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INTRODUCTION

Since the commercial development of the fluidized-bed technique in World War II, many
individuals and groups have applied fluidization to low temperature carbonization of coal. (1-7,9,
13,14,15) In addition to providing rapid heat transfer and good temperature control, the fluidized
process produces much higher tar yields than a static carbonization in an oven or Fischer Assay.
This is due to rapid heating and removal of vapors, minimizing secondary reactions to gas and
coke. (10, 11)

A small-scale unit to study fluidized carbonization normally has two functions, one to
determine yields and the other to define operability in a commercial unit. At constant temperature
and residence time the yields, particularly of tar, are a function of the sweep gas rate used
(volume of fluidizing gas per unit of coal fed), while operability is largely dictated by fluidizing
velocity. To maintain both fluidizing velocity and sweep gas rate at commercial levels would
require a bed of the same depth as a commercial unit. In a small unit, the resulting high depth-
to-diameter ratio would result in severe slugging and a completely unrealistic simulation.

The dilemma was resolved here by designing a continuous unit with an internal stirrer so
that it could be run at low gas rates corresponding to commercial sweep rates and still provide
rapid heat transfer and mixing. This gives tar yields which match larger scale results and allows
a study of tar yield as a function of sweep gas rate. It also permits tar yield information to be
obtained from caking coals under conditions which cannot be used in a normal fluidized bed opera-
tion since operability is "forced' by the mechanical action of the stirrer.

Although high-volatile coking coals give the highest tar yields, they require preoxidation
and/or thermal treatment to prevent agglomeration during normal fluidized carbonization. (3,4,5,
7,9) When evaluating pretreated coals to determine their operability during carbonization (free-
dom from excessive size growth), it is desirable to match the commercial bed turbulence, i.e.,
the fluidizing velocity. This can be done with the carbonizer described here by removing the
stirrer and operating with a normal fluidized bed. Thus, the unit can be operated either with
normal fluidization (and high sweep gas rates) to test operability, or at normal sweep gas rates
and sub-fluidization gas velocities, using the stirrer) to evaluate tar yields.

The use of a stirrer to simulate a fluidized bed has been reported by Lastovtsev, et al. (8)
In mixing of pigments they report that at a critical blade tip velocity of 5 to 8 m/sec a bed motion
similar to that obtained with flow of gases is produced. The blade tip speed used in the work
reported here, however, was 0.9 m/sec and was combined with a low flow of gases.

DESCRIPTION OF CARBONIZATION UNIT

A flow sheet of the unit is given in Figure 1. Coal is picked up with recycle gas and con~
veyed into the side of the carbonizer. Additional recycle gas is fed to the bottom of the bed
through a porous plate. Air may be added to either stream. The coal is carbonized and overflows
the top of the bed into the char receiver. Gases and vapors pass overhead to either of two liquid
recovery trains. The small quantity of char fines which do not settle out in the expanded section
is caught by the filter. The clean gases from a recovery train pass through a back pressure
control valve and to the inlet of the recycle compressor. Compressed gases are cleaned and sent
to rotameters for return to the unit. Net make gases are removed between the pressure control
valve and the compressor, either via a wet test meter or by automatic sampling.

The carbonizer itself is six inches in diameter and 20 inches deep in the lower bed section,
increasing to 12 inches in diameter in the expanded section. The stirrer consists of a 7/8-inch
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shaft on which are mounted thirteen, three-bladed propellers with a left-hand helix. These blades
were made from 8-inch blades machined to fit closely to the side walls and are mounted with a
thermowell or other baffle extending two inches into the vessel between each blade. The stirrer
is rotated at 112 rpm. Temperature is maintained by electrical windings on all sections of the
carbonizer.

Coal is ground to pass a 28 mesh screen and charged to the lock-hopper above the feeder.
The coal feeder is one developed by S. A. Jones in our laboratories and operates by squeezing
coal between two rubber rolls. The rate is varied by changing roll speed and is measured by
noting change in weight on a scale on which the feeder and lock hopper are mounted. After passing
through the rolls, the coal is picked up by recycle carrier gas and transported through the pre-
heater into the carbonizer. The coal preheater is a 16-foot coil of 1/4~inch O. D. tubing coiled to
3-inches O.D. and cast into an aluminum cylinder 5 inches in diameter and 15 inches long. The
preheater is electrically wound and its temperature controlled to prevent coking in case the flow
stops.

The solid product from carbonization (char) overflows and is lock-hoppéred out. The small
amount of very fine char elutriated with the gases is removed by a filter maintained at carboniza-
tion temperature. This filter is housed in a separate 6-inch vessel above the carbonizer and
consists of a 3-1/2-inch 0. D. cylinder of expanded metal, 18 inches long, on which about one-half
inch of Pyrex wool is wrapped.

In order to provide accurate material balances in two shifts of operation, tar recovery is
provided for via two similar trains--one to be used during line-out and the other for a material
balance period. The latter train is constructed of aluminum and is taken down completely and
weighed before washing out the tar. Both trains include: a) a bare 1-inch pipe cooler, b) an
electrostatic precipitator, c) a water-cooled condenser, d) an electrostatic precipitator, and
e) a silica gel trap to absorb light oil and water. The electrostatic precipitators consist of 0. 0007-
inch diameter tungsten wires centered in 2 or 2-1/2-inch pipes by means of spark plugs in the top
flanges and weighted glass spiders near the bottom. The power supply is a Trion modified Type B
Power Pack supplying up to 20, 000 volts D.C.

PROCEDURE

The general procedure for a run is to charge the carbonizer with a start-up bed of char and
turn on gas flows, using prepurified nitrogen for start-up. After adjusting pressure and flows,
the heats are turned on and the reactor and lines brought up to operating temperature. The coal
flow is started with products passing through the line-out recovery train. After the carbonizer
has been at the desired temperature long enough to replace the bed three times, flows are switched
to the material balance train and the char receiver emptied. At the end of the balance period
(at least three inventory changes), the char receiver is again emptied and the flows switched back
through the line-out train. Gas samples are taken at the beginning and end of the balance period
as well as an integrated sample collected over the whole period. After switching from the balance
period, the coal feed is normally stopped, but temperatures and flows maintained for another hour
to complete carbonization of the bed inventory. Gas flows are continued as the unit cools down.

After a balance, the recovery train is removed, weighed, and cleaned with benzene. The
benzene plus tar plus water is placed in a 5-liter flask and water removed by modified Dean-Stark
azeotropic distillation. The recovery train pieces are then further cleaned with methyl ethyl
ketone and the effluent combined with the water-free benzene solution. Solvents are then distilled
off and the tar analyzed. Light products are recovered from the absorber by heating the trap while
it is connected to a vacuum pump through a dry ice-acetone cold trap.

The amount of preoxidation is.defined as the weight percent of oxygen consumed, based on
moisture~ and ash-free coal. All oxygen fed to the carbonizer was completely consumed. In
preoxidation, a small breakthrough (ca. 1%) was obtajned at lower temperatures and detected with
a continuous Beckman Oxygen Analyzer operating on a side stream of overhead gas.

EXPERIMENTAL RESULTS

To illustrate the use of the 6-inch stirred carbonizer, a few results are given from the
1950-54 development of the Consolidation Fluidized Carbonization Process. (1,13) The coals used
were high volatile bituminous coals from the Montour No. 10 and Arkwright mines operating in the
Pittsburgh Seam of Western Pennsylvania. Properties of these coals are given in Table 1. All of
the results reported here except in Table 4 were obtained with Montour No. 10 coal.

The sweep gas rate as used here is the volume of all gases entering the carbonizer bed at
reaction conditions (usually 925°F, 10 psig) per pound of moisture~ and ash-free coal fed.
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The exit gas volume is larger by 3 to 5 CF/Ib due to gases and water produced. The sweep gas
rate in a commercial carbonizer is determined by the coal feed rate per unit of cross-sectional
area, the operating pressure and temperature, and the fluidizing velocity (usually 0.8-1.5 ft/sec).
The designer thus has some latitude in choosing sweep rate. Generally, they will'fall in the
range of 5 to 15 CF/Ib of coal fed. The effect of sweep gas rate on tar yield was therefore
studied over the range of 5 to 60 CF/Ib.

The effect of sweep gas rate on tar yield from carbonization of untreated coal at 925°F is
shown in Figure 2. The retort pressure was held constant at 10 psig throughout this series of
runs, and the solids residence times were long enough so that essentially all available tar was
evolved (45-120 minutes).

It can be seen that the total tar yield increased with sweep gas rate, particularly at low
sweep gas rates. Note, however, that the increased tar is entirely in the +400°C pitch fraction,
and the incentrive to increase its yield would depend upon an economic balance between increased
value and increased cost. It is clear, therefore, that the major effect of higher sweep gas rates
is to aid in the evaporation of high molecular weight pitch molecules. The pitch yield apparently
is controlled by saturation of the gas with pitch vapor. On this basis the controlling variable at
constant temperature would be the sweep rate as defined above.

Results of two batch carbonization assays are also shown on Figure 1. One is the familiar
Fischer Assay in which coal is heated without gas injection in a static retort. The fluidized assay
is a method developed by G. P. Curran of our laboratories to assay coals for fluidized carbon-
ization. A 400 gram charge of coal or coal diluted with coke is fluidized in a 2-inch diameter
retort at 0. 3 ft/sec with nitrogen. Both assays heat to a final temperature of 932°F (500°C) and
the heating rates over the last 80°F are similar (4°F/min.). It will be noted that these two assays
represent opposite extremes in sweep gas rate. Thus, the difference between them must be a
measure of the effect of increased sweep gas rate for batch carbonization. The fluidized assay
gives about 24 percent higher tar yield than the Fischer Assay (18.2 vs. 14, 7%) with this coal.
The tar yield from the continuous unit is, however, 42% higher than the fluidized assay yield
(25.9 vs. 18.2%). This represents the effect of rapid heating in the continuous unit. It is obvious,
moreover, that the increase due to rapid heating is also some function of sweep gas rate since the
upper curve as it approaches zero sweep rate will fall considerably below the Fischer Assay value
plus 42 percent. The ratio of yield in continuous carbonization to that from batch Fluidized Assay
varies with the coal used. Table 4 shows that for coals from the same seam this effect is small,
but much larger variations can be expected from widely different coals. (11b)

It is interesting to note that Peters (11b) reported about the same tar yield at 1112°F
(600°C) in the Lurgi-Ruhrgas unit with no sweep gas as was obtained here at 925°F (496°C) at high
sweep rates. Although different coals were used, they had the same Fischer Assay values.

Figure 3 shows the effect of sweep gas rate on tar yield from a coal which was preoxidized
before carbonization. Preoxidation and carbonization were conducted separately to provide
accurate balances, but the tar yields shown are the sums for both steps. The sweep rate is
slightly distorted since preoxidation products did not pass through the carbonizer, but the effect
is very minor since the preoxidation tar yield is less than 2 percent absolute.

The effect of sweep rate on tar yield is less pronounced with the preoxidized coal, due to
the lower tar yield. Note that the percentage yield loss in the case of distillate is considerably
less than the loss in the pitch fraction.

The decrease in tar yield with extent of preoxidation is illustrated in Figure 4. The shape
of this curve is typical, but the extent of loss of tar varies widely with the coal used, the preoxida-
tion temperature and residence time, coal size and oxygen partial pressure as well as sweep rate.
The amount of preoxidation required to result in an operable carbonizer also varies greatly with
the feed coal--for Montour 10 coal it is approximately 4 percent for an unstirred fluidized carbon-
izer. The fact that preoxidation decreases tar yield has been reported previously (3,5,7, 14),
but it is difficult to find such a curve as Figure 4. It should be noted that the tar yield of 19. 3% at
zero oxidation takes into account the reduction in tar yield due to thermal treatment at 725°F
without added oxygen. With no pretreatment at 725°F, the yield at this sweep rate is 22 percent
as shown in Figure 2.

Also shown in Figure 4 is the result of a run with Montour 10 coal in the pilot plant operat-
ing at 1,5 tons/hour feed rate. The point falls below the line for the 6-inch unit since the pilot
plant was carbonizing at 900°F instead of 925°F. This and later work with other coals confirm
that the 6-inch stirred unit gives a reliable assay of tar yields when sweep gas rates are equal.




TABLE 1
TYPICAL COAL PROPERTIES

Source: " Montour No. 10 Mine Arkwright Mine
Library, Pa. Morgantown, W, Va.
Proximate Analysis (MF)
Volatile Matter 38.70 38. 26
Fixed Carbon 56. 00 53.69
Ash 5.30 8.05

Ultimate Analysis

Hydrogen 5.31 5,17

Carbon 78.96 77.29

Nitrogen 1.60 1.55

Oxygen (By Diff.) 7.57 5.29

Sulfur 1.26 2.65

BTU/LB (Gross 13, 900 14, 000
TABLE 2

EFFECT OF AIR INJECTION POINT ON TAR YIELD

Results of a Number of Runs with 5. 8 to 6.1% Oxygen Consumed and Carbonized
at 925°F with Sweep Gas Rate of 10.5 CF/LB MAF Coal

Loss of Tar Yield,
1b. Tar/Lb. Oxygen

With Preoxidation
at 725°F, 1 hr. residence time.
Loss due to preoxidation. 1.0*

Without Preoxidation
Air and Coal Enter Carbonizer Together
Air Enters Above Bed - Sees Vapors Only
Air Enters Bed Above Coal Feed Point
Air Enters Bed 4" Below Coal Feed Point

eeoer
ocwpw

*With preoxidation, there is a loss due to thermal treatment at 725°F
in addition to the loss due to oxidation.

TABLE 3
EFFECT OF VAPOR RESIDENCE TIME ON TAR YIELD AT 925°F.

Vapor Residence Time, Seconds Solids Tar Yield
Run Above Residence Sweep Gas wt. % of
Number In Bed Bed Tétal Time CF/LB MAF . MAF Coal
(Min.) ‘
29 3 19 22 121 28 25,1
14 7 45 52 44.5 26 24.9
17 5 34 39 58 15 22.7
16 11 73 84 127 14 23.2
TABLE 4
RATIO OF TAR YIELDS FOR DIFFERENT PITTSBURGH SEAM COALS
AT 925°F.
Continuous Unit Fluid Assay Yield Ratio
Sweep Rate Tar Yield Tar Yield Continuous
Coal CF/LB MAF Wt. % MAF Coal Wt. % MAF Coal Assay
Montou. 10 Mine 28 25.1 18.2 1.38
Arkwright Mine 27 26,2 20.7 1.27
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Effect of Carbonizer Air on Tar Yield

The 6-inch stirred unit with its flexibility and accurate material balances proved to be
useful for a study of where the carbonizer air should be added for maximum tar yield. Tar
vields were determined for runs in which the air was injected: (1) directly above the porous
support plate, (2) 4 inches higher, entering with the coal, (3) in the upper part of the bed, and
(4) above the bed where it contacted tar vapors only. The results of these runs feeding untreated
coal to 925°F carbonization are compared in Table 2 with normal preoxidation plus carbonization
with no additional air. All runs consumed approximately 6% oxygen with carbonization at a sweep
gas rate of 10.6 CF/1b.

