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ABSTRACT
RAPID DEVOLATILIZATION AND HYDROGASIFICATION OF PULVERIZED COAL
by Donald B. Anthony

Submitted to the Department of Chemical Engineering in
January, 1974, in partial fulfillment of the
requirements for the degree of Doctor of Science.

Data on the rapid devolatilization and hydrogasificatiocn of pulverized
coal has been obtained through the use of an electrical strip furnace.
Correlations were advanced that successfully modelled the rates and yields
of rapid coal conversion. Mechanisms have been postulated and shown to
be consistent with the results of previous studies.

Weight loss measurements were acquired from a lignite and a bituminoug
coal as a function of residence time (0.,05-20 secs), temperature (400-1100C),
heating rate (102-10%4 °c/sec), hydrogen pressures (to 100 atm) and particle
size (50-1000u). The reactions were too fast to be studied isothermally,
even at the highest rates of heating, and non-isothermal methods of data
analysis were used.

The general reaction scheme was concluded to consist of a primary
thermal decomposition forming volatiles and initiating a sequence of
secondary reactions leading to char. A statistical distribution of
activation energies {30-67 kcal/mole) was used to correlate the kinetics
and yields of the primary decomposition. The effect of secondary reactions
was ‘described by a selectivity expression derived from a model hypothesizing
competition between char formation reactions, diffusional escape of
volatiles, and hydrogenation reactions.

From a commercial design standpoint, several experimental findings
were identified as especially significants 1) potential "rapid-rate"
material was found to be a unique function of temperature, i.e., total
yield is not appreciably influenced by time-temperature history} 2)
bituminous ccal yields were observed to depend on total pressure as well
as the partial pressure of hydrogen; and 3) larger particle sizes contributed
to substantial loss of yield in hydrogen. These findings and. the proposed
mechanisms permitted clarification of several areas of disagreement and
uncertainty in the literature.
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1. SUMMARY
1.1 INTRODUCTION
1.1.1 Background

The energy crisis now confronting this country has focused
attention on the fact that we are no longer able to depend on
traditional sources of supply. The natural gas situation is especially
serious in that artificially low prices have accelerated demand for
this remarkably clean-burning fuel. New pricing policies on the
part of the Federal Government could offer some relief, but alternative
gources of supply will still be required. Converting a portion of
our large domestic coal reserves into a synthetic pipeline gas is
viewed as both feasible and imperative. Unfortunately, there are
no existing coemmercial-scale facilities to accomplish the task.

Much of the envisioned technology is new and even established features
of the processes are untried on the scale that will be demanded.
Further research and de§elopment is essential on bo;h practical and
fundamental levels.

The first such installation will probably manufacture a. high-BTU
gas by generating a synthesis gas of CO and Hz through steam
gasification of a devolatilized coal char and then catalytically
upgrade this synthesis gas to pure methane. Economic assessments,
however, indicate that if methane were formed in the gasifier from
either the coal'’s volatile matter or from direct hydrogenation,

it would be much less costly than catalytic formation. Several



fascinating processes emerge when the following experimental
observations are considered:
1) Volatile matter in the coal may comprise 40% cr more
of the coal by weight, representing a significant source of
high heating value gas. Further, there are indicationS'thap
the amount of volatile matter can be increased significantly
by heating under properly controlled conditions.

2) Freshly devolatilizing coal is more reactive than

pretreated coal. Fresh is probably defined on a time scale

of seconds or less and more reactive may mean several orders

of magnitude in terms of rate.

3) The carbon in freshly devolatilized coal may aiso

possess excess free energies. The equilibrium constant for

the hydrogasification reaction ( C + ZHZ = CH4 ) may

be larger by a factor of 10 or more.
Capitalizing on these alleged advantages requires, however, that the
extent to which they occur be ascertained quantitatively such that
they may be compared to the increased costs and difficulties of
accomodating raw coal. Many raw coals have a strong tendency to
cake cr agglomerate upon heating. The current’ level of understanding
on the coal-hydrogen reaction is briefly reviewed in the next few

paragraphs.



1.1.2 Literature Review

It is generally conceded that Dent (1944) in Great Britain first
recognized the augmented reactivity of raw coal relative to coke.
Most of the work following Dent®s identified an initial rapid-rate
period in the hydrogasification of coal characterized as a hydrogenation
of the volatile constituents. This conclusion was supported by the
correlation of these "rapid-rate" yields with proximate volatile
content of the coals. However, in early 1958 Schroeder (1962) filed
a patent application claiming hydrogenation yields from rapid heating
of raw coal significantly exceeding proximate volatile content,.

The proposition that rapid-heating had contributed significantly to
improvement of yields prompted a suggestion in a Bureau of Mines
paper (Hiteshue, et al., 1964) for a novel reactor design scheme that
would permit even faster rates of heating and better gas-solid
contacting efficiency. Essentially the idea consisted of dispersing
entrained coal particles at the top of a large diameter tube and
allowing the particles to fall through the reaction zone. Moseley
and Paterson (1967) used the technique and demonstrated nearly complete
conversion of raw coal at about 500 atm of pure hydrogen. But an
economic study at West Virginia University (Wen, 1972) concluded that
a system pressure of 1000 psig (69 atm) was more likely from a
standpoint of commercial feasibility.

The Moseley and Paterson study is admittedly inapplicable at
pressures below 100 atm, but considerable disagreement prevails among
the available alternative models and the data are much ton incomplete

to permit selection. It is well-known that this initial high reactivity



is short-lived but there are no data to show conversion of fresh
coals with residence time for very short residence times. It has
also been claimed that heating rate has no effect on yield (Pyrcioch,
et al., 1972) and may even retard hydrogasification (Von Fredersdorff
and Elliott, 1963). Further, no studies have been done to extablish
the effect of particle size,

The role of devolatilization with respect to hydrogasification
constitutes the gravest omission in the studies to date. Volatile
evolution from fresh coal is a significant source of total yield and
most investigators theqrize it also determines the reagtivity to
hydrogen of the remaining carbon. Quantitatively, the first effect
is allowed for in terms of an integration constant and the second effecf
materializes as an elusive "“active species or siteY. Very little may
be said of the independence of the rates of hydrogasification and
devolatilization.

In order to approach the problem of introducing devolatilization
into the mechanism, the independent body of literature on coal pyrolysis
was reviewed with the following conclusions. Despite considerable
research, the kinetics and mechanism of rapid devolatilization of
pulverized coal are not well-understood. Most investigators agree
that the actual phenomina are very complex and most likely cannot
be modeled exactly. A number of attempts have been made to correlate
rates with a first order expression (Van Krevelen, et al., 1951;

Boyer, 1952; Howard and Essenhigh, 1967; and Badzioch and Hawksley, 1970).
Typically such correlations have been valid only for the specific
condition of the experiment from which they were obtained with the

result that reported values of the rate constant vary by several



orders of magnitude.

The best evidence indicates that devolatilization is essentially
complete for pulverized coal (< ZOQP diameter) at reasonably high
temperatures in fractions of a second. Yields are known to be both
dependent on the temperature of devolatilization and the method by
which the devolatilization was accomplished reinforcing the concept
of a complex array of reactions participating in the actual decomposition.
An example of the latter instance are the results of Eddinger, et al.,
(1966) and Badzioch and Hawksley where entrained flow devolatilization
of pulverized coal gave yields considerably in excess of the standard
proximate analysis procedure. The onset of physical limitations
arises somewhere in the particle size range of 200—300Qp (Essenhigh,
1963s and Juntgen, et al., 1969). Only limited efforts have been made
to synthesize a general mechanistic picture in accord with these
diverse findings. Part of the problem arises from the great
difficulty in obtaining consistent data under well-defined yet

wide-ranging conditions.

