollen very much (or have swollen somewhat and collapsed). Thus, we can now confidently

adjust the raw temperature data by stating that the hottest particles are not less than 55 or more than

65 I.tmand that the cooler particles consist of both larger and smaller ones. This regimen results in

adjustments for the cooler portion of the raw temperature distribution that are both smaller and

larger (for the largest and smallest panicles, respectively) than those for the hotter portion and in a

distribution of peak temperatures in the torm of a band narrower at the higher range and broader at

the lower temperatures.

The net result of the new calibrations and this new procedure is that the band of

temperatures is somewhat broader than that derived earlier, but the general result---observation of
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substantial tar yields at remarkably low temperatures--is fundamentally unchtmged. This finding

can be seen by comparing the adjusted temperature distribution with the values derived earlier

from the geometric correction factors and the assumption that the most swollen particles reach

the highest steady state temperatures. Figure 9 (above) is a modification of a figure presented in

the Proceedings of the 1990 Contractors' Meeting, showing both the original plot of derived

temperature versus cumulative percentage of particles and a band of temperatures derived from

similar data based on considerations discussed here.

The original particle temperatures in Figure 9, represented by the boxes, are from a run

using the Illinois No. 6 coal (PSOC 1098) in which the tar yield was 13%; the raw temperature

data were ',adjusted using the geometric:flly derived adjustment factors discussed above. Data

shown in Table 4 and shown in Figure 9 as triangle:-; (particle size) and vertical bars representing

Table 4

PARTICLE-SIZE DISTRIBUTION AND RAW AND ADJUSTED TEMPERATURE
DISTRIBUTIONS FOR A PYROLYSIS RUNa YIELDING 33 WT% TAR

Cumulative (%) Raw Diameter Range Adjusted
Percentage of Temperature Diameter for Temperature Temperature

Particles b (C °) (/am) Adjustment (urn) Range (°C) _

12 50 41 45-70 246-197

40 75 54 45-70 337-260

82 100 77 50-70 400-323

85 125 79 55-65 455-407

92 150 83 55-65 540-472

98 175 91 55-65 630-542

aRun 1-29-91b

bThe cumulative percentage of particles that are "undersized" with respect to either temperature or
diameter.

temperatures (and the dotted lines drawn from them) are from a more recent experiment in which

the raw temperature data were adjusted by means of the hole-size calibrations described above.

The tar yield in this latter experiment was 25 wt% (significantly higher than that for the experiment

shown in the original figure), the particle-size distribution was somewhat smaller, and the band of
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derived temperatures was somewhat higher. The smaller particle-size distribution for the recovered

char in the experiment with higher tar yield and temperature was initially surprising but is in accord

with some other data on coal swelling. 37,45 The principal point is that the original result--that

substantial tar yields are produced in 50 to 100 ms when the bulk of the particle mass is heated no

higher than the 450 ° to 550°C range--is supported by the experimental calibrations for small-

particle temperature m_asurement. Table 4 shows the char diameter ranges used for adjusting the

raw temperatures to the particle temperatures shown in Figure 9.

The temperature distributions shown in Figure 9 and Table 4 may appear too broad to

provide much information on temperature-dependent pyrolysis ratcs. However, this bracketing of

the temperature adjustment was done very conservatively; -80% (mass percentage) of the feed coal

falls in the 57- to 71-I.tm range, which corresponds to 50 to 95% (cumulative percentage) of the

particles.

Error Limits in the Temperature Measurement, The major source of uncertainty in

determining the distribution of particle temperatures is the ability to assign an emitting area

(particle size) to any given, individually measured particle radiance. This uncertainty is

significantly greater than the measurement precision, which, as can be seen from Figures 15 and

16 above, is better than about 5°C on the uncorrected temperatures and 15°C or less on the

corrected temperatures. We conservatively associated a given particle size with a given portion of

the temperature distribution; we tried to make assumptions so that the higher v',dues in our band of

derived temperatures really represent upper limits to the probable particle temperatures. Our choice

of limits can best be viewed in Figure 8 (above). The portion of the cold-flow size population

most obviously "missing" after pyrolysis is the 57- to 71 -_m-diameter portion (accounting for 50

wt% of the original feed material). Of the particles in this range, heat transfer considerations

dictate that the original 71-_m-diameter particles will tend to be heated to the highest temperatures.