When preoxidation is conducted within the plastic range of the coal, there is a decrease
in tar producing molecules due to thermal reactions in addition to the effect of oxygen. The
thermal effect varies with temperature and residence time and can be as much as that produced
by the oxidation. The loss due to oxygen alone is about 1 lb. tar/Ib. oxygen consumed.

The loss due to preoxidation is similar to that obtained in direct carbonization of untreated
coal with oxygen injected with the coal. This loss is apparently due to reaction of oxygen with tar
or tar producing molecules since injection of oxygen above the carbonizer bed results in approxi-
mately the same tar loss. The decreased tar yield when the air is injected into the carbonizer
along with the coal has been reported by several investigators. (2, 6)

When oxygen is introduced into the carbonizer bed at some distance above the coal feed
point, the loss of tar is considerably reduced. This confirms the report by Lang, et al. (7) that
oxygen preferentially attacks char rather than tar vapors where both are present. The best
situation occurs where the oxygen is introduced sufficiently below the coal feed point to be largely
consumed before it encounters tar vapors. In this stirred unit tar loss was reduced to zero when
oxygen was injected four inches below the coal feed point. In a normal fluidized bed with its
greater degree of solids and gas backmixing, tar loss is not reduced so completely unless baffles
are used to promote it.

Vapor Residence Time

A few runs showing the effect of vapor residence time on tar yield at 925°F are shown in
Table 3. Separate control could not be effected over solids and vapor residence times. Work
not reported here, however, showed that tar yields were independent of solids residence time
within the range given in Table 3. The first two runs shown, at a sweep rate of 27 CF/1b show
similar tar yields even though the total residence time of tar vapors varied from 22 to 52 seconds.
Similarly the last two runs at a sweep rate of about 14 SCF/1b show similar tar yields with
residence times of 39 and 84 seconds. Since commercial vapor residence times would be less,
one can be confident that there would be no influence on tar yield at 925°F

Other work has shown that vapor residence time in the stirred carbonizer can reduce tar
yield at higher temperatures. The maximum tar yield from this unit is therefore obtained in the
range of 900-950°F. In the Lurgi-Ruhrgas unit where very short residence times prevail, the
maximum tar yield is achieved at temperatures as high as 1150-1220°F, (11)
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INTRODUCTION

The objective of the Char Oil Energy Development (COED) project, sponsored by the
Office of Coal Research, is to develop an economic process for converting coal to a gas, a liquid
and a solid, and to upgrade the coal substance and decrease the delivered cost of coal energy.

To achieve an economic process, a maximum amount of liquids and gases and a minimum amount
of solid char had to be produced. One technique considered for possible scale up to a commercial
process involved the transport of coal in a disperse phase through a hot-wall reactor. The trans-
port reactor was consistent with our philosophy that we needed to heat coal rapidly to obtain
maximum volatilization of coal. In addition, this type of reactor provided a ready means for
removing pyrolysis products quickly from the hot zone.

The operation of a bench-scale transport reactor has already been described. (1) Those
studies demonstrated that char yields decreased as reactor temperatures were raised to 2200°F,
but increased at 2400°F, and higher temperatures. Investigation showed that the increased yield
of char resulted from the decomposition of product tars and hydrocarbon gases to char and
hydrogen. Because a maximum yield of tar was desired, the emphasis of these studies was
changed from seeking maximum volatilization of coal at high heating rates to pyrolysis under
conditions which avoided the loss of liquids to vapor-cracked carbon. Such operation involved
pyrolysis with shorter residence times, so that tar vapors left the reactor before secondary
cracking reactions occurred, or with lower temperatures and longer residence times. Most work
was done with Elkol coal, a non-caking sub-bituminous C coal. However, some higher-rank
coals were also processed to observe whether they would give larger tar yields on volatilization.

EXPERIMENTAL PROCEDURE AND RESULTS

1, Apparatus and Experimental Procedure

The first reactor used shown in Figure 1, had an 8-inch heating zone. This reactor
has been discussed in detail. (1) Additional heating zones of one, two and four inches in length
were attained with an induction furnace, the length of heating zone being controlled by the length
of the inductor surrounding the ceramic reaction tube. The 12-foot reactor, shown in Figure 2, ”
consisted of two 6-foot section of 1/4-inch stainless steel pipe. Each section was heated inde-
pendently with 6-foot long electrical strip heaters. Coal could be introduced either at the middle
or at the inlet of the reactor. When coal was charged at the center, the first half of the reactor !
was used to preheat the carrier gas. Unless stated otherwise, the carrier gas linear velocity
at room temperature was 4. 0 ft. /sec.

Coking coals were processed in dilute phase in a 3-foot long, vertical 3-inch pipe. Coal ’
was dropped into the reactor through an unheated, 1/4-inch ceramic tube. The sweep gas, either
steam, helium, or nitrogen, was passed up the reactor at a linerar velocity of less than one foot
per second. The velocity was sufficient to extend the coal's residence time within the hot zone,
but low enough to prevent turbulence inside the reactor. This technique prevented plastic coal
particles from striking each other or the hot walls of the furnace, Char was collected in an
8-inch, unheated bottom section of the reactor, and volatiles left the reactor 6 inches from the
top. The-recovery section was similar to that shown in Figure 1. Most char entrained in the
carrier gas was collected in a cyclone, the balance in a settling vessel, along with tar, or on
glass-wool filters. A cold trap after the filters removed moisture from the gas. The gas was
metered and sampled for mass-spectrographic analysis.
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Chars collected after the cyclone were treated in one of two ways. Some were washed with
acetone to remove condensed tar. The recovered char was dried at 220°F., mixed with char from
the cyclone and analyzed. Tar was recovered by evaporating the wash acetone. With other chars,
the adsorbed tar was determined by the quinoline-solubility technique used for determining free
carbon in coal-tar pitch. (5)

The analyses of coals used in these studies are shown in Table 1.

TABLE 1
ANALYSES OF COALS

Federal Kopperston

Coal Mine Elkol Orient No. 3 No. 1 No. 2
Company Kemmerer Freeman Coal Eastern

Coal Co. Mining Corp. Associated Coal Corp.
Seam Adaville Illinois No. 6 Pittsburgh Campbells

Creek
State Wyoming Illinois W. Va. W. Va.
County Lincoln Jefferson Marion Wyoming
Moisture, %,
as-received 12.8 9.4 2.5 2.9

Proximate Analysis,
%, dry basis

Volatile Matter 40.7 34.6 37.7 31.6
Fixed Carbon 54.6 58.8 56.8 63.9
Ash 4.7 6.6 5.5 4.5
Ultimate Analysis,
%, dry basis
Carbon 70.6 75.0 78.4 85.1
Hydrogen 5.4 4.8 4.9 6.2
Nitrogen 1.2 1.6 1.5 1.5
Sulfur 1.0 1.5 1.9 0.7
Oxygen 17.1 9.7 7.8 2.0
Ash 4.7 7.4 5.5 4.5

2. Results

Using an induction heating furnace, 1-, 2-, and 4~inch hot zones were obtained. These
studies were made with a downflow reactor, as opposed to the horizontal reactor used principally
in the previous work. The first three runs in Table II show how product distribution varied with
shortening of the hot zone.

TABLE I
INDUCTION FURNACE RUNS
Coal Mesh Size 100~ x 200-mesh Minus
5-Micron

Run No. 26 23 21 24 25
Heating Zone, in. 4 2 1 1 1
Furnace Temp., °F. 2400 2400 2400 2400 3000
Coal Conversion, %, dry

Char 54.5 67.1 87.5 87.0 65.0

Tar . 3.4 6.0 4.7 2.4 4.0

Water - - - 0.3 3.0

Gases 42.1 26.7 7.8 10.3 28.0
Gas Comp., Mol %

H, 13.6 42,4 - 12,2 37.6

CH, 12.3 12.9 - 16.3 6.7

Cy's 16.4 13.7 - 17.0 6.7

co 50.9 14.9 - 32.6 22,2

co, 6.8 12.9 - 16.2 26.8
Char V.M., %, dry 14.6 32.2 37.9 37.3 20.9
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FIGURE 1

Transport Reactor Assembly - Original Reactor

FIGURE 2

Twelve-Foot Transport Reactor
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As the zone was shortened from 4 inches to 1 inch, at 2400°F. furnace temperature, the char
yield rose from 54. 5 to 87.5 percent, gas yields dropped from 42.1 to 7. 8 percent, and the
volatile-matter content of the char rose sharply. It is obvious that the maximum coal particle
temperature was far lower than the indicated furnace temperature. The 6 percent tar yield in
Run 23 with the 2-inch hot zone was especially interesting, since it was more than double that
obtained at the same furnace temperature with an 8-inch hot zone. Note that some tar was
recovered even at a 3000°F, furnace temperature with the 1-inch hot zone. All tars formed in
these experiments appeared to be similar to low-temperature-carbonization tars, being brownish
in color and quite sticky. Infrared analysis, however, indicated that these tars had a higher
conjugated carbonyl-to-alkyl ratio than normal for LTC tar, and were virtually free of long
methylene chains commonly found in low temperature tars. These data confirmed that with
sufficiently short residence time, tar could be recovered from pyrolysis chambers operated at
temperatures considerably higher than tar-cracking temperatures. Some vapor-cracked carbon
was found in the run made with the 4-inch hot zone at 2400°F. furnace temperature, but none was
found in the runs made with shorter heating zones. Use of the much finer coal in the last two
runs did not increase the volatile products, nor was the product distribution different from that
obtained with the coarser coal. This is also true when comparing these two differently sized
coals in other work done using the 8-inch hot zone of the Lindberg furnace.

The 12-foot reactor gave residence times from 0.7 to 2. 0 sec. at temperatures ranging
from 500 to 1400°F. These compared with the 0, 02 to 0. 05 'sec. residence times obtained using
the 8-inch hot zone in the Lindberg furnace. Using preheated steam as the carrier gas and
injecting the Elkol coal at the center of the reactor, tar yields of 16 weight percent of dry coal
charge were obtained at temperatures ranging from 1100 to 1400°F. As the reactor temperatures
were lowered, the char yields increased and the hydrogen content of the product gas dropped.
These results are summarized in Table III. The residual volatile matter in these chars was
much higher than in previous transport reactor studies cited, indicating that further processing
would yield additional gas and perhaps some tar. Only 4 percent of tar was recovered at a
reactor temperature of 825°F.

TABLE I0
DEVOLATILIZATION OF EIKOL COAL IN TWELVE-FOOT REACTOR

100- x 200-Mesh Coal
Carrier Gas - Steam

Vitrainoids

Run No. 104 93 99 107
Preheat Temp., °F. 1400 1100 1400 1500
Reactor Temp., °F. 1400 1100 825 1100

Coal Conv., %, dry
Char 59.0 67.9 91.0 60.0
Tar 16.0 16.2 4,1 20.4
Gas 17.4 10.2 4.9 14.0
Total 92.4 94.3 100.0 94.4

Gas Anal., Mol %

H, 15.5 5.5 12.2 6.0
CH, 21.8 23.6 6.1 23.8
C, 15.7 12.2 2.2 11.4
Cst+ 6.6 8.0 1.2 10.0
cO 27.6 19.9 18.3 24.9
CO, 12.8 30.8 60.0 23.9
0 -27.4 37.5 27.3

V.M. of Char, %, dry 21.

The last column in Table III shows data obtained using a concentrate of vitranoids from
the same Elkol coal which was prepared by Bituminous Coal Research, Inc. Over 20 weight
percent of tar was recovered from this run--the highest-yield obtained from Elkol coal. The
product char contained 27. 3 percent volatile matter, indicating that additional tar might have
been obtained by reprocessing the char at a higher reactor temperature. This run has interest-
ing implications, in that concentration of specific coal macerals offers a way of obtaining more
tar from coals by pyrolysis.




If thermal cracking destroyed tars, improved tar yields should result if tars were
quenched before decomposition set in. This was the case in some 12-foot studies, as demon-
strated in Runs C-970-97 and 98 in Table IV. The coal was introduced with helium as the
carrier gas at the beginning of the reactor and steam was introduced at the mid-point of the
reactor as the quenching medium. To reduce tar residence time within the hot zone, the helium
velocity was raised to 8 ft./sec., twice the normal rate. A temperature profile showed that the
steam cooled the center of the reactor 200 to 300°F., but the end of the reactor approached the
prequench temperature. The indicated tar yields from these runs, 13.9 and 17. 2 percent,
respectively, were the highest obtained with helium as the carrier gas. Although sought in
several ways, no quenching effects were found in any short reactor, high-temperature studies.

TABLE IV
INCREASE IN TAR YIELDS VIA QUENCHING

100- x 200-Mesh Coal

Run No. 90 97 91 98
Reactor Temp., °F. 1400 1400 1100 1100
Carrier Gas He He He He
Quench None Steam None Steam
Coal Conv., %, dry .
Char 48, 5% 56.9 57.0 69.5
Tar 11.2 13.9 11.0 l7.2b
Gas 21.5 24.2 26.4 6.0
Total 81.2 95.0 94,4 92.7
Gas Anal., Mol %
H, 22.2 10.1 25.6 2.0
CH, 29.6 26.6 33.9 18.8
C, 15.4 15.0 8.8 15.8
Cyt 5.1 7.2 5.2 4.5
co 15.4 24.3 10.5 18.8
co, 12.3 16.8 16.0 40.1
V.M. of Char, %, dry 15. 6 19.4 23.1 28.0

aSome solids lost.
b29, moisture may be included.

In the gas analyses presented in Tables III and IV, the CO:COg ratio was less than 1. 0
in runs made at or below 1100°F., but was over 1.0 in runs made at higher temperatures. Since
this was the case when both steam and helium were used as carrier gas, this phenomenon must
have been due to some temperature-dependent decomposition characteristic of this coal, rather
than to a water-gas reaction.

Higher-rank coals were devolatilized in a 3-inch diameter vertical reactor. The coal-
charging gas to the Syntron feeder was nitrogen, and steam was passed up the reactor to slow
the rate at which the coal dropped and to entrain evolved volatiles. Some typical data for
Federal coal are shown in Table V. These runs gave tar yields of between 28.5 and 31.5 weight {
percent of dry coal charged. These were the highest tar yields found throughout these studies.
This mode of operation was the only one found suitable for handling strongly coking coals and
this is believed to be the first time such coals were devolatilized in this manner.

The Syntron coal feeder was operated in Run 130 employing a minimum quantity of air as
the coal-charging gas, about 0.1 cubic foot per minute. Although this amount of air caused the
concentration of CO to double and that of CO2 to increase by a factor of 5 to 10, it had no
apparent effect of the yield of tar.
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TABLE V
DEVOLATILIZATION OF FEDERAL COAL AT 1100°F.