1.1.3 Objectives

The objéctives of this investigation weret
1 -- To determine the rate and extent of the rapid coal-
hydrogen reaction under conditions of commercial interest.
2 -- To elucidate the role of the devolatilization process
in the above reaction.

_ Specifically, the work was to establish the dependence of conversion



(weight loss) on important process variables, including residence time,
temperature, time-temperature history (heating rate), hydrogen pressure,
particle size and to a limited extent coal type. Secondly, the inter-
relationship of the devolatilization mechanism and the subsequent
hydrogen attack was to be explored in order to characteristize this
behavior. The strategy of investigation was directed toward progession
from the simple to the complex. Experimentally, techniques were developed
in an orderly sequence beginning with a low heating rate atmospheric
pressure system, thLen incorporating the rapid-heating capability and
finally enclosing the unit in a high pressure vessel. Not only did
this method avoid early committment to an untested concept but also
provided useful data during the critical initial planning stages.
Likewise, the strategy of modeling results began with very simple

correlations and these were sophisticated as the data required it.

1.2 APPARATUS AND PROCEDURE

The principle factor in the selection and design of the experimental
apparatus was that it be cap;ble of providing data at commercially
significant conditions of temperature, pressure and heating rate. An
electrical strip furnace was used to heat finely ground coal particles
quickly to a desired final temperature, maintazin that temperature for
the duration of the run and then rapidly quench the sample. Approximately
5-10 mg of coal were sandwiched in a folded strip of stainless steel
screen. The screen was suspended between relatively massive brass

electrodes and electrically heated to temperature. The heating element



and electrodes were enclosed in a high pressure vessel capable of
operating at 3000 psig. The vessel could be evacuated or charged with
hydrogen or inert gas such as helium. The external heating circuit was
comprised of two branches, the first controlled the heating rate (65°C/sec
to 12,000°C/sec) and the second maintained the final temperature (400 to
110000). The power supply consisted of two 12 volt lead-acid storage
batteries connected in series to the circuits via a heavy duty relay.
Variable resistors controlled current levels in each circuit branch.

The actual time-temperature history of each run was recorded by a fast
response thermocouple also placed between the folds of the screen.

The procedure involved weighing the screen and coal sample before
and after heating and computing the fractional weight loss. The balance
was accurate to + 0.01 mg giving an experimental precision of 0.1~0.2%
of the coal sample weight. The advantages of the device were severals

1) relatively inexpensive design for high pressure studies, 2) direct

determination of solid conversion, 3) constant and precisely controlled
atmospheres, 4) direct measurement of sample temperatures, and 5)
capability to vary heating rate independent of final temperature.
However, it would be remiss to disregard the shortcomingss 1) sample
weight was not monitored continuously and a number of runs were necessary
for rate determination; 2) quantitative product analyses could not be
obtained from the small product concentrations; and 3) residence times
were limited to a maximum of 20 secs.

Two different types of coal were used in the course of this
investigation. One was a high volatile Pittsburgh Seam bituminous
c¢oal and:the other was a dried lignite from Montana. Proximate analyses

for both are given belows



Pittsburgh Seam Bituminous Montana Lignite

(As-Received Basis)

Moisture 1.65% 7.26%
Volatile Matter 39.81% 37.40%
Fixed Carbon 46 .347 43.63%
Ash 12,20% 11.71%

1.3 RESULTS AND DISCUSSION

1.3.1 Devolatilization

Upon heating in helium both types of coal were found to evolve
volatile matter very quickly with much of the weight loss occurring before
the sample reached final temperature. For example, weight loss with
time data for Montana lignite in 1.0 atm helium are shown in Figure 1-1,
Weight loss ceases after several seconds at final temperature with
approximately 41% weight loss at 1000°C ‘and 31% at 700°C. This apparent
dependency on final temperature is amplified in Figure 1-2 where final
weight losses or yields (residence time at final temperature 5 secs)
are seen to increase with increasing temperature until around 900-950°C.
No additional weight loss was observed at higher temperatures. It should
be noted that these yields for lignite at all temperatures are smaller
than the weight loss (44.66%Z) given by proximate analysis (sample held
at 950°C for 7 min). Even with very rapid initial heating of the sample
(nominal heating rates of 3000 and 10,000°C/sec) most of the volatiles
are expelled during the heat-up with the final yield unaffected by the rate

of heating (see Figure 1-3).
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At a fixed pressure of inerts, bituminous coal yields as with
lignite increased with increasing temperature. However, while éotal
pressure of inerts had no effect on lignite yields, increasing pressure
significantly decreased yields from bituminous coal as the data indicate
in Figure 1-4. It is also possible to discern from Figure 1-4 that
a2 higher rate of heating increased the yield at 1.0 atm by about 2
percentage points whereas the effect of heating rate was inconsequential
at both high and low préésure extremes. Contrary to the results with
lignite, yields from bituminous coal exceeded the proximate analysis
value (41.46%Z) at all pressures below about 5 atm. Tar condensation
was observed with bituminous coal but not with lignite. Though not
apparent in Figure 1-4 the amount of tar deposited in the reactor
followed the same trend as yield decreasing with increasing pressure
and essentially disappearing at about 1000 psig helium.

To develop a model for devolatilization a number of possible
avenues were exploreds

1) Single Irreversible Decomposition Reaction

The fact that yield was dependent on final temperature invalidates
any such simple reaction as well as simple heat and mass transfer models.,

2) Equilibrium Limitations

Unfortunately, the reactions are not reversible.
3) Competitivé Reactions
This is an appealing possibility since complex organic materials
could easily have a number of potential reaction paths leading to
differing amounts of volatiles and char. If such paths were influenced
to different extents by temperature the resultant dependency of yield

on final temperature might be explained. However, a simple experiment
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was devised to test this altermative. The residual char from a long
residence time low temperature run was reheated to a higher temperature.,
The total weight loss was the same as achieved with one step heating.
This state function relationship of yield to temperature clearly
contradicts the competitive reaction model.

4) Multiple Reaction Model

Such a concept assumes many different reactions occurring in

coal during devolatilization. If these reactions take place at different
temperatures and there are a sufficient number of them, the continuous
behavior of yield with temperature in Figure 1-2 might be simulated.
If no alternative reactions paths are allowed, time~-temperature history
would have nc effect on yield provided the same final temperature and
sufficient residence time are allowed. This model thus appears to meet
the basic criteria for lignite though it is definitely incomplete for
explaining the peculiarities of bituminous coal. Reserving comment on
the bituminous coal until,later, such a model is tested first .oh .thé lignite
data.