The question to be addressed is, then, will these hottest particles swell, stay at about

70 l.tm, or shrink? If these particles swell above 70 p.m, calculations show that the loss in

absorbance (caused by mass loss on pyrolysis, together with spreading of the absorbing material

over a larger area) will be greater than the increase in cross-sectional area and consequently the

steady-state temperature will decline. Thus, the majority of the hottest particles will definitely not

be above about 70 I.tm. At the other extreme, how much is a 71-mm particle likely to shrink

because of volatiles loss and bubble collapse while it is in a very fluid state? About a 30% increase

in density would be required for a particle originally 70 I.un to shrink to, say, 55 I.tm while losing

only about 40% in mass (i.e., the approximate volatiles yield). This increase in density is unlikely

and even so would not be enough to compensate for the mass loss and the more effective

convective cooling of the smaller particle. From these considerations, we conclude that the size
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limits on the hottest-appearing particles from our typical 250/270-mesh feed can easily be set at 50

p.m < D < 70 p.m.

Once we recognize that the hottest particles c_nnot be over 70 or under 50 p.m, these limits,

together with the observed tar yields and the optical dt pth of the coal particles, set the associated

emissivity values. The temperature brackets derived fr_m the 70- and 50-p.m limits are lower than

we might expect, because of a compensation between geometric and emissivity factors. The 70-

p.m assumption, which carries a relatively small geometr_-based adjustment, is associated with a

lower emissivity value that increases the correction. On the other hand, the 50-p.m assumption,

carrying a larger geometry-based adjustment, is associated with a higher emissivity value that

decreases the adjustment. These factors are :.ncluded in the temperature adjustment example given
in Table 4 above.

One additional factor that tends to produce a compensating effect in the temperature

adjustment regimen is the question of the assumed extinction coefficient for the coal matter.

Although the literature is replete with various kinds of infrared spectra for a wide range of coals,

very few are on thin sections so that an extinction coefficient can easily be extracted. The value of

15 p.m for the optical depth of the starting coal is taken from early Bureau of Mines data on thin

sections, 43 but not for the same Illinois No. 6 coal that concerns us here. (A similar value was

also inferred from the emissivity data of Fletcher and coworkers. 15) However, if the extinction

coefficient (for 7- to 12-_m radiation in the original coal material) either were substantially higher

than we have inferred from literature data or were to rise significantly during mild pyrolysis (i.e., if

the swelling particles did not decrease in optical thickness) then the steady-state temperature and

radiance of the particles would rise as the particles swell. The hottest appearing particles would

then be the largest particles, and the appropriate adjustments of these raw temperatures would be

smaller than those used here, because of both the larger size and the higher emissivity. In other

words, if either assumption about the extinction coefficient of the coal matter were wrong, we

would have overcorrected the raw temperature data. Thus, the temperatures are not likely to be

higher than those represented by the upper edge of the band indicated by the dotted lines in Figure

9; that is, we judge that the true temperature distribution is well represented by a line through the
middle of this band at +50°-75°C.

Finally, we compare the measured temperatures with the threshold of visibility to the

human eye. For the run depicted in Figure 9 (above) as the dotted lines (and shown in Table 4), at

98% (cumulative particle percentage), the upper temperature limit was determined to be 630°C. In

this run there were no visibly glowing particles. In two companion runs, in which roughly 15%

and 2% of the particles were glowing, the same temperature determination regimen showed the

upper 1-2% of the particles to be <940 ° and 770°C, respectively. These latter two temperatures are
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consistent with a threshold of visibility of about 850 ° + 50°C, dependent on object size, velocity

and background illumination. Similarly, these total radiance-based measurements merge quite well

(within about 40°C) with those made by using a disappearing filament pyrometer, a multicolor

instrument that is quite accurate when appropriately used.