Run No., G-970 130% 139 144€ 149
Coal Federal (Pittsburgh-Seam)

Mesh Size -100 -100 -100 -200
Coal Charged, gm. 43.6 53.0 52.5 148.9
Charge Rate, gm./hr. 101 206.0 105 270

Product Recovery, wt. %,
dry coal basis

Tar-free Solids 48.5 49.7 38.5 57.3
Tar 29.5 29.5 31.5 28.5
Gas 21.2 - b 22.0 11.0
Total 99.2 92.0 96.8

Gas Composition, Mol %
H, 5.0 18.6 17.1 28.6
CH, 10.0 40.3 42.9 35.1
C.H, 0.0 0.0 0.0 0.0
C, ‘4.4 15.5 14.1 13.2
co 20.2 12.4 9.5 6.6
co, 58.5 6.2 9.5 8.8
CeHg 0.0 6.2 2.3 0.0
. Cyt 1.9 0.8 2.6 7.7
% Ash in Char, dry basis 8.5 9.7 11.4 10.6

2 Air used as coal charging gas.
Gas leak due to plug in feed line.
Coal, steam and N; passed in bottom of reactor.

Data in Table VI show results obtained from the pyrolysis of Orient No. 3 and
Kopperston No. 2 coals in the 3-inch downflow reactor. Both coals gave less tar than the
Pittsburgh~seam coal from Federal. Raising the reactor temperature to 1300°F. in Run 40
caused some lowering of tar yields. This was also the case with Federal coal.

Because it contained more hydrogen and much less oxygen than any other coal investi-
gated, it was thought that Kopperston No. 2 coal might give high yields of tar. Data for Run 42
in Table V showed no particular advantage for this low-oxygen coal as far as the tar yield was
concerned.

TABLE VI
DEVOLATILIZATION OF ORIENT NO. 3 AND KOPPERSTON NO. 2 COALS
Run No. 39 40 42
Coal Orient No. 3 Kopperston
Reactor Temp., °F. 1100 1300 1100
Coal Charged, gm. 104 77.5 140.4
Charge Rate, gm./hr. 147 86 210

Product Recovery, wt. %,
dry coal basis

Tar-free Solids "56.1 51.5 73.0
Tar 19.6 17.2 18.7
Gas 13.92 26.7 1.8
Total 89.6 95.4 93.5

Gas Composition, Mol %
H; 23.0 47.0 19.4
CH, 40.7 31.8 24,7
CH, 0.0 0.0 0.0
c, 17.1 10.7 38.0
CO 0.0 0.0 3.6
co, 11.7 7.0 9.2
CeHg 0.0 0.2 0.0
Cyt 7.5 2.3 5.1
% Ash in Char, dry basis 11.0 13.9 5.3

aSome gas lost.




DISCUSSION

Throughout these studies it was obvious that chars were not heated to the indicated
furnace temperatures. Based on a devolatilization correlation described previously (1), we
estimated the temperatures to which chars were heated in the various reactors described. These
data are summarized in Figure 3. According to this figure, char pyrolyzed in the 12-foot reactor
almost reached the reactor temperature at 825°F., but only reached 1100°F. when the reactor
temperature was 1400°F. As the furnace temperature was raised and the heating zone was
shortened, the disparity between calculated particle temperatures and furnace temperatures
grew. Thus, particle temperatures in a short transport reactor were far below the furnace
temperatures, and the difference became greater as the residence time was cut. Increasing ‘
the furnace temperature gave sharper heating rates, as indicated by the slopes of the lines for v
runs made at 2000-2400°F.

No significant amount of vapor-cracked carbon was found in any char having an indicated
char temperature of less than 1200°F. in this figure. No. vapor-cracked carbon was found in '
chars from the 12-foot reactor and, as stated above, none was found in runs at 2000°F. in the
Lindberg furnace. All these runs, according to Figure 3, had a maximum char temperature of
only 1100°F. This temperature might seem low for the amount of volatilization which was
obtained. However, other investigators (2, 3) indicated that in the rapid heating of coal, devola-
tilization was essentially completed at 600°C., or 1112°F.

The existence of a time-temperature relationship in the shock-heated Elkol coal pyrolysis
experiments became apparent. Thus, a hot zone of 4 inches at 2400°F. was roughly comparable
to 8 inches at 2000°F., and a 1 inch zone at 3000°F. was about as effective as 2 inches at 2400°F.
in volatilizing coal. For a carrier gas velocity of 4 ft. /sec. calculated at room temperature, an
approximate expression for this relationship is

Y = 0.0084t + 3.75L
where
Y = percent volatilized
t = furnace temperature in degrees R
L = length of hot zone in inches.

The quenching experiments showed that quenching was effective only when it initiated the
cooling of the product vapors. This was the case inside the 12-foot reactor. In the Lindberg
furnace, however, the volatilization products were cooled at the end of the furnace in the 5 to 20
milliseconds that elapsed between the time the particles left the hot zone and reached the quench
zone. Further quenching at this point, however severe, had no effect on either the product yields ,
or on the distribution of products. The initial cooling at the end of the furnace had already
quenched the decomposition reactions.

The transport reactor was designed to permit scaling up to a commercial unit. The
alternate approach to achieving the COED objectives employed a 3-inch multistage fluidized-bed
system to process coals. (4) Data in Table VII compare transport reactor tar yields with those
from the 3-inch fluidized-bed unit. (4) Tar yields from the transport reactor were only slightly
lower than those from the fluidized-bed unit. The difference was atiributed to the much shorter
residence time for vapors in the transport reactor.

TABLE VoI -
COMPARISON OF TAR YIELDS FROM TRANSPORT
AND FLUIDIZED BED REACTORS o

Transport Fluidized-Bed
Coal Feed Reactor Reactor
Elkol 16.5% 17%
Illinois No. 6 19.6 23
Federal 28.5-31.5 32
Av. Residence Time
Coal 2 sec. 20 min.
Vapors 0.01-0.7 sec. 1-2 sec.



FIGURE 3

Estimated Elkol Char Teméeratures at Various Furnace Temperatures
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SUMMARY

Transport reactors proved to be effective laboratory devices for shock-heating coals at
rates in excess of 2000°F. /sec. At such heating rates more coal was volatilized than was
predicted from standard ASTM volatile matter determinations. Both coking and non-coking coals
were processed in transport reactors. By controlling heating rates and residence times, yields
of tars, chars and gases were varied over fairly wide limits. Highest yields of tars were achieved
at reactor temperatures of about 1100°F. and relatively long (0.5 to 2. 0 seconds) residence times.
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1. INTRODUCTION

Pyrolysis of coal converts the original material into volatile products and a solid residue.
Both the formation of the volatiles and their mass transport out of the decomposing solid are
usually included as parts of the pyrolysis process. The kinetics of pyrolysis, being concerned
with the rate of the process, is an important consideration in dealing with pulverized coal flames
since one mechanism of flame propagation depends upon the rate of appearance of combustible
volatiles ahead of the flame front; and, also, heterogeneous combustion is influenced by the rate
of pyrolysis behind the flame front. The need for a fundamental understanding of pulverized fuel
combustion therefore places pyrolysis studies in a position of primary importance. In addition to
this, further stimulation for such studies comes from other areas of current interest such as the
investigation of fire spread in fundamental fire research.

This investigation was concerned with the pyrolysis of coal, and was designed to obtain
information which would be directly applicable to real flames. To accomplish this end, the flame
itself was chosen as the experimental system, thus eliminating potential difficulties with simili-
tude. At the same time, the generality of the results obtained is believed to be even greater than
is usually obtained in studies of coal pyrolysis.

) The reason for performing this investigation is described best by considering its connec-
tion with other research in the field of pulverized fuel combustion. Considerable progress was
made in this area, beginning about 1959, by performing measurements in a one-dimensional or
flat flame. (7) However, in spite of the favorable capability of this technique, it had not been
applied in any study of the region of the flame extending from the flame front to the point at which
pyrolysis is essentially complete. Since some studies had been conducted in the regions lying on
both sides of it, (1,5) this unexplored pyrolysis zone constituted a gap in the knowledge of the
flame, the existence of which was both serious and surprising, in view of the assumed importance
of the role of pyrolysis in the process of ignition and flame propagation. The present investiga-
tion employed a one-dimensional flame and was designed to fill this gap.

2. PREVIOUS INVESTIGATIONS

Previous investigations of the pyrolysis of coal have shown that the amount of volatile
material produced by pyrolysis of a given coal depends upon the temperature to which the coal is
heated and the duration of the process. In cases where the particle size is large enough to
require a heating time for the center of the particle which is significantly large in comparison
with the duration of the process, particle size is an important variable along with temperature
and time. However, knowledge is not sufficiently advanced to permit specification of this critical
size for a given time of heating.

Most investigators in this area fall into one of two broad categories depending upon their
beliefs about the control of the rate of devolatilization. One group supports the proposition that
the rate controlling step is the decomposition of the coal (e.g., 21,16), while the other group
advocates physical control, saying that decomposition is faster than diffusion of the volatiles to
the surface of the particle (e.g.,4). The investigators in each group support their views with
certain experimental observations, and a unifying theory has yet to be produced.
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Although the lack of agreement among previous investigators is unfortunate in many ways,
the very existence of disagreement has implicit value in indicating that the cause of lack of unifica-
tion might be the use of many different experimental apparatuses and conditions. Since various
types of retorts and flow systems, various particle sizes, and various heating rates have been
employed, the disagreement probably results from the dependence of pyrolysis rate on such factors
as heating rate, particle size, and type of experimental system. Thus, the use of previous results
in a system differing markedly from the original experimental conditions appears questionable,
especially in the case of extreme differences.

The pulverized coal flame differs enormously from systems in which pyrolysis has been
studied. Instead of a particle size of around 5 mm, the flame employs an average size of about
0. 03 mm; instead of a heating time of around 30 minutes, the time in the flame is around 0.5
seconds; and, instead of a heating rate of around 1°C/sec., the rate in the flame is as high as 10%
C/sec. Therefore, to extrapolate specific results from previous experiments to conditions found
in the flame would be with very little confidence, so the need for suitable data in this area is
obvious.

3. OBJECT

The object of this investigation was to study the pyrolysis of coal particles in pulverized
coal flames, and thus to fill a gap which was found to exist in the knowledge of pulverized fuel
combustion. Preliminary measurements in the flame revealed that, contrary to our expectation,
a significant amount of heterogeneous combustion occurs simultaneously with rapid pyrolysis so
the flame cannot be separated into two distinct zones, one containing only heterogeneous combus-
tion and one containing only devolatilization. Therefore, in addition to pyrolysis, the study was
designed to include ignition and heterogeneous combustion as well, because of the expected inter-
dependence of these three processes.

The immediate goal of the investigation was to measure the rates of both pyrolysis and
heterogeneous combustion in the flame and to employ the results thus obtained to determine:

(1) important characteristics of the kinetics of pyrolysis, such as activation energy; (2) whether
pyrolysis is a surface of volume reaction in the case of particle sizes in the pulverized fuel range
(0-200 microns); and (3) whether the rate of pyrolysis determines the rate of ignition, and thus the
rate of flame propagation.

4. EXPERIMENTAL ME THOD

The experimental method consisted primarily of passing a stoichiometric cloud of pulver-
ized bituminous coal and air down through a vertical plug flow reactor in which the particles
experienced a known temperature profiel established and maintained by the combustion of the coal
itself. Upon entering the reactor, the particles were heated rapidly and then pyrolyzed as they
passed down through the flame. The decay of volatile matter was observed by withdrawing samples
of solid material from several points appropriately spaced along the axis of propagation of the
flame, and analyzing them for volatile matter, fixed carbon, and ash content. In addition to this,
the temperature profile along the axis of propagation of the flame was measured. The data thus
obtained consists of corresponding values of volatile content, fixed carbon content, time and
temperature; this is the essential information required for studying pyrolysis kinetics.

5. EQUIPMENT

5.1 Equipment for Producing and Maintaining the Flame

5.1.1 Complete Unit - The equipment for producing and maintaining the flame included
the furnace, the fuel-supply system, the air-supply system and the monitoring apparatus. This is
described below though further fine detail on the system can be found elsewhere. (9) Figure 1
presents schematically the complete unit.

5.1.2 Furnace - The furnace consists of a "one dimensional", pulverized fuel burner, a
vertical combustion chamber, and a flue connection (see Figure 2). The flue connection provides
the necessary draft for maintaining flow through the flame. The combustion chamber is of square
cross section (internal dimensions of 6.5 in. x 6.5 in.), stands about 6 ft. high, and has walls
composed of an insulating fire brick lining (2.5 in. thick) encased with transite sheet (0. 25 in.
thick).

A row of observation and sampling ports are located along the center line of the front side
of the chamber at intervals determined by preliminary measurements; the region in the flame
where the rate of pyrolysis and temperature increase is most rapid requires the most closely
spaced sampling points. This region occurs just below the "burner'.
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The "burner", which has the geometry of a truncated pyramid of square cross section, sits
on top of the combustion chamber and, receiving the supply of fuel and air at its truncation, utilizes
the uniform expansion of its sides to supply the cloud to the combustion chamber in plug flow. The
burner expands with a total angle of 10. 6° between the center lines of its sides, from a cross sec-
tion of 1 in. x 1 in. at the truncation to a cross section of 6.5 in. x 6.5 in. at the base. The base
of the burner is fitted with a two-row bank of water-cooled tubes staggered in such a way that
radiation from the flame below cannot pass into the burner, but the cloud can pass into the cham-
ber; the burner and the dust cloud therein are thus maintained cold. Therefore, to reach ignition
temperature, the material emerging from the burner must move a finite distance into the combus-
tion chamber and the flame is thereby forced to stabilize a finite distance below the lower surface
of the tube bank. In the absence of the tubes, the flame propagates into the pyramidal section and
stabilizes at a point where the flame speed is balanced by the velocity of the incoming cloud.

Since the material emerging from the burner is in plug flow, the flame stabilizes with a
flat front situated perpendicular to the axis of propagation and thus assumes one-dimensionality.
Recirculation currents are absent, and the history of the material collected at a given sampling
point can therefore be specified with accuracy. In this respect, the furnace is similar to one
constructed and used for pulverized fuel research at the University of Sheffield, (2) the principal
difference being that, in the Sheffield furnace, the flame was stabilized in the diverging nozzle or
cone (as described above). In our furnace, with the flat flame stabilizing in a parallel sides duct,
the system is much closer to the idealized model assumed for the mathematical analysis.

5.1.3 Fuel. and Air Supply System - A system was developed for supplying fuel and air at
adequately constant and controllable rates and mixture ratios (see Figures 1 and 3). A metered
stream of compressed air (primary air) collects the coal from a small funnel fitted into the throat
of an asymmetric venturi and injects it up against the truncation of the burner where mixing occurs
with a second stream of metered air (secondary air). Utilizing two separate air supplies permits
independent control of the supplies of fuel and air, and impinging both streams against the trunca-
tion of the burner creates enough turbulence to ensure dispersion of the dust in the resulting cloud.

The rate of coal feed is controlled by adjusting the intensity of vibration of a vibratory
feeder enclosed with the venturi funnel in an air-tight box. The coal drops into the venturi funnel
after traveling on the feeder tray from a small hopper designed to serve as a self-regulating valve
between a larger primary hopper and the rest of the feed system. Continuous circulation of the bed
in the primary hopper prevents packing. With this system, the average variation in the rate of
coal feed during an experimental run was measured to be 2. 8%, and the variation in the air supply
rate was nill.