If the thermal decomposition of coval is pictured as consisting of
a large number of simultaneous, independent chemical reactions, the rate

of one such reacfion might be written

av,
i

dt

.
= ki(Vi -V) (1-1)

where V is the mass of volatiles produced at time t3 V* is the mass

of volatiles produced as t->*, i.,e., yield; and k is the rate constant
usually assumed to be an Arrhenius expression, k = koexp(E/RT) where ko
is the pre-exponential factor and E is the activation energy. The

subscript i denotes one individual reaction. If sufficient reactions
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are present it is possible to derive an expression for overall conversion

in terms of a distribution of activation energies, f(E)(Pitt, 1962):

% 0 t
. v; . BI[GXP(- ,S;) kdt)] £(E) dE (1-2)

The nature of the distribution is unknown but for purposes of mathematical
tractability it was assumed Gaussian. Experimental data for lignite
devolatilization from Figures 1-1, 1-2, and 1-3 were used in a non-linear
least squares fitting routine to estimate parameter values in Equation
1-2. To simplify the integration the limits of the integral were

changed to E * 2¢ which would include 95.5% of the reaction set. The
“best fit" values for lignite and bituminous coal (determined only at 1000

psig) aret

Lignite Bituminous Coal (1000 psig)
k_ (sec™) 1.07 x 101° 2.91 x 10°
E (kcal/mole) | 48,7 36,9
¢ (kcal/mole) 9.4 4,2
V* (fraction of orig. 0.406 0.372

coal)

Eo is the mean activation energy in the Gaussian distribution and o is
the standard deviation. It was assumed that ko was the same for all
reactions in a given type of coal. The calculate@\curves from the above
parameters are shown with the experimental data for lignite in Figures 1-5
and 1-6. The agreement is good and the overall degree of fit is
ilustrated in scatter plots (Figure 1-7 and 1-8) where all the relevant
data for lignite and bituminous coal are compared to calculated values.

- It must be emphasized that Equation 1-2 is likely not a true

fundamental picture of coal decomposition but rather a simple correlative



16

SIIVY ONIIVIH INI¥IIJIA

LV VIVQ ILINDIT HIIM TIAON NOIIISOJROJIA IO NOSINVINOD ¢-1 TINOI4

(03S) IWIL IONIQISIY
0'1L 1°0

R 1 v — L L I 1 T T T T — T T T T T

WIIINVIA ATOTINVE NVaR to/

ROITIH WLV 0°1

°
3,0001 0L 9IS/0,059 9,000T OL 938/9,000°€
"mmw|||||||A~ﬂmwuh- r) ®
e} 0 © T
. [
SHIYOLSTH TYNIVYIdWII-THIL 950001 0L 23S/2,000°01

TVOIJAL ONISN 2-1 *0F WOUI QIIVINOTVO SIAMND

ot

(114

o¢

0s

(QIATIOTY-SV) SSOT IHOTIAM ¥



% WEIGHT LOSS (AS-RECEIVED)

50 T ) 1 |
/moxmu*}: ANALYSIS (44.66%)
e,
®a @
40 I~ R
20 SECS
10 SECS
30 5 SECS -
20 L CALCULATED FROM EQUATION
1-2 FOR RESIDENCE TIMES
AT DESIGNATED TEMPERATURES
10 - _
0 [} i [} |
200 400 600 800 1000

17

FINAL TEMPERATURE (°C)

FIGURE 1-6 COMPARISON OF LIGNITE YIELDS WITH

DECOMPOSITION MODEL

1200



P

s

18
I
1.0 F | T I ' o =
0
Oo (o] ¢
%0
8 o ‘
o :J
o ﬁ
° /8 *J
| |
o i
%
v/v )CALC
(o] ° !
0.4 1 oo - {
0
PARAMETER VALUES IN EQ. 1-2
° Eo = 48.72 kcal/mole
0.2 |- ko = 1.07 x 1010 sec-1 -
o = 9,38 kcal/mole i
v .
vV = 0.406
0.0 { ] | ] L
0.0 0.2 0.4 0.6 0.8 1.0

%
VIV dexe

FIGURE 1-7 COMPARISON OF CALCULATED WITH EXPERIMENTAL

WEIGHT LOSSES FOR LIGNITE




19

1.00 - (o
0.8 [= -
006 = p
k3
0.4 P -t
PARAMETER VALUES IN EQ. 1-2
E = 36.89 kcal/mole
° 9 -1
o = 4,18 kcal/mole
%
v = 0,372
0.0 ] ] ] ] |
0.0 0.2 0.4 0.6 0.8 1.0

k3
(v/v )EXP

FIGURE 1-8 COMPARISON OF CALCULATED WITH EXPERIMENTAL

WEIGHT LOSSES FOR BITUMINOUS COAL AT 1000 PSIG




tool. The tool is especially valuable, though, because it contains
certain characteristics that may be compared with more fundamental
information. The range of activation energies, 30-67 kcal/mole
for lignite and 29-45 kcal/mole for bituminous are certainly
consistent with typical values for chemical reaction especially for
organic decompositions.

5) Seconcary Reaction Model

Despite the power of Equation 1-2 it offers no explanation

for the significant influence of total pressure on the yield on
bituminous coal devolatilization as illustrated in Figure 1-4. It is
well-known that many volatile products are extremely reactive, thus it
is not difficult to perceive reaction products of these species

depositing on hot coal surfaces diminishing actual yield. If the

20

residence time of these particular species is the controlling factor
for yield, then conditions that reduce this residence time presumably
would enhance yield. Hypothesizing a competition between deposition
reactions of vapor phase volatiles and their diffusional escape. away

from the coal particle a selectivity expression for yield was derived

VR (1-3)

" T TFR K, JK#

%*
where VR and VR

available, respectively; &4 is the rate constant for deposition

are the "reactive" volatiles produced and potentially

reacticn and K* is the overall mass transfer coefficient.. The
subscfipt R denotes that only a fraction of the volatile species
participate in these secondary reactions. If it is further assumed

that K* is inversely proportional to pressure (proportional to



21

diffusivity) a trend illustrated by the curve in Figure 1-4 is

obtained. For this bituminous coal, the "reactive" volatiles

comprised about 35% of total potential volatile matter. Equation 1-3

is a very simple approach to the complex problem of simultaneous
diffusion and secondary reaction of volatiles but it does give good
agreement with the broad effects of pressure. One clue to the nature

of the "reactive" species is the decreasing yield of tar with increasing
pressure. The argument that tar is simply an intermediate in a series

of reactions leading to char is well-supported by this datu.

1.3.2 Hydrogenation

Comparison of yield with final temperature curves for both
coals in atmospheres of hydrogen and helium establish_the occurrence
of significant hydrogasification. Data for bituminous coal are
shown in Figure 1-9. The hydrogenation step is slower and occurs
roughly in sequence with devolatilization. Yields from lignite are
a function only of the hydrogen partial pressure but hydrogenation
of bituminous coal also depends on total pressure. As shown in
Figure 1-10 the presence of inerts (Ptot = 1000 psig) significantly
diminishes yield at low hydrogen pressures. An interesting consequence
of the pure hydrogen curve if compared to Figure 1-4 is that yield
exhibits a minimum in the pressure range of 1-10 atm.

A Qery probable effect of hydrogen at least in the case of

bituminous coal would be to stabilize the reactive species sufficiently

to allow them to escape without further reaction. Accordingly,
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progressive disappearance of the tar is observed with increasing
hydrogen pressure, Equation 1-3 can be rederived with an additional
term to account for reaction with hydrogen (assumed first order with

respect to volatile concentration and hydrogen pressure)i

. K* + kSPHZ
V& VR BFFRT. +K - (1-4)
5"H 4
2
with ks being the hydrogenation rate constant and PH the partial
2

pressure of hydrogen. Estimating a value for k. the correlation is

5

tried in Figure 1-10 but the results are not exceptionally good. Not

unexpected the single additional constant is insufficient to accurately

represent yields in pure hydrogen plus gas mixtures. A good fit at

low pressures (Ptot = constant) underpredicts yields at higher

hydrogen concentrations as well as in pure hydrogen. Outright

rejection of the model, however, would be premature. Broad trends are

still characteristic especially the occurrence of a minimum yield in

pure hydrogen. Two possible explanations are lgkelyz 1) diffusional

limitations at high total pressures would tend to decrease the differences

in yields at low hydrogen partial pressures as observed (further

support for this position is given later), and 2) hydrogen may

react with portions of the coal nof volatile in inert gas. Clearly

this latter case is present in lignite hydrogenation where tarry

intermediates do not exist. If these corrections are included in

Equation 1-4, the fit is considerably improved as evidenced in Figure 1-10.
At this point it becomes possible to generalize on the rapid-rate

pheinlomina., Upon heating the coal undergoes a primary thermal

decomposition with different bonds rupturing at different temperatures.