To summarize particle temperature measurement considerations, we conclude that the

excellent product separation and collection capability of the entrained-flow laser-pyrolysis system,

coupled with precise measurement of the char particle size distribution and careful consideration of

the appropriate way to combine the raw temperature data, have made it possible to determine the

distribution of steady-state temperatures within +75°C.

RAPID BATCH PYROLYSIS TO INTERMEDIATE TEMPERATURES

Heating of sealed fused-silica ampules in a molten-salt bath provides a convenient way

of rapid heating to intermediate temperatures (400°-500°C). This approach was combined with

a modified procedure for pretreating coals with hydrogenated tars. Following the tar loading, the

coals were heated to 200°C for 30 rain in a sealed microautoclave to pre-swell them or otherwise

to achieve benefits similar to these reported by Miura and coworkers for the pyrolysis of coals

preswollen in tetralin. 4 The rationale for this approach (which is tantamount to "liquefaction" in

minimal solvent) and its results are detailed below. Although we consider this approach well

founded, we did not observe enhanced tar yields that exceeded the experimental scatter.

Pre-Swelling of Treated Coals. Recently Miura and coworkers 4 reported results that

appear highly relevant to the pretreatment approach taken in this project. Their work involved the

flash pyrolysis of coals that had been swollen in tetralin vapors at temperatures above ambient but

well below pyrolysis (i.e., at -250°C). Their finding was essentially that even after all the tetralin

had been removed, a significant residual effect (attributed by the authors to irreversible swelling)

led to enhanced production of volatiles on subsequent pyrolysis. A typical result was that curie

point flash pyrolysis (at 760°C) of a Japanese subbituminous coal "soaked" in tetralin at 250°C,

followed by removal under vacuum of ali but about 10-20 wt% of the tetralin from the coal,

resulted in an approximate 30% increase (-7 wt% of maf coal) in tar yield when the coal was

pyrolyzed in flowing nitrogen at 760°C. If the soaking took piace at less than 100°C, the additive

was much less effective.

Miura et al. further reported that the increase in tar yield almost doubled when the same

pyrolysis of pretreated coal was performed under 1030 psi of hydrogen. While yield improvement

in the presence of H2 is not surprising for a coal-conversion process, it is for a flash-pyrolysis

process at relatively mild temperatures: various pyrolysis studies 46 have shown that at
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temperatures below about 600°C, H2 pressures below --500 psi, and short reaction times, the effect

of H2 is actually detrimental (compared with pyrolysis in vacuum). Consistent with these previous

studies, Miura's data for the untreated coal show a decrease in tar yield as the H2 pressure is

increased from 1 atm to 1000 psi. we conclude that the presence of the added hydroaromatics in

the preswollen allows the coal to take advantage of hydrogen pressure under conditions that would

otherwise lead to a negative effect. These results led us to the following conclusions and

suggestions, some of which we te_ted with the modified pretreatment and pyrolysis approach
described below.

• Because larger PCAHs are known to be much better hydrogen donors than tetralin,
Miura's beneficial results obtained with tetralin alone suggest that our coal-tar
pretreatment approach should provide even greater increases in volatiles yields under
the right conditions.

• Because soaking the coal in tetralin at temperatures 100° to 200°C above ambient is
required to substantially benefit the subsequent pyrolysis, soaking the tar-pretreated

coals at 100° to 200°C might substantially improve the beneficial impact of tar
pretreatment.

• Because the moderate-temperature soak allowed hydrogen pressure in the subsequent
pyrolysis to have a positive impact on tar yields (under time-temperature conditions
that would otherwise have a negative effect), this result should be even more true
for PCAHs, which are knc,wn to better utilize gaseous H2 in coal liquefaction.