5.1.4 Monitoring Apparatus ~ Operation under steady conditions was ensured by monitor-
ing the flame with three independent measuring and recording instruments (see Figures 1 and 2):
(a) the temperature along the inside surface of one wall was sensed by fourteen sheathed Pt/Pt 10%
Rh thermocouples appropriately spaced along the length of the flame, and continuously plotted by a
24-point potentiometer/recorder; (b) the content of carbon dioxide in the combustion gases was
monitored by analyzing a continuous sample of flue gas with a thermal conductivity instrument; and
(c) the pressure at each end of the combustion chamber was monitored by an oil type, inverted-bell
draft gauge. Of the three, the first was by far the most useful; a significant change in the flame
was reflected in the wall-temperature profile in a matter of seconds, and could then be corrected.

5.2 Equipment for Probing the Flame

5.2.1 Solid-Sampling Probe - A water-cooled suction instrument was built which collects
a sample of particles representatave of the material at a point in the flame and quenches it at a
sufficiently rapid rate (see Figure 4). The probe is composed of three individually cooled units and
is easily disassembled to facilitate cleaning. The requirement that the sampling operation exert no
significant influence on the flame forced us to minimize the diameter of the part of the probe
penetrating the flame; this resulted in the filter chamber being located outside the flame. In the
zone of the flame where particles become sticky because of primary decomposition, clogging of
the sampling tube is a menace which prevented us from using a smaller diameter probe.

When the probe is in sampling position, the nozzle points vertically upward and, given the
proper suction velocity, collects particles without changing their flow direction until they are
already inside the probe. A rotameter and valve in the suction line allowed the proper suction
velocity /about five times the main stream velocity(11)/ to be obtained.

A substantial amount of the sample does not reach the filter chamber but instead collects
on the cold walls of the probe. We were therefore careful to save the whole sample to avoid both
selectivity and contamination.

5.2.2 Suction Pyrometer - A single-shield suction pyrometer was built for temperature
measurement {see Figure 5). The instrument uses a Pt/Pt 10% Rh thermocouple, and its
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radiation shield and thermocouple protection sheath are made of either mullite or high temperature
alumina. The pyrometer is composed of two individually cooled units and a filter chamber, and is
easily disassembled for cleaning.

This type of instrument measures a temperature which lies somewhere between that of the
particles and that of the gas. (12) However, according to our calculations, there is no significant
difference between those two temperatures for particle sizes below about 200 microns, even in the
region of the flame where the rate of heating is most rapid. Therefore, the temperature of the
particles can be taken as the suction pyrometer temperature.

5.2.3 Probe Supporter and Positioner - Apparatus used for supporting the sampling
probe and pyrometer consists of a frame which slides vertically in a track along the front of the
furnace (see Figure 6). The track is graduated to permit precision in positioning the instruments:
a given sampling point is located with an error of less than 0.5 mm in all three directions.

5.3 Equipment for Analyzing Samples

The equipment used for analyzing the solid samples obtained from the flame was basically
the standard apparatus specified by the A.S. T. M. for the proximate analysis of coal. However,
the A.S. T. M. directions are based on the availability of plenty of coal (2 gram samples) whereas,
in this investigation, the collection of such a large quantity was impossible. The collection also
was both time consuming and tedious, so the A.S.T.M. specifications were modified to suit the
condition of a limited supply of material for each sample (down to 50 mg). Three alterations were
introduced; (1) smaller containers were used for the samples in each test in order to attain the
desired accuracy of weighing (Coors size 000 with size B lid); (2) the residue from the volatile
matter test was used in the ash test in order to eliminate the need for two different samples; and
(3) a small stream of dry nitrogen was passed through the volatile matter furnace to prevent com-
bustion of samples which, either because of previous devolatilization or small size, produced
insufficient volatiles to displace the surrounding air. The necessity for these alterations, and the
desired effectiveness of each, were demonstrated by extensive preliminary testing. (9)

6. EXPERIMENTAL MEASUREMENTS

6.1 Preliminary Tests

Two important aspects of the experimental system were tested prior to performing the
main measurements. These were (1) the absence of recirculation currents in the flame and (2)
the quenching ability of the solid sampling probe. A description of each test is given below.

(i) Even before the tests were conducted the flame was believed to be adequately one-
dimensional (and therefore free of recirculation currents) on the grounds that: (a) with regard to
one-dimensionality, this system is very similar to one at the University of Sheffield which was
shown experimentally (3) to produce a one-dimensional flame; and (b) the visually observed flame
front was flat. Nevertheless, since our ability to specify the history of a given sample of solid
material depends on the absence of recirculation currents, additional verification of this feature
was essential. To attain this, the following tracer experiment was conducted. A stream of
helium amounting to 7 per cent by volume of the total flow in the furnace was injected into the
flame through a 1/4 inch ceramic tube positioned successively at various points along the axis of
propagation of the flame and along the center lines of the inside surfaces of two adjacent walls.
During injection at each point, a water-cooled probe was used to withdraw samples of flame gases
at points displaced both horizontally and vertically from the seeding point. The samples collected
were analyzed for helium content with a gas chromatograph capable of detecting traces of helium
amounting to less than 0. 01 per cent by volume.

The flame and the preignition region between the burner and the flame front were surveyed
with this technique: at no point was helium found to be carried vertically upwards as would be
expected if a recirculation current were present. Instead, the seeding stream always flowed
downwards, spreading laterally at the slow rate expected from molecular diffusion. The conclu-
sion was, therefore, that the flame is free of recirculation currents.

(ii) The quenching ability of the solid sampling probe was determined by measuring the
temperature profile in the stream of sampled material flowing through the probe. This was
accomplished with a narrow-shield suction pyrometer extending into the probe and positioned
successively at several points from the inlet to the exit. As was expected, we found that the
temperature of the material at a given position in the probe increases with both increasing suction
velocity and increasing flame temperature. When sampling from the hottest point in the flame
with the suction velocity employed. in the actual experimental runs, the first unit of the probe (see
Figure 4) was found to cool the sample from 1520°C (the flame temperature) down to 420°C in a
period of 0.01 seconds, and the second, larger unit cooled the sample on down to about 25°C in
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less than 0.1 seconds. The solid particles leaving the first unit of the probe can be regarded as
quenched since the rate of pyrolysis is extremely slow at 420°C, and the time required to attain
this inactive state is suitably small. Therefore, the quenching ability of the probe is acceptable.

6.2 Meagurements in the Flame

6.2.1 Scope of the Measurements -~ A single set of experimental conditions was employed
during the whole investigation and no attempt was made to study the effect produced on pyrolysis
by varying a certain input quantity (feet rate or fuel/air ratio). Runs were repeated only for the
purpose of increasing confidence in the observations.

In each experimental run, solid samples were taken and flame temperatures were
measured along the flame axis by utilizing the ports in the furnace wall (see Figure 2). In addition
to some preliminary exploratory runs, seven data producing runs, each lasting about sixteen
hours, were conducted. The samples obtained were analyzed for ash, volatile matter, and fixed
carbon,

6.2.2 Experimental Coal - The coal used (trade name, Grade E-5 Ground Coal) was
purchased in the pulverized form from the Penn-Rilton Company. The coal came from the Mathies
Mine where it is taken from the Pittsburgh seam and ground in a Raymond-Hammer-Screen Mill.
The particle size distribution (see Figure 7) was measured with a Coulter Counter; some variation
in the size of the coal used in the different runs was found, but this was small enough to be accept-
able. The proximate analysis of the coal is as follows: Ash - 3.86% of dry coal; Moisture -
0.97% of raw coal; Volatile Matter - 37. 35% of dry, ash-free coal; and Fixed Carbon - 62. 65% of
dry, ash-free coal.

6.2.3 Experimental Conditions - The flame studied in each run was produced under the
following set of conditions:

(i) Coal feed rate 10 pounds per hour

(ii) Flow rate of primary air 6.9 SCFM (1 atm and 70°F)
(iii) Flow rate of secondary air 11.4 SCFM

{iv) Fuel-air ratio 0.135 grams/liter or oz/cu. ft. (at 1 atm and 0°C)

The procedure for stabilizing the flame included first preheating the furnace with a natural
gas flame and then making a transition from gas to coal. When the change to coal was completed,
a sufficient lapse of time was allowed to ensure stabilized flame conditions. The three monitoring
devices described earlier were used to determine flame stability.

6.2.4 Experimental Procedure - The collection of solid samples and measurement of
flame temperature followed a procedure in which the probe positioner was fixed at a given port
and both instruments were used there before proceeding on to the next port. After collecting a
sample of solid material (which required a suction time of about three minutes), the probe and
filter chamber were disassembled, the sample was removed and the inside of the probe was
thoroughly cleaned. The samples were placed in the same covered crucibles in which they were
subsequently analyzed, and then stored in a desiccator.

In the temperature measurements, the thermocouple protection sheaths were replaced
after two or three measurements because a coating of ash deposits soon became thick enough to
affect the readings. Also, the instrument was disassembled and cleaned before the accumulation
of solid material became large enough to affect seriously the flow past the thermocouple.

In each experimental run, three and sometimes four individual samples were collected at
each sampled port, and at least 10 and sometimes up to 14 ports were sampled.

6.3 Analysis of Samples

The crucibles containing the samples from the probe were first placed in the moisture
oven (with their lids off) for drying. The initial weight was not measured since the moisture
content of the samples was not needed, though drying was required since any moisture left in the
samples would appear later as apparent volatile material. After moisture removal, the covered
samples were cooled in a desiccator, weighed, devolatilized in the volatile furnace (7 minutes at
950°C), cooled in the desiccator, and weighed for volatile loss, all without removing the lids.

Next, the samples, i.e., the remains from the volatile tests, were placed in the ash
furnace with the lids removed from the crucibles. After complete burning of the samples, the
lids were replaced on the crucibles and the samples were once again cooled in a desiccator. After
cooling, the covered crucibles were weighed both with and without the ash remains of the samples.

These four weighings allowed calculation of the contents of volatile matter and ash, both
expressed as a percentage of the original, dry sample. The percentage of fixed carbon was then
determined by subtracting the sum of these two percentages from 100.
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7. RESULTS

In the following presentation, the data from a single experimental run are used for
illustration and can be accepted as a representative example of the data collected in all the runs.
Presentation of the data from the other six runs adds no extra value other than illustrating the
agreement between runs; this has already been done and the data found to be adequately
reproducible. (9)

7.1 Basic Data

The composition of solid material and the temperature of the flame, both measured along
the axis of propagation, constitute the basic data obtained (see Figures 8-11). Unexpected
observations are that the particles attain a temperature of around 1100°C before either ignition
or rapid pyrolysis occurs, and that a significant amount of volatile material exists in the
unburned residue leaving the flame. This volatile residue persists over a substantial length of
the flame and therefore appears to be a relatively stable component of the original volatile
matter. Another significant point to observe is that rapid pyrolysis does not begin until after
ignition.

The temperature of the particles begins to rise as they pass through the bank of water-
cooled tubes (see Figure 11). Radiation from the flame front first becomes visible to the
particles when they are inside the bank; upon emerging from it, their temperature is up to about
480°C. Nevertheless, the composition of the particles remains unchanged until they leave the
lower surface of the tubes.

7.2 Useful Arrangement of Data

Since the percentages of volatile material and fixed carbon on a total weight basis are
interdependent, a more meaningful arrangement of the data was attained by calculating the two
compositions on the basis of their initial values. This allows the contribution to devolatilization
of both gaseous evolution and heterogeneous combustion to be studied independently. Also, time
is more useful than distance as a kinetics parameter. Accordingly, the basic data can be
arranged more usefully as described below.

The conversion from distance to time was made using the known value of the cold flow
rate through the combustion chamber and the measured temperature profile. In this calculation
it was assumed that the volume change resulting from chemical reaction is small enough to be
neglected, an assumption which can be shown to be permissible.

The fractions of the original volatile matter and fixed carbon remaining in the particles at
each sampling point were calculated using the ash as a tracer. To achieve this, the following
equations, which result from a simple derivation, were employed:

LV.MY/ (V. M) 7 = [ ®BV.M.)/ (% Ash)] [ (% Ash)o/(BV.M.}o7 (1)

[(F.C.)/(F.C.)o7 [ (BF.C.}/ (% Ash) ] [ (% Ash)o/(%F.C.)o/ (2)

V.M. and F.C. are the weights of volatile matter and fixed carbon remaining in the solid
material; $F.C., %V.M. and % Ash are the percentages of the dry material represented by
fixed carbon, volatile material and ash; and, the subscript o refers to the original coal. The
results of these manipulations of the data are presented in Figures 12 and 13.

The magnitude of the ratio V.M. /F.C. at a given point in the flame is indicative of the
rate of volatile loss by gaseous evolution relative to the rate of loss by heterogeneous combustion
at that particular point. The decay of this ratio with degree of burnout, represented by (F. C.)/
F.C.)o, is shown in Figure 14.

8. ANALYSIS AND INTERPRETATION

8.1 Qualitative Analysis

8.1.1 Basic Qualitative Behavior - The data presented above furnish a general picture
of pyrolysis in the flame. Slow pyrolysis begins when the particles enter the hot combustion
chamber at the lower surface of the water-cooled tube bank, and continues for a short time with
no accompanying loss of fixed carbon (see Figures 12 and 13). After a period of about 0. 05
seconds, heterogeneous combustion, and hence the loss of fixed carbon, begins abruptly with a
very rapid rate at a point corresponding to the location of the visually observed flame front (see
Figure 13). Soon after ignition, the rate of volatile loss becomes very rapid since volatile
matter, in addition to being lost by pure evolution into the gaseous state, is also burned in the
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solid state along with fixed carbon. Owing to the very small decrease in volatile matter content
ahead of the flame front, the rate of combustion of '"solid" volatile matter immediately behind the
flame front (and before the principal decomposition) would be expected to be as fast as the rate

of combustion of the fixed carbon since they are burning together. Furthermore, since the
temperature of the particles reaches a substantial value behind the flame front, the rate of evolu-
tion increases considerably in that region. After a period of very rapid devolatilization which 1
lasts for about 0.1 seconds, the rate of loss of volatile matter becomes so slow, although about 10
per cent of the original volatile matter still remains in the particles, that about 5 per cent of the
original volatile matter is carried from the combustion chamber in the unburned solid residue.