AN

25

The rupturing bonds form volatiles and initiate a sequence of char-
forming reactions. Intermediates in the char-forming sequence are
short-lived (up to one second at 1000°C) and can react with hydrogen
to form additional volatile matter. In the case of bituminous coal
some of these intermediates can escape as tar in inert atmospheres

if residence times are short.

1.3.3 Effect of Particle Size

Data in Figure 1-11 show that hydrogenation yields were substantially
reduced as particle size is increased whereas devolatilization yields
in 1.0 atm helium show much less diminution with increasing particle
size, It is possible to obtain from crossplotting Figures 1-10 and
1-11 "effective" hydrogen pressures based on a standard particle size
of 70p for the yields and these were found to be inversely proportional
to particle size. Unfortunately, the data at very small particle
sizes (< 7QP) were insufficiently precise to state definitely where
the effectiveness factor is unity. This does provide though,
substantial support to the argument for a hydrogen diffusion complication
in Equation 1-4., It is apparent that cne major problem in achieving
high yields will be getting sufficient hydrogen in contact with the

reactive species before they polymerize and crack.
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1.4 COMPARISON OF RESULTS WITH PREVIOUS INVESTIGATIONS

1.4.1 Devolatilization

A traditional means of correlating pyrolysis rate data is the
first order decomposiftion model, i.e. the use of Equation 1-1 to
describe the overall process., While the findings of this study
clearly reject so simple a picture, it does remain a convenient basis
for comparing results of different studies. For narrowly defined
conditions it was possible to correlate the weight loss data from
this study with a first order model and to obtain reasonable fits.
Figure 1-12 compares two of these curves with values reported in the
literature., While there exists a great deal of discrepancy in the
range of values the results of this study are clearly in line with
the general trend. An especially interesting characteristic of the
statistically distributed activation energy model is that it offers a
plausible explanation for the low activation energies (~~ 10 kcal/mole)
found in first order correlations. These low activations energies
have caused considerable concern as to their mechanistic significance
but from the findings of the present study are believed to be a
mathematical consequence of attempting to force a complex reaction
system into a simple model..

It has also been argued that rapid devolatilization can result
in yields significantly greater than that indicated by proximate
analysis., Clearly the secondary reaction model indicates such yields
are possible but the mechanism is definitely a competition between

diffusional escape and deposition reactions. While heating rate has a
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small effect, the principle result of most rapid heating experiments

is to disperse the coal particles and thus to decrease the amount of
available hot surface for deposition. Mazumdar and Chatterjee (1973)

and Gray et al., (1973) have also recently reported that the dimensions
of the coke charge in low heating rate experiments were quite significant

in determining yields,
1.4.2 Hydrogenation

As with devolatilization the only existing basis for comparison
of rate data is a power law rate expression. The form typically used in
hydrogasification studies is as follows:

dv/ar = ke, v - (1-5)
2

Again little faith is placed in a model that is valid only for
specific conditions, but the general order of magnitude of rates
observed in the results of this study and those of other investigators
is quite encouraging. Figure 1-13 compares calculated rate constants
for the available literature data. The agreement between Feldmann
et al., (1972) and the present study for Pittsburgh Seam bituminous
coal at 1000 psig is especially good and lends considerable confidence
to the application of these thesis results to larger scale continuous
systems.,

Another major conflict in the literature is the dependence of
yield on hydrogen pressure, primarily in the low pressure range
(< 100 atm). Experiments conductced in disperse phase reactors show

very little change in yield for pressures from 0 to 1000 psig whereas
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experiments conducted in packed beds show a very strcng dependence on
hydrogen pressure., This seemingly paradoxical behavior is believed to
arise from the loss of potential volatiles through secondary reactions
in the bed much the same as high total pressures in Figure 1-10 caused
deposition at low hydrogen concentrations. Most important, however, is
to recognize the occurrence of such secondary reactions in terms of

scaling from dissimilar bench-scale apparatus to plant-scale systems.

1.5 APPLICATION OF RESULTS

The impetus for this investigation was the need for more :mdamental
data on the devolatilization and hydrogasification of coal at conditions
of commercial interest. Accordingly, models were constructed consistent
with the findings in this laboratory as well as those reported in the

literature. Key design parameters were isolated and the important

mechanisms elucidated. Correlation methods evolved that should be
valuable in future bench-scale and pilot-plant work.,

Among the present gasification schemes under serious consideration,
only the Bureau of Mines Hydrane process envisions hydrogen-rich conversion
of fresh coal. The hydrogasification section is to be comprised of
two stages with the initial stage lower in temperature and hydrogen
concentration. From the data in Figure 1-9 it is concluded that this
initial hydrogen-lean stage could be opera:ed at temperatures up to
around 600°C without loss of reactivity toward hydrogen. The hydrogen-
rich second stage would then presumably be maintained at a high

temperature to maximize total conversion. The data of the present



32

study also indicate that conversions approximately twice as high as

those estimated by the Bureau of Mines (Feldmann, et al., 1972) will

be likely, thus permitting substantial reduction in reactor size,

Further improvements in yield would be possible if particle sizes were
reduced from the planned 150—30Qp to less than IOQy, assuming difficulties

with gas—-solid disengagement can be overcome.

1.6 CONCLUSIONS

1. The electrical strip furnace has been demonstrated to be an effective
tool for study of extremely fast reactions in coal at high temperatures
and pressures.

2, The specific findings are:

a. The rate of coal conversion is very fast with weight loss
virtually ceasing within a second after reaching final temperature

in both hydrogen and helium,

b. Yields in both hydrogen and helium increases with increasing
temperature.

c. Heating rate (650-10,000°C/sec) has no effect on lignite yields
and only increases bituminous coal yields by two percentage
points.

d. Total inert pressure has no effect on lignite yields but
increasing pressure from 0 to 1000 psig does reduce bituminous
coal yields from 48% to 37%Z. Increasing hydrogen pressure

"~ 1increases yields for both coals.

e. Larger particle sizes decrease hydrogenation yields from
bituminous coal significantly but shows only a small decrease
in devolatilization yields,

3. The general reaction scheme for coal is concluded to consist of a

primary thermal decomposition forming volatiles and initiating a

sequence of secondary reactions leading to char. Unique in the
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case of bituminous coal, intermediates in this char~forming

sequence can appear as tar if residence times are short., Primary

decomposition is modeled as though it is an infinite set of

simultaneous first order decomposition reactiéns with a statistical

distribution of activation energies ranging from approximately

\ 30 to 67 kcal/mole. The effect of secondary reactions is
correlated by a selectivity expression derived from a model
hypothesizing a competition between char formation and diffusional
escape of volatiles,

4, Hydrogen can interrupt this sequence of secondary reactions and
increase the volatile yield. Modeling difficulties are experienced

e probably due to diffusional complications and the unknown nature
of the secondary reactions.

5. The data agrees well with previously reported experimental trends
and the model offers reasonable explanations for some of the
observed "anomalies".

a. When simple power law rate models are used to correlate both
the devolatilization and the hydrogenation data, the computed
rate constants agree very well with literature values.

b. The interesting claim of rapid heating induced excess yields
is put into perspective in terms of secondary reactions.
Pressure and sample dimensions are found to be more critical
in determining yields, but it is emphasized that coal type

played an important role.

c. Discovery of the total pressure effect on bituminous coal

—————————hydrogasificationclarifies the previous—experimentaltrends
in the region of commercially significant pressures
(less than 100 atm).
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1.7 RECOMMENDATIONS

The recommendations are grouped into three general categories:

1.