Supported by the above rationale, we used the procedure described below to load coals

with "mild gasification aids" and, at the same time, to perform the moderate temperature "heat
soak."

Modified Pretreatment Procedure. A satisfactory procedure for producing pretreated

coal in batches of the size needed for laboratory testing (i.e., about 2 g) was developed after

several iterations. A fused-silica liner was used to facilitate removal of the treated coal from the

3/4-in.-o.d. tubing bomb heat-treatment reactor. Several grams of ground and sized coal were

spread evenly along the bottom half of a horizontally held liner. Tar solution was then added

evenly to the layer of coal to the point of incipient wetness to ensure even distribution of the

additive. The liner is weighed, placed in the pressure vessel, pressurized with 500 psi N2, and

heated for 30 min at 215°C. After cooling, the reactor is vented, and the liner is removed and

weighed (there was no movement of coal or tar to the outer surfaces of the liner or to the steel

jacket). Excess tetralin was then removed at 60°C and ~ 1 torr until the coal was flee-flowing (once

the tar-bonded aggregates were broken up). A free-flowing solid was obtained after removal of

about one-half to three-quarters of the originally added tetralin. In an effort to maximize the impact

of the pretreatment and to simplify subsequent analytical distinction between volatilized

pretreatment additive and volatiles derived directly from the coal, pretreated coals were also
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prepared with hexahydropyrene to represent the most beneficial components in a hydrotreated coal

tar.

The effect of these pretreatments was tested with two coals in small-batch pyrolysis

experiments, as described below. Testing of the pretreatment with laser pyrolysis was not

performed (1) because of limitations in time and funds and (2) because the batch reactor results

turned out to be less promising than we had hoped•

Low-Temperature Pyrolysis of the Pretreated Coals• One of the principal

reasons for developing the laser-pyrolysis technique, with its unique cool gas environment, was to

reduce the potential of secondary reactions. In addition to the low-temperature environment, the

• flowing gas sweeps away the volatiles as they are released, further minimizing the opportunity for

retrogressive reaction of the volatiles with the residual char. On the other hand, if pretreating coal

with additives that can increase volatiles production is a specific goal, those additives must remain

with the coal during the critical reaction period. Our purpose in choosing a mixture of

hydrogenated PCAHs (such as those present in some hydrotreated coal tars) for coal pretreatment
_4j:;t was to take advantage, in the context of mild gasification, of the known ability of hydroaromatics

7t to induce the cleavage of strong bonds. Therefore, we speculated that this purpose might be better

served by pyrolysis at a lower temperature, where volatiles are more confined, than during
_i_ pyrolysis in 1 atm of an entraining gas. Accordingly, we performed a series of experiments

I involving moderately rapid pyrolysis of pretreated, "preswelled" coals in small, thin-walled

_ ampules.

Pyrolysis Procedure. This procedure involves sealing the coal sample in small fused-

silica ampules, followed by pyrolysis in a constant-temperature molten-salt bath. The ampules

were made from 3-mm-i.d., 0.5-mm wall tubing; fused silica was used primarily because it

,, minimizes the strain introduced during sealing and when the ampules are plunged into the molten-

' salt bath.

The thin wall provides the fastest heat-up time available in an experiment of this type.

Assuming that heat transfer through the glass wall is the limiting factor, a thermal diffusivity

of 0.05 cm2/s gives a relaxation time of 0.025 s, suggesting 47 that the inside wall will reach

within ,--I°C of the final temperature in about 6 x 0.025 s, or 0.15 s. For a tube large enough

to have multiple layers of coal particles, particle-to-particle heat transfer will be the slow step, and

only in a tube with a very small internal diameter will any but those layers of particles closest to the

tube walls approach the heat-up time estimated above. We chose 3-mm--i.d. tubes as a compromise

between heat-up rate and bursting pressure on the one hand and sample capacity on the other.
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Tubes of this size allow 50 to 100 mg to be used conveniently in a tube several inches long. We

expect that, even in this larger size tube, the sample will reach reaction temperature within 5 s.