It is instructive to observe the relative amounts of volatile matter and fixed carbon left in
the solid material during the combustion process {see Figure 14). During the first 0.05 seconds
in the chamber, a small amount of volatile matter is evolved while no heterogeneous combustion
occurs; therefore the ratio of volatile matter to fixed carbon drops. Then, heterogeneous com-
bustion begins at such a fast rate that the combustion of solid volatile matter is much faster than
the volatile loss by gaseous evolution. Therefore, the ratio of volatile matter to fixed carbon
remains essentially constant over a period of about 0. 03 seconds while around 10 per cent of the
original fixed carbon is burned. Meanwhile, the temperature of the particles becomes so high
that the principal pyrolysis reaction, when it finally sets in, is very fast, and the loss of volatile
matter by gaseous evolution is much faster than the loss by heterogeneous combustion. There-
fore, the ratio of volatile matter to fixed carbon drops rather rapidly over a period of around
0. 07 seconds while another 30 per cent of the original fixed carbon is burned. At this point, only
about 10 per cent of the original volatile matter is left in the solid material, and the rate of
evolution for this last portion is so low that the loss by heterogeneous combustion is again rela-
tively fast and the ratio of volatile matter to fixed carbon decreases very little during the rest of
the journey through the flame. This means that the loss of volatile matter in the last 80 per cent
of the length of the flame is mainly by heterogeneous combustion.

8.1.2 Qualitative Models - A general, qualitative model, idealizing the progress of
pyrolysis, which satisfies these data was selected by eliminating alternative models that were
suggested. Of all the models initially proposed for testing, all but two were eliminated because
of obvious disagreements or contradictions with the data. The difficulty of choosing between
these two survivors required the more detailed analysis outlined below (see Section 8.1.4).
Cenosphere formation is not included in these models since the occurrence of cenospheres under
the conditions of rapid combustion found in the flame has been shown to be unlikely. (20)

(i) Model A is one in which devolatilization is assumed to occur uniformly throughout
each coal particle during the whole combustion process. Heterogeneous combustion would be
assumed to occur at the surface of the particle so that the particle shrinks as it moves through
the flame. Since the volatile material remaining in the particle at any time is uniformly dis-
tributed, the rate of combustion of solid volatile matter is always a certain fraction of the rate of
combustion of fixed carbon, this fraction being equal to the ratio of volatile matter to fixed carbon,
and varying through the flame as shown in Figure 14.

(ii) Model B is one which devolatilization is assumed to occur in a thin, moving reaction
zone (pyrolysis wave) which is located initially at the surface of the particle; as the particle moves
through the flame, the zone moves inward toward the center of the particle. The zone leaves
behind a porous matrix which contains the original fixed carbon as well as a component of the
volatile matter which is relatively slow to evolve. The unreacted core situated inside the reaction
zone is identical in composition to the original coal. Heterogeneous combustion occurs at the
surface, and continually shrinks the size of the particle. The proportion of volatile matter being
burned in the solid state depends upon the relative speeds of pyrolysis and heterogeneous combus-
tion. If pyrolysis is faster, the pyrolysis zone moves inward so fast that the heterogeneous
reaction is left behind at the surface of the porous matrix. In this case, the rate of combustion of
solid volatile matter-is a constant fraction of the rate of combustion of fixed carbon: the fraction
is equal to the ratio of volatile matter to fixed carbon left behind by the devolatilization zone. If
the rate of heterogeneous combustion is relatively fast compared to the rate of pyrolysis, the
surface of the particle regresses as rapidly as the inward movement of the pyrolysis zone. In
this case, both pyrolysis and heterogeneous combustion can occur simultaneously at the surface
of the particle, and the loss of volatile matter by heterogeneous combustion can be taken as the
total loss of volatiles.

8,1.3 Agreement of Models with Experimental Behavior

(i) Model A satisfies the data as follows: In the region of the combustion chamber between
the lower surface of the water-~cooled tubes and the flame front, pyrolysis occurs uniformly
throughout the particle and, since the surface of the particle has not yet ignited, no fixed carbon
burns; therefore, the ratio of volatile matter to fixed carbon in the particle drops. Then, the
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solid particle begins to burn very rapidly while pyrolysis continues at a relatively slow rate; so,
therefore, the ratio of volatile matter to fixed carbon remains essentially constant since both
materials are burned in approximately the same proportion in which they existed at the onset of
heterogeneous combustion. Next, the rate of pyrolysis increases to such an extent that the
fraction of volatile matter in the burning particle drops very rapidly while the heterogeneous
reaction continues relatively slowly. When only about 10 per cent of the original volatile matter
remains in the particle, the rate of pyrolysis becomes so slow that the main source of volatile
matter loss is heterogeneous combustion at the shrinking surface of the particle. Therefore,
since volatile matter is not completely eliminated from a particle until the solid material is
completely burned away, particles which are too large to burn completely in the combustion
chamber carry some volatile matter with them as they leave the chamber.

(ii) Model B satisfies the data as follows: The pyrolysis zone starts moving inward as
soon as the particle enters the chamber. Until the flame front is encountered, no heterogeneous
combustion occurs so the ratio of volatile matter to fixed carbon drops. By the time the surface
of the particle begins to burn, the pyrolysis zone is located a certain distance inward from the
surface so heterogeneous combustion occurs at the surface of a porous material in which the ratio
of volatile matter to fixed carbon is both very small and approximately constant. For a short
time immediately following ignition, the regression rates of both the pyrolysis zone and the sur-
face of the particle are such that the ratio of volatile matter to fixed carbon remains approxi-
mately constant for the particle as a whole; then the particle becomes so hot that the pyrolysis
zone moves sufficiently fast to increase the distance back to the shrinking surface of the particle,
to the ratio of volatile matter to fixed carbon decreases. When the pyrolysis zone reaches the
center of the particle, the only volatile matter remaining in the solid is the component which is
slow to evolve, so the main source of volatile loss in the rest of the combustion process is
heterogeneous combustion. Volatile matter and fixed carbon burn together in approximately the
same proportion in which they were left by the passing of the pyrolysis zone, since, except for a
slow loss of volatile matter by pyrolysis, the ratio of volatile matter to fixed carbon remains
approximately constant in the rest of the flame. As in the case of Model A, volatile matter is
not completely eliminated from a particle until the solid material is burned away, so large
particles can carry volatile matter from the combustion chamber. Qualitatively, therefore, both
models are identically comparable with observation.

8.1.4 Tests of Models - According to Model A, pyrolysis occurs uniformly throughout
the particle, so the rate of reaction at any time is proportional to the mass (or volume) of
unreacted material (volatile matter) still present in the particle, i.e., pyrolysis is a volumetric
reaction. Since the total mass (or volume) of material is independent of the size of the particles
in which it is contained, this model indicates that pyrolysis should be independent of particle size;
therefore, Model A can be disproven if it can be shown that the rate of pyrolysis is dependent upon
particle size.

According to Model B, pyrolysis occurs in a thin zone surrounding a solid nucleus in which
the volatile matter has not yet reacted. Since the total mass of volatile matter present in such a
zone is proportional to the total surface area of the particle, this model indicates that pyrolysis
is a surface reaction. Surface reactions are dependent upon particle size; therefore, Model B
can be disproven if it can be shown that the rate of pyrolysis is not particle-size dependent.

Model B is considered to be disproved by the following points: (1) The observed time
required for pyrolysis is much larger than that predicted from Model B; (2) evidence from the
literature (13) indicates there is no influence of particle size on the rate of pyrolysis for particles
less than about 60 microns; and (3) calculation of the temperature distribution inside a coal
particle in a flame indicates that pyrolysis could not be a surface reaction due to a temperature
distribution inside the particle. Each of the above points is amplified below.

(1) Essenhigh (6) found experimentally that the time required to pyrolyze burning coal
particles in the size range 0.3 - 5 mm is proportional to the square of the original particle
diameter; Essenhigh (6) then showed this result to be in agreement with the proposition that, in
the case of particles in the above size range, pyrolysis can be represented by a model in which
the rate of devolatilization is governed by diffusional escape of the volatiles from a shrinking
reaction zone to the surface of the particle. Model B is effectively identical to Essenhigh's
model with regards to the diffusional escape of volatiles, and is therefore suitable for the size
range 0.3 - 5 mm. *

Assuming that the pyrolysis of particles in the pulverized fuel range (0 - 200 microns)
also obeys Model B, two cases are possible: either (1) Model B is obeyed and the rate of devola-
tilization is controlled by the rate of pyrolysis (chemical control) or (2) Model B is obeyed and
the rate of devolatilization is controlled by the rate of diffusion of volatiles to the surface of the
particle (physical control). The weight fraction of the original volatile material (V/V,) remain~
ing in the particle at time (t) is given by the following equations (see Appendix A):
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Case (1), chemical control: (V/Vg) = (I - t/ty)3 @

Case (2), physical control: 2(V/Vg) —3(V/V0)2/3 + 1=t/t, 4)

where ty = K1d,, for Case (1) and ty = szg for Case (2), ty is the time required to completely
devolatilize a particle of initial diameter dy, and K3 and K2 are constants.

We tested Model B by employing Equations (3) and (4) along with the particle-size distribu-
tion (see Figure 7) to calculate the fraction of the original volatile material remaining in the
particles at any time after ignition. This was accomplished by separating the particles into
several size fractions, analyzing each fraction individually, and then combining the results to
construct the total volatile decay curve. Pyrolysis was assumed to begin at the flame front, an
assumption which is not far from correct (see Figure 12). Essenhigh's (6) experimental value
was taken for Kg and K1 was estimated by assuming that chemical rate control is impending in the
case of the smallest particles (0.3 mm) studied by Essenhigh (6), thus providing the boundary
condition Kjdg = sz(z, at dy = 0.3 mm. The results obtained are shown in Figure 15.

The volatile decay rate predicted from Model B is far too large, with the predicted
pyrolysis times being about 90-fold too small. This conclusion is the same whether physical or
chemical control is accepted, and implies strongly that the dependence of pyrolysis rate on
particle size, which is known to occur in the case of particles above 0.3 mm, is not obeyed by
particles in the pulverized fuel size range. The extrapolation of results obtained from larger

sparticles down to the p.f. range leads to the prediction of pyrolysis rates which are much too
large because, below a certain size, further increase in pyrolysis rate with decreasing particle
size is not obtained. Therefore, Model B is unacceptable for particles in the p.f. range.

(2) The above result agrees with the observations of Ishihama (13) who studied the influence
of particle size on the lower-limit concentration for inflammability in dusts of several bituminous
coals. His results, which are very relevant in the present argument since he studied particle
sizes in the p.f. range, show that the influence of particle size upon the concentration required
for a lower-limit mixture diminishes as particle size decreases, and below about 60 microns, the
effect of particle size becomes inappreciable. Since pyrolysis would be expected to play approxi-
mately the same role in inflammability measurements as in a stabilized flame, this observation
indicates that pyrolysis rate is independent of particle size when dealing with particles less than
around 60 microns. The particle diameters of the coal used in the present investigation were
mainly less than this size, so Ishihama's observation should be applicable here.

(3) Information concerning the type of reaction occurring in a coal particle was obtained
by calculating the temperature distribution through the particle during the heating process. If the
center of the particle is much cooler than the surface, a reasonable assumption would be that the
rate of pyrolysis is faster at the surface of the particle and that pyrolysis therefore behaves like a
surface reaction. Alternatively, if the temperature distribution is found to be uniform throughout
the particle, pyrolysis would seem to be a volumetric reaction. Since the rate of héat‘mg is very
rapid in a pulverized coal flame, conditions might be expected to be favorable for a nonuniform
temperature distribution in which the surface of the particle is much hotter than the center. On
the other hand, since pulverized coal sizes are very small, the rate of transport of heat to the
center of the particle might be expected to be so fast that the temperature gradient remains rather
flat.

The problem of calculating the temperature distribution in a coal particle moving through a
flame is one in unsteady state heat transfer and required the consideration of a simplified case in
order to avoid mathematical difficulties. The use of this maneuver, although losing generality,
still allowed useful results to be attained, particularly of limiting conditions that overestimate
the time taken to reach equilibrium.

The case considered is a spherical bituminous coal particle, initially with a uniform
temperature profile, suddenly subjected to such rapid heating that the temperature of the surface
rises by a certain increment while the inside of the particle remains unchanged. The surface
temperature is then held constant while heat flows into the particle; the time required for the
temperature of the center to rise by a certain fraction of the initial increment experienced by the
surface is indicative of the magnitude of the temperature gradient existing in the particle under
real conditions. If the time required for the temperature of the center of the particle to come
close to that of the surface is large on the time scale of events in the flame, the temperature of
the center of the particle being heated in the flame probably lags behind that of the surface by a
significant amount. Alternatively, if the required time is comparatively small, the center of the
particle is probably approximately as hot as the surface throughout the heating period.

General mathematical solutions presented graphically in the literature (23) were used,
along with physical properties of bituminous coal, in order to obtain a quantitative solution to thig
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problem. The heat absorbed (or generated) by pyrolysis was neglected on the grounds that this
has been shown to be a trivial quantity. (14) The results obtained (see Figure 16) indicate that heat
transport into the center of the particle is so fast that a significant temperature gradient probably
could be neither created nor maintained in particles in the p.f. size range. For example, if the
surface temperature of a particle initially at 100°C should suddenly reach 1100°C, about 0. 02
seconds would be required for the center to reach 1090°C in the case of a 100 micron particle,
and less than 0. 001 seconds would be required if the particle size was 30 microns. Both these
times are suitably small, especially since the probability of the occurrence of such a drastic
temperature gradient is very low and the number of particles as large as 100 microns in pulver-
ized fuel is very small. The conclusion is therefore that pyrolysis is probably not a surface
reaction created by a nonuniform temperature distribution.

Data from this and other investigations, as well as the above heat transfer analysis
therefore disprove Model B. The inference is that Model A, with the proposition that pyrolysis
is a volumetric reaction, is therefore acceptable as there are no experimental grounds for
discarding it.

QUANTITATIVE ANALYSIS

9.1 Yoss of Volatile Matter

The selection of Model A allows the loss of volatile matter to be described in more detail.
The goal of the detailed description is to divide the total loss of volatile matter into two parts,
namely, that lost by pyrolysis and that lost by heterogeneous combustion.

At any time t, the total weight of volatile matter lost from the coal is a (V.M.) and can be
expressed by the equation

a(V.M.) = aVy + 4AVg (5)
where AVy and AVg are the weights of volatile matter lost by evolution into the gaseous state,
and by heterogeneous combustion, respectively.

According to Model A,
dvg = [(V.M.)/(F.C.)J d(F.D.) (6)

where V.M. and F.C. represent the weights of volatile matter and fixed carbon, respectively,
and Vg is that part of V.M. which will be lost eventually by heterogeneous combustion. Integra-
tion of this equation from the lower surface of the water-cooled tube bank to any point in the
combustion chamber provides the following expression for the fraction of the original volatile
matter which has been lost by heterogeneous combustion when the coal reaches that point:

X
L Ve)/ (VM) = - 15 [ (V.M.)/(F.C.)7 / [(V.M.)/(F.C.) 7,
d/(F.C.)/(F.C.)oJ (7)

where x = (F.C.)/(F.C.)o, aVs = (Vs)o - Vs, and the subscript o refers to the value of a
quantity at the lower surface of the mater-cooled tube bank. The negative sign before the integral
is necessary since the quantity d/(F.C.)/(F.C.)o/ is negative.