2.

3.

Further work is recommended in acquisition of useful data for
design and evaluation of process flowsheets including detailed
product analysis, study of ultrafine particles and the influence
of potential catalysts.

Additional fundamental work is needed in developing useful models
particularly in terms of identifying the composition of primary
volatiles and understanding the diffusional properties of a
physically changing coal particle.

Finally it is suggested that the electrical strip furnace be
used in studies of oil shale and refuse conversion to pipeline
gas, general studies of gas-solid reactions, and classification

of other types of coal.
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2. INTRODUCTION

The current world oil situation has awakened this nation to the
inescapable fact that domestic energy suppbly and demand are no longer
in balance. Quite simply, the United States has found itself increasing
the rate of energy consumption faster than the available supply has been
augmented. The problem, serious in general, is especially acute in the
natural gas market., Environmental constraints curtailing the use of
certain traditional sources of supply (as in the case of high-sulfur
coals) have bcosted demand for clean-burning fuel. Unfortunately, the
resultant depletion of gas reserves has been further accelerated by
the Federal Power Commission's maintenance of excessively low prices.
The facts are that the working inventory of natural gas, ratio of
proven reserves to annual production, has fallen from 19.7 years in
1962 to 15.6 years in 1967 and to 10.7 years in 1972, and the prospects
are not bright for the future (Linden, 1973; and West,1973).

While improvements in the gas pricing structure will undoubtedly
stimulate much needed gas exploration efforts, it seems clear that the
demand for this relatively clean fuel will more than justify developing
alternative sources of pipeiine gas. In the very near future imported
LNG and SNG from hydrocarbon liquids appear as potential substitutes,
but this country's anticipated unwillingness to base such a critical
sector of the economy on unstable foreign sources and the rising price
of petroleum feedstock will 1limit their inroads. Producticn of
synthetic pipeline gas from coal thus emerges as one of the most
attractive sources of supply in the long run. The logic of the scheme

is appealings direct conversion of an urdesirable but extremely
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abundant resource to a clean-burning and very scarce gaseous fuel,

The prospects for gas from coal are tremendous. It is quite evident
that exploitation of this alternative will be limited more by our ability
to provide sufficienc quantities of such gas at economical prices rather
than by demand for the gas itself. Crude estimates of supply and

demand elasticities for natural gas suggest tnat a mere 1% reduction

in final gas price by some process improvement would yield, say in

1985, an additional $350 miliion market for synthetic pipeline gas.

It would seem that sufficient incentives for such work are present.

Z.1 BACKGROUMD

The techknology for generating fuel gases from coal is not new.
In fact, the first commercial use of gaseous fuel was based on a conl
process develcped by Murdock in 1792 (Shreve, 1967). The discovery of
large natural gas reserves forced coal gas schemes into virtual
obsolescence. Only recently have economic pressures in the natural
gas market stimulated renewed interest in gas from coal. The emphasis
is now focused on developing a comparable high-BTU substitute for

natural gas.1

Basically, it would be most desirable to simply react coal and
water to form methane and carbon dioxides

2C + zuzo = cal' + 002 (2-1)

HZSOC = 43,6 kcal/mole

1 Early coal gas (containing significant amounts of H. and CO) had less
than 50% the heating value of natural gas. However, gh

a major interest in low and intermediate-BTU gas for industrial use and
power generation,
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ere is also currently



However; thermecdynamics, in particular, the phase tule requires for
descripfion of a three component system of carbon, hydrogen, and oxygen;
three degrees of freedom, for example, temperature, pressure, and H/O
ratios To completely describe the“six constituents deserving of
consideration (C, CO, COZ’ Hz, HZO, and CHA) three independent
equilibria must be specified. The fnllowing were chosens

1. Hydrogasification

C +2H, = CH, (2-2)
H25°C = -17.2 kcal/mole
2. Steam Gasification
C +H,0 = Hz + CO (2-3)
H25°C = +31.4 kcal/mole
3. Water-Gas Shift
CO + H,0 = H, +CO, (2-4)
H25°C = -9,8 kcal/mole

The sum of these three equations yields Equation 2-1. Simultaneous

solution of these equations show Equation 2-1 favorable to methane
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formation only at low temperatures where the kinetics are too slow
for commercial application. To circumvent this thermodynamic dilemma,
several process schemes have been suggested.

To facilitate discussion of coal gasification processes, a "typical®
process has been skatched schematically in Figure 2-1., The essential
components of the diagram in coal-flow sequence ares 1) a pretreatment
stage to eliminate caking and agglomeration‘(typically involves partial
devolatilization, i.e. Reaction 2-5), 2) a hydrogasification step where

pretreated coal is reacted under high pressures with hydrogen to form
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exothermic.,

FIGURE 2-1 “TYPICAL" COAL GASIFICATION PROCESS



methane (Reaction 2-2) and, 3) steam gasification (Reaction 2-3) to
produce the hydrogen needed for Reaction 2-2. The gases from the
hydrogasification stage are then upgraded to the final product gas
(essentially pure methane). The HZICO ratio is first improved by
catalytic shift conversion (Reaction 2-4); 002 and other impurities
(especially HZS) are removed in the purification sectionj and finally,

the remaining H, and CO are reacted over catalyst to form methane

2
(Reaction 2-6). The laws of thermodynamics are significant in process
consideratipn in two major respects., First, in terms of energy
requirements steam gasification is extremely endothermic. Among the
proposed techniques of energy supply now under consideration are the
addition of 02 to react with part of the char, close-coupling of

stcam gasification with hydrogasification to take advantage of the
latter's exothermicity, electrical heating of the bed and transfer of
hot inert solids to the reaction zone. Henry and Louks (1971) have
discussed at length the significance on this energy-cost relationship

as it pertains to overall process economics. The second influence of
thermodynamics is in determining equilibrium compositions of the gases.
A few general observations along this line indicate that the endothermic
steam gasification reaction (2-3) is favored (thermodynamic tendency to
proceed to the right) at high temperatures whereas the very important
hydrogasification reaction {2-2) behaves in exactly the opposite fashion.
In fact, at temperatures of kinetic interest there is a strong tendency
for the methane formed from fresh coal (by Reaction 2-5) actually to
decompose., This establishes the very critical need for extremely high

high hydrogen pressures and relatively short residence times at high

temperatures.