Initial experiments in which the entire ampule was immersed in the molten salt resulted in

ampoule failure caused by overpressure during devolatilization. In a second iteration, the pyrolysis

procedure involved using a small tube holder that holds only a predetermined portion of the

ampules beneath the melt surface. Partial immersion served the dual purpose of (1) keeping the

pressure low enough for most coals to prevent bursting of the tubes and (2) acting as a retort and

removing the condensable volatiles from the hottest part of the ampule. Removal of low-

molecular-weight condensables from the hot zone is important, because 490°C exceeds the critical

point of many of the low molecular weight products. A constriction was made in the ampule

which was positioned just below the liquid surface. This constriction was necessary to prevent a

large fraction of the coal from bumping into the void space above the liquid surface when the initial

volatiles were released. This procedure resulted in a refluxing layer 1 to 2 cm above the salt bath

surface and prevented bursting for ali four coals tested thus far, except Wyodak. The bath

temperature may just be too far above the critical temperature of water for the ampules, even with a

cooler portion, to accommodate the amount of water generated by low-rank coals.

When the reaction time was completed, the ampules were quenched in a water bath. The

extract or tar was defined as material passing a 0.2-mm PTFE filter after dissolution of the ampule

contents, with sonication, in 20-ml mixtures of 70% CH2C12 and 30% MeOH at 40°C. For

original sample sizes of --70 rag, this procedure was satisfactorily reproducible in terms of mass

balance: The total of gases and losses was reasonably constant in repeated runs, but the precision

was not quite as good for the extracted tars.

Batch Pyrolysis Results. The results obtained thus far for pyrolysis of raw and

pretreated coals at temperatures of 450 ° and 490°C are shown in Table 5. The yield of material

extractable from a methylene chloride-methanol mixture (after correction for the added tar or

hexahydropyrene) appears on the average to increase slightly (20% for tar-loaded PSOC 1098),

but this increase is not outside the scatter of the extract yields. Thus, while this set of data is not

large enough to justify a definitive statement, it does fail to indicate that confined pyrolysis

following hydrotreated tar (or hexahydropyrene) pretreatment results in any clear improvement in

tar-yield enhancement compared with the 10-20% enhancements already obtained with vacuum

TGA or laser pyrolysis of room-temperature pretreated coals.



0

!i 52
=1



It was disappointing not to find clear benefits under these batch pyrolysis conditions; even

though we were not able to perform the pyrolysis in the presence of H2, when Miura saw

additional benefits, we had hoped to find larger tar increases than those we previously reported for

laser pyrolysis and vacuum TGA pyrolysis conditions. We can easily invoke reasons why the

benefits of treating coals with small amounts of hydroaromatics would be expected on one hand to

be marginal or on the other hand to be substantial. The improved yields might be marginal because

this approach could be described as liquefaction in the presence of a minimum of solvent, and

solvent-to-coal ratios substantially less than 1.0 are known to be very ineffective. On the other

hand, under mild gasification conditions, volatiles are produced through bond breaking in which

the only hydrogen availabZe is that from hydrogen-rich portions -,f the coal structure. Thus, even a

small addition of extra hydrogen or effective hydrogen transfer agents might be expected, under the

fight conditions, to result in significant increases in volatile yields. In any case, it is evident that in

these sealed-ampule pyrolyses, such conditions were not achieved for the three coals tested.



CONCLUSIONS

The significant accomplishments and findings of this research are listed below.

Laser-Pyrolysis Development

• We designed, assembled, and tested a laser-heated entrained-flow system that
maintains a steady flow of coal particles in a fine stream (-4 mm in diameter) of
inert gas traveling upward at velocities of a few centimeters per second, then
efficiently separates the char from the tar in a cyclone and filter train.