Equation 7 was integrated graphically. It represents the area under a certain portion of
the curve formed by plotting / (V. M.)/(F.C.)7 / [(V.M.)/(F.C.) 7. An example of
this curve has already been discussed (see Figure 14). Values for (4 Vg)/(V.M. ), were thus
obtained.

Since the fraction of the original volatile matter which has been lost by both processes is

A(V.M.)/(V.M.)o=1-/(V.M.)/(V.M.)o/
the fraction lost by pyrolysis is, according to Equation 5,

aVy/ (V. M.)o=1 =L (V.M.)/(V.M.)o7 - L4 Vs/(V.M.)oJ (8)

This equation was easy to evaluate since values for & Vs/(V. M. were provided by Equation 7, and
values for (V. M.)/(V. M. )g were provided by the data (see Figure 12).

Evaluation of Equations (7) and (8) thus provided a division of the volatile loss into two
parts (see Figure 17), It is found that roughly 70 per cent of the original volatile matter is lost
by gaseous evolution while about 25 per cent is lost by heterogeneous combustion.

The above analysis provides a basic picture of the process by which volatile matter is lost
from the particles, and permits detailed analyses of pyrolysis which would be impossible without
this knowledge of the influence of heterogeneous combustion.
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9.2 Kinetics of Volatile Evolution

Pyrolysis has already been shown to be first-order with respect to the amount of volatile
matter left in the solid material (see Section 8.1)., The rate of the reaction is therefore given by
the expression:

d/(V.M.)/(V.M.)o7 /dt = ~ky [ (V.M.)/(V.M.)o (9)

where V.M. is the weight of the volatile matter left in the solid material at any time t, (V.M.)g
is the initial value of V.M., and ky is the pyrolysis rate constant. Assuming that pyrolysis is
an activated process, we may write .

ky = (ko)y /[ exp(-Ey/RT)7 (10)

where (ko)y is the frequency factor, Ey is the activation energy, R is the ideal gas constant and
T is the absolute temperature.

An attempt to fit the data with Equations (9) and (10) revealed that pyrolysis of the
particles in the flame occurs as though the volatile matter exists in the coal in two components,
namely, Component I and Component II. Component I decomposes fast enough to be evolved in
the flame; but Component II i8 much slower to decompose, most of it remaining in the solid
material af ter Component I has been evolved. The main loss of Component II is by heterogeneous
combustion in the tail of the flame. The volatile matter leaving the combustion chamber in the
unburned solid material (see Figures 8 and 12) is part of Component II which, according to these
data, represents about 15.5 per cent of the total volatile matter in the original coal. This means
that, at the point in the flame where evolution of Component'] is essentially completed, the
composition of volatile matter in the solid material is about 7. 9 per cent of the dry, ash-free
material. The devolatilization loss shown in Figure 17 can be taken as a close approximation to
the decay of Component I.

The division of the volatile matter into two components has been shown to be in general
agreement with the literature. (8) Also, the observation that the slow evolution of Component II
allows a significant amount of volatile matter to leave the combustion chamber in the unburned
solid residue agrees with the data of Saji (18), who studied flames of pulverized bituminous coal
and found that the solid material leaving the furnace contained around 7.5 per cent volatile
material. Another point of interest is that the data from the present investigation indicate that
the composition of the solid material when the evolution of Component I has just been completed
corresponds roughly with the composition at Van Krevelen's (22) carbonization pole.

The experimental data were used to evaluate the activation energy for the evolution of
Component I. The rate constant was calculated from Equation (9). The value of the quantity
d /[(V.M.)/(V.M.)o/ / dt at any location in the flame is given by the slope of the devolatilization
curve (see Figure 17) at the appropriate point. Values of the quantity / (V.M. )/(V.M.)o/ were
obtained from a smooth curve drawn through the data (see Figure 12). Since the data give the
volatile content of both Component I and Component II, the correct values for this calculation were
obtained by subtracting away the amount contributed by Component II.

After obtaining a complete profile of ky through the flame, E, was evaluated for Component
I by plotting In(ky) against (1/T). According to Equation (10), the slope of the line obtained is
(~Ey/R) and the intercept is In(kg)y. The activation energy thus found is different in the preignition
and postignition regions of the flame (see Figure 18). The average values found for the different
experimental runs are as follows:

Ey in the preignition region = 6 kcal/mole
Ey in postignition region = 28 kcal/mole

The above values imply that pyrolysis ahead of the flame front is much less temperature
dependent than is postignition pyrolysis. The very small activation energy found in the preignition
region of the flame indicates that the pyrolysis occurring before ignition involves only very
loosely held molecules. Between the burner and the flame front, the major part of the material
being evolved probably consists mainly of carbon dioxide and water molecules which were held
very loosely in the pores of the original coal.

The activation energy found in the postignition region are about half as large as values
which Van Krevelen (21) quotes from the carbonization of coal. This suggests that the pyrolysis
reaction occurring in the pulverized-coal flame may be different from that occurring in the
relatively slow carbonization process. The activation energy obtained in the postignition zone is
for a process occurring in only 0.1 seconds, while Van Krevelen's values are for processes
which last for about 1 hour; therefore, different reactions might be expected to occur in the two
processes. One possible explanation for the difference is that Component II of the volatile matter
is very slow to be evolved because of a high activation energy. Inthe flame, events are so rapid
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that this component is relatively inert with respect to pyrolysis and therefore does not affect the
experimental value of activation energy. In slower processes, however, Component I has time

to react and therefore could be responsible for the relatively high observed value of the "effectiven 4
or "global' activation energy.

10. INFLUENCE OF PYROLYSIS ON IGNITION AND FLAME PROPAGATION {

The above data can also be used in a further analysis designed to determine whether i
ignition in the pulverized coal flame occurs first on the solid surfaces of particles or in gaseous
volatiles. The object of the analysis is to evaluate the role of pyrolysis in ignition and fiame )
propagation. If ignition occurs in gaseous material, then the rate of flame propagation is 14
governed by the rate of pyrolysis ahead of the flame front; alternatively, if ignition occurs on the
surfaces of solid particles, then the flame speed is independent of the kinetics of pyrolysis. (10)
Again, the method of exclusion was employed, the reasoning being that the correct description of ’
the mechanism of ignition can be obtained by disproving its alternative.

10.1 Proposed Models

Two models were constructed for testing: (i) Model C advocates that ignition occurs first
on the solid surfaces of particles, with the gaseous material being ignited later following the
heterogeneous combustion; (ii) Model D supports the proposition that ignition occurs first in
gaseous volatiles, and solid particles are then ignited by gaseous combustion.

Model C can be disproved if it can be shown that the ignition temperature disagrees with
accepted values for the ignition temperature of solid surfaces. Model D can be disproved if it can
shown that an inflammable gaseous mixture does not exist at the flame front.

10.2 Test of Models K

10.2.1 Complete Mixing Assumed - Before describing the detailed testing of the above '
models, we should like to point out that the balance of the circumstantial evidence is unfavorable
to Model D, thus implying that ignition occurs first on the solid surfaces of particles. Since only
a small amount of pyrolysis occurs before ignition (see Figure 8), and since a concentration of
combustible gases of only 0. 02 per cent by volume was found by using gas chromatography to
analyze samples collected from the preignition zone of the flame with a water-cooled gas
sampling probe, the existence of a combustible gaseous mixture at the flame front appears
unlikely. Assuming complete mixing, an analysis of the data at the flame front shows that the
maximum volatile concentration attained before ignition is around 0. 0026 grams per grams of air,
a value which is short of a combustible mixture by a factor of 10 even if carbon dioxide and water
are neglected and all the volatiles are assumed to be methane. If the gas analyses mentioned
above are included in the analysis, again assuming well mixed conditions, the maximum concen-
tration of combustible gases before ignition is found to be 300 fold short of an inflammable
mixture. However, in spite of this evidence against Model D, the possibility can still exist that I
the mixing of volatiles into the ambient air is slow enough to permit the establishment of an
inflammable gaseous mixture around the surface of each particle by the time the flame front is
reached. This possibility is explored below.

10.2.2 Limited Mixing Considered - Although mixing is both diffusional and turbulent,
the latter type can be neglected as a first approximation since there should be very little relative
motion between the particles and the ambient air in the preignition zone of the flame (Reynold's
Number is around 2000). Assuming particles to be spheres, the flow of volatiles away from the
surface of the particle can be described by the following equation which was obtained by adapting
the standard Stephan flow equation to spherical coordinates, and imposing the condition that the
net rate of flow of volatiles away from the particle is equal to the rate of their production by
pyrolysis:

(Py)r = 1-/1- (P,)g7 exp(a™t -rhk (11)
where

K= RT g’ca3/3DPMv) [ (% V.M. )y/1007 d/ (V.M.)/(V.M.)o/ / dt

and where: (Py)y = partial pressure of volatiles at any distance (r) from the center of the

particle; (Py)g = (Py), at the surface of the particle; R = ideal gas constant; T = absolute tempera-

ture at the location being considered: i’c = density of coal; a = radius of the coal particle;

D = coefficient of diffusion of volatiles into air; P = total pressure; M,, = average molecular

weight of volatiles; (%V.M.) = percentage of volatile matter in the original coal; (V.M. )/(V.M.%), -
= fraction of the original volatile matter remaining in the coal at the location being considered;

t = time measured from the lower surface of the water-cooled tubes. ‘
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Equation (11) indicates that the profile of the concentration of volatiles around a particle is
strongly dependent upon the size of the particular particle being considered, with large particles
being surrounded by a higher concentration of volatiles than that around the small ones. This
condition is enhanced, but not created, by the selection of Model A since, other things being equal,
the flux of volatiles leaving the surface of a particle decomposing by a volumetric reaction
increases roughly in proportion to particle size. The implication of this effect is that a relatively
large, spherical particle can be visualized as being composed of two concentric, spherical shells,
with the common center located at the center of the particle. The inner radius of the smaller
shell coincides with the surface of the particle. The common surface of the shells is located at a
radial distance where the concentration of volatiles equals the upper limit value for an inflammable
mixture. The outer surface of the outside shell is situated at a radial distance corresponding to a
lower limit concentration. In the region defined by the smaller shell, the concentration of vola-
tiles is assumed to be so high that no ignition can occur, while the region defined by the larger
shell contains an inflammable mixture. Beyond the large shell, the concentration is too low to be
ignited.

When this description is applied to extremely small particles, Equation (11) shows that the
radii of the hypothetical spheres are equal to (or theoretically less than) the particle radius. This
means that no inflammable mixture exists around such particles.

In the case of medium sizes, the outer surface of the larger shell is still maintained away
from the particle even though the smaller shell has disappeared. The meaning of this situation is
that the material adjacent to the surface of the particle is inflammable, but the location of the
lower limit boundary is only a small distance from the surface.

This creates for us the following picture: There exists a critical particle size below which
the concentration of surrounding volatiles is too low to support ignition, while, above the critical
size, an inflammable mixture is present around the particle, though it is not necessarily adjacent
to the surface. The experimental data were used in conjunction with Equation (11) to make a
quantitative estimation of the critical size in order to provide evidence for the trial of Model D.

The evaluation of Equation (11) was hampered to a certain extent by insufficient knowledge
about boundary conditions. However, by assuming that (Py)r = 0 when r >> a, the particle radius
was found to be

2= gy /2 {m /1-®ys/ 1] v a2
where

= (RT fc/ 3DPMy) / (%V. M. )o/1007 {d LV M)/ (V.M. 7 / dt}

The critical radius (a¢); can be found by imposing the condition a = (ag); when (Py)g = (Py)1, 1.,
where (Py)1,, 1., is the partial pressure of volatiles in a lower limit mixture with air. If the
volatiles being evolved at the flame front are assumed to be composed chiefly of methane, an
assumption grossly in favor of Model D, (Py)1,,1,, = 0.05. Therefore, when these conditions are
substituted into Equation (12), the critical

(@)1 %[(0. 153)DPMy/RT; €7 [“%W] {d [(V. M)/ (V.M. )T /dt}i dt; (1)

where the subscript (i) denotes the point of ignition. :

The experimental data were used to evaluate Equation (13). The term d/ (V.M.)/
(V.M.),/ / dt is the slope of the devolatilization curve (see Figure 17) at the point of ignition;
Tj is the ignition temperature (see Figures 12 and 13); and since the volatiles are assumed to be
methane, My is 16 g/mole and D is 0.157 (T;/273)1- 75 cm2/sec. (17) if Tj is expressed in Kelvin
degrees. The average of the values of (ac)1 calculated for the different experimental runs is 130
microns. Owing to our neglect of (a) turbulent mixing and (b) the presence of carbon dioxide and
water in the volatiles liberated in the preignition zone, this calculated value, though serving as a
lower limit, is probably too low by a factor of 2 or 3. Since only a very small fraction of the
particles in pulverized fuel is as large as 130 microns, the critical diameter can be regarded as
above the pulverized fuel range, thus ruling out the existence of particles surrounded by combus~
tible gaseous mixture.

10.3 Accepted Model (Concluswn)

The conclusion from the above analysis is that the rate of transport of volatiles away from
the surface of the particles in the preignition zone of the flame is fast enough to prevent the
accumulation of an inflammable gaseous mixture around the particle surfaces. Hence, ignition at
the flame front cannot occur in gaseous material, and Model D must be excluded. The strong
inference is, therefore, that ignition originates on the solid surfaces of particles; hence Model C




is accepted by exclusion of Model D. Furthermore, the adoption of Model C receives support
from the agreement between the ignition temperature observed in this investigation (around 1100°C,
see Figures 12 and 13) and values reported in the literature for comparable conditions. (15,19) 4
The rate of flame propagation can, therefore, be regarded as independent of the rate of pyrolysis.

11. SUMMARY

The pyrolysis of particles in pulverized coal flames was studied by probing a one- i
dimensional flame. The object of the investigation was to fill a gap which existed in the knowledge
of pulverized fuel combustion, and at the same time to improve the understanding of coal pyrolysis.
The flame studied was produced in a system employing a new type of "burner', and the water- /
cooled probes used were developed and tested in this investigation. Measurements were made of
the flame temperature and the composition of the solid material in the preignition and postignition
regions of the flame as well as in the flame front. §

The data thus collected were employed in an analysis designed to formulate a picture of ’
pyrolysis and to evaluate the effect of pyrolysis on flame propagation. The following conclusions
were drawn:

(1) The particles attain a temperature of about 1100°C before either ignition or a signifi-
cant amount of pyrolysis occurs. The rate of pyrolysis does not become significant until after N
ignition. After a period in which the rate is very rapid, pyrolysis then becomes so slow that about
five per cent of the original volatile material leaves the combustion chamber in any unburned
solid residue.

(2) Pyrolysis and heterogeneous combustion occur simultaneously, thus making impossible |
a division of the flame into two distinct zones, one containing only devolatilization and the other
containing only solid combustion.

(3) Volatile matter is lost from the particles by both heterogeneous combustion and
gaseous evolution; the latter mode of loss accounts for slightly less than 3/4 of the total loss.

(4) Pyrolysis occurs as though the volatile matter in coal is composed of two different
components, one of which is evolved very rapidly while the other is much slower to be evolved.