39



40

At present there is no commercially available process for the
production of pipeline quality gas. Table 2-1 lists most of the current
efforts to develop such technology. The processes have been roughly
categorized into three generations of sophistication and comparative
statistics of conversion, yields, and efficiencies have been provided
where available., First generation processes included 211 schemes which
have commercially proven technology for generation of synthesis gas such
as Lurgi and Koppers-Totzek. Essentially, all that is required is
addition of shift conversicn and methanation to upgrade the synthesis
gas to pipeline quality. Second generation technology describes processes
which have begun or are entering pilot plant stage development but lack
full-scale experience. New concepts which are still bench-scale with
no immediate plans for pilot plant construction are tagged as third
generation. A trend in gasification design, partially discernible
from the conversion figures in Table 2-1, is to form greater amounts of
methane in the gasifier via hydrogasification. The Koppers-Totzek

process produces virtually no methane directly, Bigas and Synthane

achieve about 20% conversion of coal to methane and Hydrane is expec:ed
to attain 404. Most economic evaluations of coal gasification schzmes
indicate that catalytically formed methane {(Reaction 2-6) is much less
efficient and much more costly than methane from the coal's volatile
matter and hydrogasification (Reactions 2-2 and 2-5). From the results
of their optimization work Wen, et al.,(1972) concluded:
"Thermodynamically, production of methane by direct coal-
hydrogen reactions utilizing devolatilization and hydrogenolysis
is more efficient than the carbon monoxide-hydrogen reacticn.....
It appears that, from the optimum efficiency poiat of view, the
final methanation step should be used only to convert the final

traces of the CO in the product and that as much as possible of
the methane should be generated in the gasification subsystem."
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Henry and Louks (1971) also founds

"The cost of producing methane from devolatilized char is four
times that of producing methane from the coal's volatile matter,
To reduce the cost of methane from coal, therefore, a process must
be used that will optimize the production of devolatilized methane
and keep the cost of adding heat to the steam-carbon system to a
minimum. Hydrogasification is one way of reducing the cost of
adding heat.”

In light of these economic considerations, the following
experimental observations strongly suggest that raw coal as opposed
to a devolatilized or pretreated char he fed directly to the gasifier.

1 -- Volatilé matter in coal may comprise 40Z or more of the coal
by weight, representing a significant source of high heating value
gas. Further, there are indications that the amount of volatile
matter can be increased 31gn1flcant1y by heating under properly
controlled conditions.,

2 -- Freshly devolatilizing coal is more reactive than pretreated
coal., Fresh is defined on a time scale of seconds or less and
more reactlve may mean several orders of magnitude difference in
rate.

3 -- Freshly devolatilized coal also appears to possess excess
free energies. The equilibrium constant for the hydrogasification
reaction may be larger by a factor of 10 or more.

Capitalizing on these alleged advantages requires that the extent
to which they occur be ascertained quantitatively such that they may be
evaluated with respect to the increased costs and difficulties of
accomodating fresh or raw coals. The reported values of conversion for
second and third generation technology in Table 1 are illuminating but
there is little assurance that they are any more than speculative and
will, in fact, occur in full scale operation. A wide range of new
information will be necessary for more detailed calculations and

evaluations. One of the important areas of research focuses on the

understanding of the fundamentals of the coal-hydrogen reaction. The

following section reviews past work in this area and critically appraises

the current level of understanding.
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2.2 LITERATURE REVIEW
2.2.1 Existence of "Rapid-Rate" Carbon

It is generally well-known that the residual *"'fixed carbon" in
char or coke will combine with hydrogen to produce methane. The
reported rates for this reaction are relatively slow, ranging from
0.6 - 3.0 Z/hrfatm H, at 927°C (Feldkirchner and Linden, 1963). Dent's
(1944) early experimental work, however, showed that a substantial
portion of the carbon in fresh coal (volatiles intact) could be more
rapidly converted to methane than carbon in coke. Birch, et al., (1960,
1969) identified two distinct stages in their fluid bed hydrogasification
of raw brown coal, with the second stage comparable in rate to the
hydrogenation of coke. The initial stage was described as a rapid
hydrogenation of volatiles, the yield of which depended only on temperature
anthydrogen pressure and was found independent of residence time (for
residence times greater than 6 minutes, the minimum achievable in their
fluidized bed).

Feldkirchner and Linden carried out "semi-flow" rate experiments
by dropping a few grams of fresh coal onto a preheated alumina bed and
passing gas mixtures through it. Conversion results with time for three
different coals are shown in Figure 2-2. Again, two clearly distinct
rate periods are present with the first stage undoubtedly occurring
during the heat-up period. Extrapolating the slow rate period to zero
reaction time indicates conversions roughly equivalent to proximate

volatile contents,
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Schroeder (1962) and later Hiteshue, et al., (1962a, 1962b, 1964)
passed hydrogen through a3 heated bed of raw coal and analyzed the
resulting products. Conversions as a function of time are plotted in
Figure 2-3 for bituminous coal at 800°C. Since a finite amount of time
was required for heating the bed to temperature and then cooling,"zero
residence time" on the graph corresponds to the time required to reach
temperature followed by an immediate quench (total time of 40 secs above
300°C). The significant conversions observed at this "zero residence
time" are first indicative of the extremely fast reactions taking
place and secondly provide convincing evidence that a substantial
portion of the coal's proximate "fixed carbon" also participates in the
rapid-rate period.

Moseley and Paterson (1965a) employed a novel variation of the
"semi-flow" technique by spreading coal and char powders along a
tubular reactor mounted horizontally above a railway along which a
series of burners were propelled followed by water jets for cooling.
Heating and cooling rates of 25°C/sec were possible with a minimum of
15 secs at temperature. A comparison between the initial rates (times
less than 1 min) for char and coal showed higher initial rates for coal
but apparently a faster decay in this initial reactivity also occurred.
A subsequent entrained flow apparatus achieved extremely high heating
rates and demonstrated the effect of pretreatment (or volatile content)
on the initial rate as shown in Figure 2-4.(Moseley and Paterson, 1965b).
Unfortunately, the equipment was unable to accomodate raw caking coals.

The most significant evidence, to date, of "rapid-rate' carbon has
been gathered from an experimental technique suggested by Hiteshue, et

al., in 1964, Essentially, coal is introduced and dispersed at the top
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of a large diameter reactor and allowed to pass through the heated

reaction zone in free-fall (terminal velccity). Using just such a

free-fall reactor, Moseley and Paterson (1967) demonstrated nearly
complete conversion of coal to methane was possible under sufficient
hydrogen pressure. Their data are illustrated in Figure 2-5 along
with their proposed model. (Derivational details of the various models
for "rapid-rate" carbon are reserved for discussion later.)

Workers at the Bureau of Mines have also used the free-fall
reactor as a convenient means for achieving rapid heating of
agglomerating coais (Lewis, et al., 1967). Feldmann, et al., (1970)
accumulated data from an integral version of the reactor,’ i.e. gas
composition contacting the coal changed during a run. To permit
graphical analysis of the results, conversions at constant hydrogen
pressure have been estimated from Feldmann's published model and
plotted in Figure 2-5, The agreement with the Gas Council results
is surprisingly good if one remembers: 1) different types of coal
were used; 2) particle sizes used by Moseley and Paterson were
100-150p vs. 150-300p in Feldmann's work; and 3) reactor lengths
were slightly different, 4% ft for the Gas Council and 5-6 ft for
the Bureau.

Zahradnik and Glenn (1971) have analyzed data from the
Bituminous Coal Research Inc. continuous flow hydrogenation reactor
(5 ft vertical tube). Their model was shown to fit the relatively
low pressure (< 30 atm HZ) BCR data as well as reasonably predict
the high pressure results of Moseley and Paterson (see Figure2-5),
Hith only a limited amount of information available it appears that

workers at the Univ. of Utah have also achieved high yields (to 85. wtZ)
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with a free-fall reactor (<% sec residence time) (Wiser, et al.,1971).
It should be added that such yields were attained at substantially
less severe temperatures (ca. SOOOC) with the aid of a catalyst,
Johnson (1971) has published some interesting results from
his thermobalance in which the coal sample (enclosed in a wire
mesh basket) is lowered into a preheated reaction zone where the
weight is continuously recorded. Three distinct stages in raw
coal hydrogenation are clearly evidenced in Figure 2-6.
1 -- Devolatilization
"YRapid-Rate" Carbon
2 -- Rapid Hydrogasification
3 -- Slow Hydrogusification
At this point it would be convenient to introduce, in some
detail, the various empirical models which have been advanced by
the investigators and then comment on how the process variables
are accounted for in the models. Finally an attempt will be made

to relate these empirical models to more fundamental concepts and

theories on coal structure and behavior.