• We measured particle temperatures using optical pyrometry and imaging with an
infrared video camera. The particles achieve a distribution of temperature
maxima that is largely governed by their original size.

Mechanism and Kinetics of Volatiles Release

• FIMS analysis of evolved tars suggests that under rapidheat-up conditions, a
substantial portion of the tar evolution results from liquid transport rather than
from an evaporative process.

• The levels of phenols and dihydroxy phenols in laser-pyrolysis tars are
substantially higher than in other entrained-flow leactor mrs, in part as a result of
fewer retrograde reactions involving these reactive products.

• Tar production irl laser pyrolysis is extremely rapid, with tar release times of less
than 50 ms even at temperatures as low as 500°C.

• Tar yields are significantly higher from laser pyrolysis than from some other
entrained-flow laboratory pyrolysis techniques, and the yields for subbituminous
coals approach those for bituminous coals, in contrast to the case with slower
heating methods, from which the yields for subbituminous coals tend to be much
lower.

Effect of Tar Loading

• With slow-heating pyrolysis techniques (Py-FIMS and TGA), tar pretreatment
did not result in improved volatiles yields; but with a "rapid"-heating (600°C/min;
final temperature, 450°C) vacuum TGA technique, 10 to 30% increases in
volatiles yields were observed for a Wyodak coal, an Illinois No. 6 coal, and a
Pittsburgh coal.

• Pyrolysis in a tubing bomb using a molten-salt bath at 490°C did not result in
significantly enhanced tar yields from an Illinois No. 6 (PSOC 1098) coal loaded
with hexahydropyrene and partially hydrogenated coal tar.
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• With laser pyrolysis, tar pretreatment results in a 20% decrease in volatiles yield
from an Illinois No. 6 coal but a 20% increase from a Pittsburgh coal when the
steady-state temperature is in the region of 840°-880°C.

"['he rates and temperature dependence observed during laser pyrolysis of coal are not

reconcilable with activation energies for tar generation as high as to 30 to 50 kcal/mol often

reported for ramped-temperature coal pyrolysis. Furthermore, the very rapid laser-heating we have

used approximates a temperature-jump condition where the widely used model of distributed

activation energies for a set of parallel first-order reactions can no longer be a valid explanation for

apparent activation energies lower than those expected for any of the individual first order

reactions. In other words, the data obtained here appear incompatible with individual component

activation energies in the 50 to 65 kcal/mol range that would be representative of rate limitation by

weak-bond homolysis. On the other hand, the results are generally supportive of a mechanistic

picture in which tar generation doe not result form spontaneous thermal scission of weak bonds,

but is the result of a complex sequence of hydrogen-transfer reactions.

The high tar yield seen in this work, where the entire volume of the coal particle becomes

hot and fluid at very nearly the same time, taken together with the evident non-vapor transport of

the tar under these conditions, emphasizes the importance of better understanding the development

of fluidity during coal heating. This specifically includes the profound effects--long-recognized

but poorly understood--that mild oxidation has in suppressing coal fluidity, lt also includes the

more recently recognized fact that heating in the presence of an inert gas produced substantially

greater fluidity than does heating in the presence of combustion gases, even if the conditions are

very fuel rich and ali the oxygen itself has already been consumed when the coal particles are

encountered. A better understanding of these fluidity phenomena carries substantial implications

for improvement of mild gasification under practical oxidation conditions.

In more general terms, if one wishes to have engineering models for volatiles production

(whether they are to be used for guiding experimental work in pulverized coal combustion or

whether they are to be used for process improvement in mild gasification) that are based on a

correct picture of the chemistry of tar generation and transport, then these results clearly call for

further coal pyrolysis studies with well controlled, very rapid radiant heating, but with temperature

measurement improved further, from what we were able to accomplish within this project.
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