The slow-evolving component seems to represent about 15 per cent of the total volatile matter.

(5) Pyrolysis of particles in the pulverized-fuel size range (0-200 microns) is evidently a
volumetric reaction occurring uniformly throughout each particle; the rate of pyrolysis in the
flame is therefore independent of particle size.

(6) The activation energy of pyrolysis was found to be about 6 kcal/mole in the preignition
zone and about 28 keal/mole in the postignition zone of the flame. ‘

(7) Ignition was found to occur on the surfaces of solid particles instead of in gaseous
volatiles; hence the rate of flame propagation is independent of the rate of pyrolysis,
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APPENDIX

According to Model B (see Section 8.1), a pyrolyzing spherical coal particle of initial
radius r, can be visualized as a spherical core (radius = r) of unreacted material surrounded by
a spherical shell of thickness (ro - r). Pyrolysis occurs at the surface of the unreacted core,
producing volatile material which diffuses through the surrounding porous matrix to the surface
of the particle. The following analysis produces two equations describing the relationship
between the weight fraction V/Vo of the original volatile material left in the particle at time t :
one equation describes the case in which the rate of devolatilization is controlled by the rate of
diffusion of volatiles out of the particles (physical control), and the other one describes the
alternate case in which the rate of pyrolysis is the limiting step (chemical control).

Case I (Physical Control) - According to Essenhigh (6), the equation describing the above
model under conditions of physical control should be of the form

(r - 12/10) dr = - (ro2/6ty)dt (A1)
where ty is the time required for complete devolatilization. Integration of Equation (Al) between

the linits r = ro at time t = 0 and r = r at t = t, together with the substitution (r/ro)3 = V/Vo),
produces the following result.
2(V/Vo) - 3(V/V)¥3 + 1=t/ (A2)
Case II (Chemical Control) - In this case, at a given temperature, the rate of devolatiliza-
tion is proportional to the surface area of the unreacted core, and is expressed as follows:

d(V/Vg)/dt = K(r/rg)> (A3)

where K is a constant. Since (V/Vg) = (r/ro)3, Equation (A3) can be integrated between the limits
(V/Vg) =1att=0and V/Vo) = (V/Vo) att =t. When a value is obtained for K by imposing the
condition (V/Vo) =0 at t = ty, the resulting expression is found to be:

(V/Vo) = (1~t/ty)3 (A5)
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Changes in coal and products from coal resulting from thermal treatment have been the
subject of many investigations. (1, 6) An extensive bibliography has been included in reference 6.
With the exception of the evolution of water and small quantities of light hydrocarbons, coals are
but little affected by temperatures up to about 300°C. However, at 500°C as much as 50 percent
of some coals can be volatilized. Temperatures of 1, 000°C to 5,000°C are of special interest
because it is in this range that equilibrium concentrations of acetylene and hydrogen cyanide
become significant. Such temperatures can be attained by induction furnaces, plasmas, flash
heating, and lasers. (4)

The development of the laser has presented a new opportunity for the study of coal
pyrolysis. The laser is a device which compresses light energy three ways: (a) in band width--
essentially a single frequency is produced; (b) in time--the energy is delivered in about a milli-
second; (c) in area--the beam is approximately the diameter of the laser rod and can be focused.
High energy densities and temperatures far exceeding any previously available for the pyrolysis
of coals are produced. Temperatures of several thousand degrees centigrade can be attained
quickly without sample or product contamination. Laser techniques have been used for the rapid
vaporization of metals and graphite at temperatures estimated as 7, 000° K to 8, 000° K. (7) Light
energy from the laser source passes readily through the walls of a glass reaction vessel and can
be quickly converted into heat and chemical energy by a dark absorbing medium such as coal.
Thus, the laser is a particularly good source of energy for converting coal into gases rich in
acetylene and HCN.

Previous attempts at this laboratory to pyrolyze coal at high temperatures using flash and
laser techniques have produced more acetylene and less methane than conventional coke oven
pyrolysis. (1) Flash photolysis was applied to coals of several ranks by Rau and Seglin and product
gases containing up to 16 mole percent of acetylene were reported. (5) Bond has reported
acetylene analyses as high as 30 mole percent from the plasma jet irradiation of coal. (6) Arc
image techniques have also been applied to the pyrolysis of coal by Rau and Eddinger. (8)

o EXPERIMENTAL PROCEDURE

The following coals were used in this investigation:

Rank Coal Source
Anthracite Dorrance Pennsylvania
Low Volatile Bituminous Pocahontas No 3 West Virginia
Medium Volatile Bituminous Sewell West Virginia
High Volatile A Bituminous Pittsburgh Pennsylvania
High Volatile A Bituminous Chilton West Virginia
High Volatile C Bituminous Rock Springs Wyoming
Lignite McLean North Dakota
Lignite Sandow Texas

The coals are listed above in order of decreasing rank according to the American Society
ior Testing and Materials (ASTM) and International Classifications; that is, according to volatile

matter up to 33 percent and according to calorific parameter above 33 percent volatile matter.
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Samples (3/8-inch cubes) were sealed in pyrex tubes 10 mm ID and 90 mm long as shown
in Figure 1, All samples were heated to 100°C for 20 hours in a vacuum oven, then sealed and
irradiated. Five pulses of 1.5 joules of focused energy were impinged on each coal sample.
Gaseous products were admitted to the mass spectrometer in five fractions distilling from liquid
nitrogen, dry ice, ice water, room temperature, and 60°C baths. The total volume of each
fraction was determined and each fraction was analyzed by mass spectrometry. A carbonaceous
residue deposited on the wall of the glass tube during irradiation of Pittsburgh seam coal was
examined by infrared.

RESULTS AND DISCUSSION OF RESULTS

Gaseous products from coals of several ranks were compared. Analyses of the coals are
given in Table 1 and analyses of gaseous products are shown in Table 2. Gas analyses are
averages of from two to eight tests on different samples of the same coal. Yields of major com-
ponents (above 10 percent) in terms of moles/irradiation showed deviations of from 4 to 20 percent
from the average; minor components (under 10 percent) showed variations of up to 50 percent
from the average. These variations, resulting at least partly from the present state of the
experimental technique, do not affect the conclusions.

Atomic' C/H Ratios

Figure 2 gives the atomic C/H ratios for the original coals as well as for the gaseous
products. For the coals, this ratio decreases rapidly between anthracite and Pittsburgh seam
(hvab); little change is shown in the C/H ratio for the hvab coals to the lignites. The gaseous
products are richer in hydrogen than their parent coals although this difference is small for the
lignites. Since rapid heating occurs in and around the region of irradiation, volatile matter will
comprise a large portion of the gas from a high volatile coal (Figure 3). In coals with a low
volatile content the laser energy will again release the more volatile components but these gases,
comprising less of the coal, will be less characteristic of the whole coal.

Distribution of Gaseous Product

Gaseous products are given in Table 2 as mole percent of total gas and also as moles of
gas per irradiation. The distributions of hydrogen, methane, acetylene, carbon monoxide, and
carbon dioxide as functions of volatile matter of the coals are shown in Figure 4. Results for
coals with volatile contents from 50 to approximately 20 percent were similar to the flash heating
results of Rau and Seglin, that is, the younger coals with higher volatile matter show less methane
and hydrogen. (5)

This type of plot, however, obscures the fact that many lower rank coals yield three or
four times as much gas as higher rank coals such as anthracite. An investigation of the absolute
gas yield is now underway. Weight balances obtained in this investigation have not been con-
sidered reliable. However, as the same irradiation procedure was used for all samples, an
attempt was made to correlate the gas yield with volatile matter, as shown in Figures 5, 6 and 7.
The data, while not as reproducible as desired, do give a truer indication of changes in gaseous
product with volatile content and coal rank.

The total volume of gas per irradiation on a H20, Np, and Op free basis, is shown in
Figure 5. The total gas increased as coal rank decreased, showing about a four-fold increase
from anthracite to lignite.

Figure 6 shows the moles of Hz, CH4, and CaH2 produced per irradiation as a function
of volatile matter. Methane yields were quite low and showed little change with volatile matter,
Acetylene from the low rank, high volatile coals exceeded that from anthracite by approximately
15 times while hydrogen increased by a factor of 10 over the same range of volatile matter.
These data are similar to those of Aust for the plasma jet heating of coal to extreme temperatures,
namely, that acetylene yield is related to the volatile matter. (6)

As expected, yields of CO and COg were higher for the lower rank coals having more
volatile matter and a higher concentration of oxygen (Figure 7). The ratio of CO to COp shown in
Figure 8 indicates little variation in the ratio for coals from Texas lignite to Sewell (mvb). The
oxygen content for these coals ranges from 4. 4 percent (Sewell) to 18. 6 percent (Texas lignite).

While the yield of water does not follow a consistent pattern, much higher values were
obtained for the lower rank coals as would be expected. It is likely that the evacuation method
(100°C for 20 hours in a vacuum oven) was only partially successful and that the values include
both water from the surface of the coal and product from the reaction. The yield of HCN was low,
but did show a trend toward higher values for the lower rank coals. These data indicate that with
laser irradiation the maximum yield of hydrogen is obtained from coal of medium rank, that is,
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coal such as Pittsburgh seam (hvab). The distribution of products is considerably different from
that obtained by the vacuum pyrolysis of coals to 450°C. (3) In the 450°C vacuum pyrolysis studies,
the hydrogen yields were low and independent of rank. Methane yields were a maximum for the
medium rank coals and much higher than the yield of hydrogen. Carbonization at 900°C produces
gas with characteristics of both the high-temperature laser irradiation and gas from low-
temperature carbonization, that is, high concentrations of hydrogen and methane and a low
concentration of acetylene. As reported previously for the flash irradiation of coal, gas from the
laser irradiation showed a lower concentration of saturate species such as methane and a higher
concentration of unsaturate species, including acetylene, than gas from lower temperature
processing.

Infrared Spectrum of Solid Residue

An infrared spectrum was obtained of the solid residue deposited on the walls of the
reaction tube during irradiation of Pittsburgh seam (hvab) coal. As shown in Figure 9, most of
the bands characteristic of the coal spectrum were absent in the spectrum of the solid residue,
indicating that the product was primarily carbon.

Craters Produced by Laser Irradiation

Craters (Figure 3) produced in coals of different ranks differed greatly. A preliminary
examination indicated that craters produced in low rank coals such as lignite were much deeper
than those produced in high rank coals such as anthracite. It therefore appeared that the energy
penetrated deeper in the low rank coals having more volative matter. Figure 3 also reveals that
there was extensive carbonization in the region surrounding the crater.

CONCLUSIONS

Laser irradiation has several advantages over other techniques for studies of the high-
temperature reactions of coal: (1) The energy can be focused and directed on specific areas,
(2) heating is done by an external source negating contamination, (3) rapid heating of the sample
and cooling of the gases occurs. The products obtained in this investigation were similar to those
reported previously from flash and argon plasma irradiations. The unsaturated species (primarily
acetylene) were much higher and the methane lower than the concentrations found from 900°C
carbonization of coal. The lower rank coals not only produced approximately 4 times as much gas
as the higher rank coals, such as anthracite, but showed, also, much higher concentrations of
acetylene, indicating that further studies of lower rank coals might be fruitful. Infrared studies
of the carbonaceous residue indicated that the high temperatures attained with Laser irradiation
volatilize a major portion of the components that produce infrared spectra of medium rank coals.

ACKNOWLEDGMENT

The authors gratefully acknowledge the assistance of Anthony F. Logar in the laser irradia-
tion of coal samples.

LITERATURE CITED

(1) Sharkey, A. G. (Jr.), Shultz, J. L., and Friedel, R. A., Gases from Flash and Laser
Irradiation of Coal. Nature, v. 202, 1964, pp. 988-989.

(2) Hawk, C. O., Schlesinger, M. D., and Hiteshue, R. W., Flash Irradiation of Coal,
Bureau of Mines Report of Inves. 6264, 1963, 7 pp.

(3) Sharkey, A. G. (Jr.), Shultz, J. L., and Friedel, R. A., Advances in Coal Spectrometry,
Mass Spectrometry, Bureau of Mines Report of Inves., 6318, 1963, 32 pp.

(4) Ladner, W. R., High Temperatures and Coal, The British Coal Utilization Research
Asso., Monthly Bull., v. 28, No. 7, July 1964, pp. 282-299.

(5) Rau, E., and Seglin, L., Heating of Coal with Light Pulses, Fuel, v. 43, 1964,
pp. 147-157.

(6) Aust, T., Ladner, W, R., and McConnell, G. I. T., The Decomposition of Coal at High
Temperatures, Preprints of Sixth Intern'l Conf. on Coal Science, Munster, Germany,
June 1-3, 1965. )

(7) Honig, R. E., and Woolston, J. R., Laser-Induced Emission of Electrons, lons, and
Neutral Atoms from Solid Surfaces, Applied Phys. Letters, v. 2, 1963, pp. 138-139.

(8) Rau, E., and Eddinger, R. T., Decomposition of Coal in Arc-Image Furnace, Fuel,
v. 43, 1964, p. 246,



*2913 IN pue 20 ‘0lH /T

sT°T Ly 70°2 9676 VA4 S6°1 76°¢ 201 200 /00

S 19 1°LS 7 1L 0°8¢ 6°9¢ L 12 " 9¢ €°¢T (0T X

89 ME ‘ged

w30l

76T €°eT 9°8¢ L°he L°1% €91 v ee 8°16 o%H

1°L1 €7 6°11 '8¢ 18 12 01 6°0T 4}

1 0°1 (AR L€ 0°1 ' 41 € 879 20

°1T [°0 L0 %0 ST 11 L'0 %0 6°0 S°0 6°0 T'0 1T %0 €1 70 NOH

8'6 09 ¢ 8°1 '8 8°S 9°1T 8°9 9°0T 0°9 0°Z1 9°¢ 6°ST 8°¢S e §'0 o

€T 8°0 0°1T 9°0 1€ ¢ v 9T 1°s 6°¢C 9'¢ 8°0 $*¢ 6°0 $'9 0°'T1 o

¢'LT 9°0T %01 6°S €°LT S°2T 8T 91 '8 0°S 8°'8 671 9'¢ €1 a..om 9% [4s5)

6°8€ 6°€T L'8% 8°LT L°SE S°ST  ¥'9T €°ST §'TT LT T'LT L€ o.#.a 1°s 8°0€ ('Y 09

L°1€ S'6T T°9€ 9°0T 0°%E €°%C 1'% € I€ T'S 8°6T 9°LS S'TT 6°CT9 6°CTT 1'8T €% oy
su8

3omnpoad

Nno.nx Nno.ﬁx Nso.nx Nso.nx .\.No.nx .N o.nx Nso.nx Rsoax
*10H 69T0K ~JOK €3]0K °‘JoW S89TOK °*TOK SoTOW °TOW S2T0W °*TOW mwaoz *TJoH 8°TOW °'TOW S°T0KH

937usy ] 237usI] qoAy qeay qeay qAm qaT 93 oBIyIUY yuey
sexol ejodeq YyrioN sBuyads dood  UoITFYD y8anqs3lrd 119428 gg3UOYRI0d aoueaoq 1200

S1B00 JO UOJJU]pEld] J98E] WoldJ So8Ed 3onpoid -'7 aTqel

C-48



—

-

ATOMIC RATIO, C/H

Xenon Iomp—\ YReflector Y
ll 1
|
/—COG|
] sample
Laser rodJ
Break -seal
tube
Figure |.- Laser used for coal irradiation.
3 | | | T I
)
2 o
2 » z
‘S 2 3 - =
Q9 c > o) =
2 H 8 £ ~3 ) g w ]
b o — Bc o P-4
S g 3 o e £ &
3 a oz 25 & 3 o
(%] k'3 - Iy =
c w c3
Q 29 x £ &
= =% 3] T ox
o = o o L
o oo ['4 2 =
(0]
[¢]
I~ -
Gas
] | ] | .
0 o} 20 30 40 50 60

VOLATILE MATTER, percent maf
Figure 2.—Atomic C/H ratios of original coals and gases from laser irradiotion.