2.2.2 Modeling the Kinetics of "Rapid-Rate" Carbon

Models proposed thus far in the literature may be generally
divided into two classes; strictly empirical correlations of data or
more sophisticated models based on suspected mechanisms.

Empirical Correlations -- The principle correlative tool in this

category is the general power law rate model where the rate of
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conversion is found to be proportional to the concentration of each

reactant (in this case hydrogen and "rapid-rate" carbon) to some powers

e R R ATl (2-7)
2
where X = fractional conversion of "rapid-rate" carbon material,2
X.‘,f = total amount of '"rapid-rate carbon,
k3 = rate constant,
PH2 = partial pressure of hydrogen, and
a,b, = constants.

Various forms of Equation 2-7 have been employed by a number of
investigators to describe coal hydrogenation (Wen and Huebler, 1965;

Feldmann, et al., 1970; Wiser, et al.. 1971; and Juntgen, et al., 1973).

2Notez No attempt has been made to use the nomenclature of the original
papers., It was felt that greater clarity could be achieved by deriving
the models within a uniform framework of nomenclature such that
similarities as well as dissimilarities will be obvious. Naturally,
this has required certain standardizations. For instance, the term
"fractional conversion" (X) was defined in several different ways in

the original paperss

Moseley and Paterson (1965a)

Zahradnik and Glenn (1971)

Juntgen et. al., (1973)
(Moseley and Paterson also reported total carbon conversion and weight loss).

X = Grams of Carbon as Methane
Grams of Original Carbon

Wen and Huebler (1965) X = Grams of Carbon Gasified
Feldmann, et al., (1970) Grams of Original Carbon
Wiser,et al., (1971) X = Grams of Coal Gasified

Grams of Original Coal

_ Grams of Fixed Carbon Gasified
Grams of Fixed Carbon

Johnson (1973) X

Such fine distinctions are not made in the text since it remains
unestablished which definiftién provides the best measure of conversion.



In each paper the constants a and b have been set equal to one
though Wen stipulates this reaction rate must go to zero near

%.
equilibrium and replaces the term PH with PH —PH s the difference
2 2 2

between the actual hydrogen pressure and the hydrogen pressure at
equilibrium. The equi}ibrium data used by Wen, however, indicates
this relationship is valid only for reaction with char residue.

The major shortcoming of Equation 2-7 , though, is that for any
practical use, it is necessary to be able to predict the amount of
potential rapid-rate .carbon as a function of pertinent parameters.

Integrating Equation 2-7 one obtains

X = X'a-e ™35 (2-8)
Wen and Wiser agree that X*is a function of temperature but offer
no correlations. Feldmann, et al., contend that it is also dependent
on hydrogen pressure but again the reader is left without the
functionality. Further, the effect of variables unaltered in these

experiments remains unknown.,

Active Species Model -- To explain the rapid decay in coal's

initial reactivity toward hydrogen as well as temperature and
pressure effects on yield, Moseley and Paterson {1965a) pictured coal
thermally decomposing to yield volatiles plus active sites. These
active sites would then react either by hydrogenation to form methane
or by thermal cross-linking to form inactive char structure (which
subsequently reacted very slowly with hydrogen to produce methane).
The mechanism further assumed rapid methanation resulted in no net
consumption of active sites. The rate of methane formation was

written as
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—~5. - k.P.C (2-9)

*
where C 1is the concentration of active sites present. Assuming that
active sites disappeared by a first order decomposition, an expression

%
for C may be written

%

k3
c = Co exp(-kzt) (2-10)

substituting into Equation 9,

dXx _ % _ _
el k3PHZCO exp( kzt) (2-11)
and integrating,
k.P. C "
x = M0 4 ki (2-12)
k)

Treating the thermal destruction of active sites as very fast, the
exponential term in Equation 2-12 becomes negligible within fractions

of a second resulting in the rapid-rate yield being proportional to
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hydrogen pressure %
k3PH c
X = 2 ° (2-13)

k,

Zahradnik and Glenn (1971) used a similar model but theorized more in
terms of an active species rather than sites and cénsistent with such
thinking modified Equation 2-10 to account for the disappearance of this

active species via methanation

*

c = Co*exp(-k k,t) (2-14)

P, t -~
3 HZ 2

Equation 2=12 then becomes

k.C P
30 H2
k3PH + k

a - <.=acx>(-l<_o,l’H t - kzt)) (2-15)
) 2 2



or by again neglecting the exponential term after some minimum residence

time

k "
—QC‘PH
X = 2 2 (2-16)
K
3
1+ —=P
k, "H

Johnson (1973), on the other hand, has conceptually viewed the
active species as catalyzing the reaction between fixed carbon and

hydrogen. With this argument, Johnson altered the form of Equation 2-9

dX 2/3

e = kB (1-%) exp(-axz)c* (217
2

dt

The conversion integral was found for the actual determined value of

a = 0,97 to approxinates

X dx
JI/ 273 3 = -1n(1 - X) (2-18)
0 (1 - X7 “exp(-aX")

This, of course,. implies a simpler expression for Equation 2-17

dX

%
rrliie k3PH (1-X)c (2-19)

2

*
If Equation 2-10 is substituted for C , the integrated expression for

conversion becomes

* [
k_P_.C k.P.C
-1n(1 - X) = ..3.1.{!12._°- (1-e kzt) = ._31(_&12. (2-20)
2 2

Interestingly enough, this gives a straight line in Figure 2-5 with an
intercept at zero hydrogen pressure corresponding to proximate volatile

content. At temperatures below 1500°F (816°C) Equation 2-20 was found
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rig
to be inadequate and a temperature dependent relationship for Co was

proposed by Johnson (Pyrcioch, et al., 1972):

% % * t
Co (T) = Co Qa - _éﬁ f(E)exp(~ _g. kldt)dE) (2-21)

or assuming the ratio k3/k2 to be temperature independent:

kK, . * t
-1n(1 - X) = —Q’C P a - _J/ f(E)exp(- _j- k.,dt)dE) (2-22)
k, o H 1
2 2 0 0
oo
where f(E) = distribution of activation energies such that d[—f(E)dE =1,
0
k1 = rate constant, Arrhenius form, and

E

activation energy.
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The derivation of Equation 2~21 was based on the hypothesis that the active

site formation reaction was actually composed of a very large (to be
mathematically precise, infinite) set of parallel reactions of differing
activation energies (described by f(E)). Furthermore, it was assumed
tﬁat the rate of active site formation was much slower than its
subsequent decomposition (k1<<k2), as opposed to the model of Moseley
and Paterson as well as Zahradnik and Glenn where the formation of active
sites was fast relative to their disappearance.