)

RN

%l
Y

INX

Figure 3.- Coal crater produced by laser irradiation.

CzHp
Hg

co
2
co,

al1ubly soxay
afuby 1
0J0%0Q WiJON

H
c
[¢]

sbuudg wooy

ubingsuig
uoyIyd -

11amag

SDJUOYDI0yg

3}1904yjub 3dUDIIOQ

60

]
30
VOLATILE MATTER, percent maf

5

40

20

10

i | ] | | ]

80

10

|
[e] [*] Q Q Q [
~ o 73] < m ~N

adiad ajow ININOJWOD SV9 LINQO¥d

Figure 4, —Product gas as a function of volotile matter in coal

C-50



o o
f I ] | I I © I | I I | f @
a)1uby) soxa) fe) aliuby soxal
- —8 -
3)1ub1) pjoyoQg yiioN fo) alluby ojowpg yiion
sbuudg ooy O . (99ay) sbuiidg yooy

(90AY) ybangsitg (90AY) yBangsyiig

- {GoAY)UCHIYS m — (ADAY) uoiinD
<t
Q
(%]
o
o
i
nd

- - -
<<
s
w .

{arw) jamag £ (qAw) | amag

-4
-
[e]

L Q -

(QAI)SOJUOYDIOY (QA1) SDIUDYDIDY

{941904yjun)aduoiiog (241904yju0) 3douDMI0Q

Figure 5.—Product gos os o function of volatile motter in cool.

| | | | | ] | | 1 ] ] |
o [*} (%] <] o) [e] ) o <) [e] =] <] <] [e] o =}
A N 1o} ® © < ~ . ~ © 0 < 0 Xl -
sajow *
401 X s910w (3344 20'3N '0%H) s¥O wLOL L0V X 5310w "ININOIWOD Svo

- 4l -
- S N A N n e s £ v . cm el mmi v am e e —T

VOLATILE MATTER, percent maf
C-51

Figure 6—CHg,CoHy and H, in product gas os o function of volatile matter in cool.



70 | T T T
80— —
Fg 2 5 2
= 50k ] = = £ & ]
o % 2 _3 % o @
E s 5 3 g 2 3¢ %
£ 40— - 2 E 26 = 5 8 —
[ g 2 = ':‘5 o e %3
z d g 3 2 ¢ £ %
b E =£ T
Z 30— 8 £ & 5a e 2 &2 1
g - o /Co
o]
[ (o]
» 20 —]
a
o
10— —
[0 ont
|
10 20 30 40 50 60
° VOLATILE MATTER, percent maf
Figure 7—CO and CO, in product gas as a function of volatile motter in coal.
° T
( =
T 7
o~
[<)
o ] .
w | 5 o —
= 5 g - s
=l E 5 r} £
3 5 2. 3 i e
> - ua = £ T _
J . S 5 £ g
S e &= 5 n =
c S £% 2 x g
w = Fd s [*3 by
£ 3~ 3 éa £ ¢ LA
= o]
8 o
2 (o] u—
IT (o] —]
o 5 10 15 20
OXYGEN, percent mof
Figure 8. — Ratio of CO to CO, in praduct gas as o function of oxygen in coal.
100 T —
Pittsburgh seam vitrain, 1% in KBr ——
L Residue from laser , 1% in KBr ----- ]
s
’SE 60 —
z3
35 40
Z o
<
4 20
’_ .
O ,_,_———..f\_‘s-_____”l
2 5 10 15

WAVELENGTH, microns

Figure 9.~ Infrored specira of Pittsburgh seam vitrain and residue

after laser irradiation.

C-52




. SYMPOSIUM ON PYROLYSIS-REACTIONS OF FOSSIL FUELS

i PRESENTED BEFORE THE DIVISION OF PETROLEUM CHEMISTRY, INC.
! AMERICAN CHEMICAL SOCIETY

- PITTSBURGH MEETING, MARCH 23-26, 1966

USE OF THE LASER-MICROPYROLYSIS-MASS SPECTROMETER
IN STUDYING THE PYROLYSIS OF COAL

By

F. J. Vastola and A. J. Pirone
\ Department of Fuel Science
Penn State University
' University Park, Pennsylvania

INTRODUCTION

The study of the pyrolysis products of high molecular weight organic materials has been
' a fruitful method of determining their structure. The structural identification becomes more
difficult if the pyrolysis products undergo secondary reaction and consequently are not repre-
sentative of the original structure. In order to minimize secondary reactions the following
experimental criteria should be satisfied. To minimize reaction within the solid the heating rate
should be high and its duration short. Surface rather than bulk heating would also be advantag-
eous. To minimize gas phase interactions the pyrolysis should take place in vacuo. To insure
analysis of materials of low vapor pressure and of free radicals the analysis should take place
within one mean free path of the pyrolysis zone. Also, since coal is a highly hete}'ogeneous
: material the analytical system has to have high sensitivity due to the inherent difficulty in
separating large quantities of selected petrographic constituents.
' Mass spectrometric techniques of analysis present themselves as a method of satisfying
many of the above criteria. Coal (1,2,3), as well as coal extracts (4,5), have been pyrolyzed
in mass spectrometers and stable pyrolysis products and coal derivatives have been studied using
heated inlet systems (6,7,8). However, none of the above techniques have met the requirements
of rapid heating and minimum contact of the pyrolysis products with the bulk material.

The development of the laser has made available a compact source that can provide con-
trolled heating fluxes of 108 cal. /sec./cm. 2, Focused lasers have been used to vaporize graphite
in mass spectrometer sources. (9,10) The laser has been used also to pyrolyze coal with subse-
quent analysis of the permanent gaseous decomposition products. (11) Coal because of its low
. reflectivity is an ideal material to heat by focused laser radiation. When coal is heated by a
focused laser beam only a few nanograms are pyrolyzed, but this is a sufficient quantity for
analysis if the products are released within the ionization chamber of a mass spectrometer.
Since the pyrolysis time is short (ca. 0.4 millisecond) only a time-of-flight mass spectrometer
can be used to produce a complete spectrum of a pyrolysis from a single flash. In this type of
instrument ions are produced in pulses, accelerated and resolved according to their time of flight
down a field free drift tube to a detector. A complete mass spectrum can be recorded for a
single pulse of ions. Since the ion pulse width is of the order of 5 microseconds, several spectra
; can be recorded during the pyrolysis. '

If the coal to be pyrolyzed is viewed through the same optical system that is used to focus
kN the laser output the area to be heated can be selected. This capability enables the petrographic
‘ constituents of coal to be pyrolyzed in-situ.

e e~

EXPERIMENTAL

Figure 1 shows a picture of the complete laser-mass spectrometer. Figure 2 shows a
more detailed view of the laser and its microscope optics. Figure 3 is a schematic representa-
tion of the laser, ionization chamber and inlet system of the instrument.

The high coherency and low divergence of the light output of a pulsed ruby-laser greatly
simplify the design of the optical system needed to produce small areas of intense illumination.
A simple lense can concentrate the laser output sufficiently to vaporize carbon. In this applica-
tion we are faced with two conflicting requirements; in order to achieve maximum light concen-
tration a lense of short focal length is desired, however, in order to obtain a large working

i distance (lense to target distance) a lense of long focal length is needed. A compromise was
' made by using a 2X objective lense (Leitz VO) which gave working distance of 75 mm.
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The Laser head consists of a T.R.G., Inc., Model 103, Minilaser and Model 153 micro-
scope coupling. The laser is a 6. 35 x 38 mm. ruby rod pumped by a helical gas discharge lamp.
When the laser is pumped by a 230 joule discharge its output is 100 millijoules. The output pulse
length is 0.4 to 0.5 milliseconds in duration. The wavelength of the laser light is 69434 . The
laser concentration and viewing system is constructed around a Leitz binocular-monocular F§
microscope head.

The 25 X eye pieces (Leitz periplanatic wide field) in conjunction with the 2X objective
give a total magnification of 50 X. The high power eye piece in conjunction with the low power
objective degrades image resolution but this solution was necessary due to the problem of working
distance mentioned above. However, image quality is sufficient to locate the desired pyrolysis
areas. The target is illuminated for viewing by a vertical illuminator. The reflecting surface of
the illuminator is a microscope slide mounted permanently in the optical path at an angle of 45
degrees. In order to minimize clearance problems the objective lense was mounted at the end of
a 86 by 12 mm. extension tube. The entire optical system is mounted outside of the vacuum
system. The flange above the in source in the Bendix model 12-107 TOF mass spectrometer has
a 25 by 100 mm. well with an optical flat window at its lower surface. The objective lense can be
lowered down this well to reach its proper working distance.

The polished coal sample (12 by 3 mm. surface) is mounted in a positioning clamp and
inserted into the mass spectrometer through a modified Bendix model 843A direct inlet port. In
position the coal sample is located just underneath the electron beam in the mass spectrometer
ionizing chamber.

Figure 4 is a block diagram showing the electrical interconnection of the various units of
the spectrometer system. Figure 5 shows the timing of the operating sequence. The master
clock (Tektronix Model 180-51) provides 10Kc. synchronizing pulses as well as 200 and 1000 Ke.
reference timing markers. The TOF spectrometer is set to run synchronously with the 10Kc.
master clock. When the laster-fire switch is activated the first arriving 10Kc. pulse will fire the
flash tube in the laser head and start the delay timer in the oscilloscope (Tektronix model RM45B
with type CA preamplifier). At the end of the preset delay time, the spectra can be displayed
representing the composition of the pyrolysis product cloud above the coal at various times, in
0.1 millisecond increments, after the laser is fired. This delay is necessary since it may take up
to 0.2 milliseconds for the laser to reach its peak output. The single sweep can be adjusted to
give a complete mass skan (1 to 2000 AM. U.) or a magnified presentation of a limited mass range.
The spectra are recorded on Polaroid Polascope type 410 film. Figure 6 shows a series of
craters produced by laser radiation and Figure 7 shows a typical spectrum.

RESULTS

Figure 8 depicts an intermediate molecular weight portion of the pyrolysis products of a
high volatile A, Pittsburgh seam bituminous coal.

The spectrum indicates the presence of both aromatic and aliphatic substituted aromatic
compounds. Some of the possible assignments are given in Table I, only hydrocarbons are
considered.

TABLE I
MASS ASSIGNMENTS

M/e Ion Compound
78 CgHgt Benzene
92 CqHg+ Methylbenzene
106 CgHj g+ Dimethylbenzene, Ethylbenzene
128 - CjoHg+ Naphthalene
142 Ci1H1o* Methylnaphthalene
156 CyoHi2+ Dimethylnaphthalene, Ethylnaphthalene

The spectrum in Figure 8 was obtained using an ionization potential of 50eV. The spectra
produced by electron bombardment have characteristic fragmentation patterns, in the case of
methylbenzene the major peaks will be at mass 92 (C7Hg+) and mass 91 (C7H7+) with only minor
peaks at mass 90 (C7Hgt) and mass 89 (C7Hs+). However, the spectrum produced by laser
pyrolysis has major peaks at masses 89 and 90. The intensity of a single peak in a mass spectrum
is the sum of the contributions of all species having fragments at that particular mass. For
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example, the mass 91 ion is a major constituent of the spectra of other members of the aliphatic «
substituted series (e.g., dimethylbenzene, ethylbenzene). Since neither mass 89 or 90 is a major
fragment in any hydrocarbon spectrum their presence indicates the existence of high concentra-

tions of free radicals in the ionization chamber before electron bombardment. The same abnormal
mass distribution, indicative of the existence of free radicals, ia found in the benzene, naphtha-~

lene, methylnaphthalene and dimethylnaphthalene groupings of the mass spectrum. It therefore
appears that the laser-mass spectrometer is capable of detecting primary coal pyrolysis products.
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THE DIRECT PRODUCTION OF A LOW POUR POINT HIGH GRAVITY SHALE OIL
By

George Richard Hill, Duane J. Johnson, Lowell Miller and J. L. Dougan
Fuels Engineering Department
University of Utah
Salt Lake City, Utah

The production of shale oil by an in situ process has been long recognized as an important
step in the potential utilization of the tremendous Green River Oil Shale reserves in the western
United States. For the past several years the Equity Oil Company has sponsored a research
project in the Fuels Engineering Department of the University of Utah to test a concept of the late
Mr. J. L. Dougan that the energy required to heat the rock and convert the kerogen to a mobile
oil could be provided by heated natural gas. The hydrocarbons in the natural gas would serve as
a compatable solvent for the oil produced and would penetrate the pores and fissures produced as
the converted kerogen moved out of its original sites due to its thermal expansion and volatility.
The temperature of the heated natural gas could be high enough to produce the desired kerogen
decomposition but low enough to minimize endothermal decomposition of the carbonate minerals
of the marlstone matrix and the fusion of these minerals which occurs in combustion type, high
temperature processes.

The laboratory experiments confirmed the concept and gave the following results.

Natural gas is a suitable heating medium to effect the desired kerogen breakdown with the
production of a low pour point, high API gravity crude oil.

Table 1 lists the operating temperatures, pressures and run durations for a series of
typical experiments together with the oil yield and properties. Percent of Fischer Assay yield as
determined on the same core samples by the Bureau of Mines at Laramie, Wyoming, are also
indicated.

TABLE 1
EFFECT OF TEMPERATURE ON OIL YIELD
0il-Weight Percent U. of U.% of
Test Temperature Pressure DurationU, of U. Fischer Assay Fischer Assay
D-4  331°C 628°F atm’ 550 hrs 4.0 11.9 33.6
D-5 347 657 atm 425 4.8 11.9 40.4
D-19 353 667 atm 159 4.3 11.0 39.1
D-7 364 687 atm 312 6.0 11.4 52.6
D-22 395 743 atm 71 7.6 10.6 71.6
D-16 399 750 atm 86.5 8.0 11.0 - 72.8
D-17 420 788 atm  38.0 8,8 11.0 80,0
D-10 427 801 atm 37.5 8.9 11.4 78.1
D-14 427 801 1000 psig 14.7 8.6 11.8 72.