Moseley and Paterson (1965a) have also introduced evidence,
although unaccounted for in their model, that the number of active
sites (Co*) is dependent on temperature but uninfluenced by pressure.
In Figure 2-7 the decay in methanation rate is shown at two temperatures
(815°C and 950°C). At 85 seconds the low temperature run was increased
to 915°C with the resultant surge and rapid decay in rate. This shows
that more active species were produced by simply raising the temperature
whereas a similar step change in hydrogen pressure, Figure 2-8, produced

no such surge but simply increased the residual gasification rate.
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Zahradnik and Glenn, however, argue that the methane formation
step is favored at high temperatures and support this by showing a plot
of 1n(k3C0*/k2) versus 1/T to be a straight line with a negative slope.
The negative slope, in turn, is taken as proof that the methane formation
step is more highly activated than thermal deactivation. Of course,
this assunes Co* is independent of temperature which is inconsistent
with surge in rate observed in Figure 2-7. It is interesting, though,
to examine values of Co* which may be calculated from the constants
reported by Zahradnik and Glenn in Table 2-2., Adding to this total
active carbon the amount of carbon appearing as methane during
devolatilization (constant bl)’ the total potential carbon for methane
approaches or exceeds unity in every case. (To be fair, revised

versions of the model set b, = b2/(1—b1), or fractional available

3
carbon is defined as unity (Zahradnik and Grace, 1972; and Zahradnik,
1973)). Since a substantial quantity of the carbon in coal may
volatilize as carbon oxides or heavier hydrocarbons this conclusion

is questicnable. The issue now arises as to the proper method for

treating volatile carbon.

2.2.3 Devolatilization

Upon heating in the absence of air coal will decompose to yield
a mixture of gases, liquids, and coke. There is general agreement in
the literature that this devolatilization process is intricately involved
with rapid hydrogasification. Two problems persist, however; 1) how to

account quantitatively for the volatiles contribution to yield and, 2)
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TABLE 2-2

CONSTANTS FROM ZAHRADNIK AND GLENN (1971) MODEL

Fraction of

Temperature b1 b2 b3 C0 Original Carbon
(°c) as Methane
950 0.08 0.0054 0.006 0.90 0.98
850 0.07 0.,0033 0.0035 0.94 1.01
727 0.08 0.0016 0.00176 0.91 0.99

Nomenclatures
b. = k.C [k
2 = 3% 'M2
by = ky/k,
* -
Co = 02/b3
b,
Total C as CH& = T + b1
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how to explain the volatiles role in the increased reactivity of fresh
coal to hydrogen. Focusing, for the moment, on the first problem it is
informative to examine the various routes chosen by past investigators.
Wen and Huebler (1965) along with Birch (1969) simply refer to the
initial rapid rate period as "hydrogenation of volatiles" apparently
together the two phenomena of devolatilization and rapid hydrogasification.
The yield of volatiles is "ignored'" by Moseley and Paterson (1967) with
the statementt "the carbon in the volatiles is readily hydrogenated in
the presence of some hydrogen.' They go on to suggest that their rate
model (Equation 2-13) would not be accurate at pressures below 100 atm.
Feldmann, as well as 2ahradnik and Glenn, assume that devolatilization
occurs instantaneously with respect to rapid hydrogasification.
Feldmann incorporates a constant of integration in Equation 2-7 to
account for this instantaneous volatile fraction, i.e. conversion at

t = 0., Zahradnik and Glenn add a constant (b1 in Table 2-2) to their
final yield expression (Equation 16) signifying the contribution from
"instantaneous" devolatilization. In both cases, however, these
approaches are questionable. Feldmann reports values for initial yield
(obtained from computer fitting of data) as 0.22 at 725°C and 0.14 at
900°C. The numbers seem inordinately low when compared to the standard
proximate volatile content> of this coal (40.9% MAF). Further, a
decreasing volatile yield with increasing temperature is exactly the

opposite behavior observed in pyrolysis experiments. The Z2ahradnik and

(Y]

The ASTM standard determination of volatile matter by proximate
analysis involves lowering a crucible containing one gram of dried
coal into a pre-heated furnace (950°C) for 7 minutes. The measured
weight loss is the volatile matter and is expressed as a weight per
cent of the original coal. The coal's original weight may be the as-
received weight, moisture-free (MF) weight or moisture-ash-free (MAF)
weight,
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Glenn constants in Table 2-2 are also exceptionally low for a coal

containing 39.3% volatile matter (as-rec'd basis), but no significant
temperature dependency was observed. Again, these constants were fitted
values to a yield expression and were not experimentally observed.,
Zahradnik and Glenn based their assumption of an extremely fast initial
reaction on coal devolatilization work done in the BCURA laboratories

in Great Britain (Badzioch, 1967). It is unfortunate, though, that this
constitutes one of the very few references in the literature on rapid
hydrogasification to the very large independent body of literature on
the thermal release of volatile matter from coal. It seems appropriate
at this point to pursue in some detail this available resource in
attempting to provide a better understanding of the coal-hydrogen
reaction.

Most authors in the field concur that the decomposition and volatile
evolution of ud2) is a very complex process which most likely cannot be
described exactly. Some success is veported, however, in approximating
the rate as a first order decomposition of volatile groupings occurring
uniformly throughout the particle. Characteristically, the appearance

of volatiles is expressed as:

v _ * _
<t - k(v v) (2-23)

where V amount of volatiles evolved at time t (usually a weight

per cent of the initial coal),
%
V = amount of volatiles at t = oo s and
k = rate constant.

*
The unknown parameters, k and V , have been the focus of most kinetic

studies,



V* represents the effective volatile content of the coal. Badzioch
and Hawksley (1970) emphasize that V* is to be carefully distinguished
from volatile matter, VMO, as determined by standard proximate analysise.
This standard is a convenient, albeit deceptive, point of reference.

To be precise, proximate analysis determines the volatile yield of a

sample under certain arbitrarily specified conditions (Footnote 3), which
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may not be amenable to theoretical modeling. To associate this yield with

the potential yield of, for example, a single pulverized coal particle
is probably incorrect. One argument is that escaping volatiles from
particles in the relatively substantial packed bed (with respect to
individual particle dimensions) of proximate analysis may undergo
degradation. A thin film of carbon is readily observable on the upper
surfaces of the crucible and the extent of such cracking within the bed
is unknown. BCURA workers have spent considerable effort investigating
the relationship (or lack therecf) between actual volatile yield and
proximate volatile content of coal and char under a wide range of
conditions. Gregory and Littlejohn (1965) accumulated and analyzed a
large amount of literature data for retort carbonization of coals and
their results indicate yields less than VM0¢ Experiments with finely
divided particles entrained in a preheated gas stream experiencing
high rates of heating show an increase in actual yield over loss of
proximate volatile matter and these results have been empirically

correlated for 11 different coals with the following relation (Badzioch

and Hawksley, 1970):

Vi = q@-0 v (2-24)

Q is a proportionality factor relating total weight loss to loss of



proximate volatile matter and C is a correction factor which physically
corresponds to the fraction of proximate volatile matter in the char
residue. Experimental values of Q varied from 1.3 to 1.8 depending on
coal type which led to values for the ratio, V*/VMO, greater than one.
This finding is not unique as a number of other investigators have found
increased yieids with rapid heating techniques (Loison and Chauvin, 1964;
Jones, et al., 1964; Eddinger, et al., 1966; Rau and Robertson, 1966; and
Mentser, et al., 1970).

The rate constant in Equation 2-23 is typically correlated by an
Arrhenius-type expressioni

e-E/RT

k = ko (2-25)

where E activation energy,

R = gas constant,

T = absolute temperature, and

ko = pre-exponential factor,
A collection of such values is illustrated in Figure 2-9, It was
from the magnitude of the rate constants reported in the BCURA papers
that Zahradnik and @lenn reached the conclusion that devolatilization
was virtually instantaneous. As is apparent from Figure 2-9, however,
there is little agreement on the observed rates of devolatilization
with several orders of magnitude discrepancy. The BCURA values
actually represent the upper limit. Some, but by no means all, of the
discrepancies are explainable in a qualitative sense. These data
have been limited to rate constants for high volatile coals

(see Table 2-3). Even within this limitation, however, differences

are expected but hopefully not to the extent observed. Other
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TABLE 2-3

COAL TYPES IN FIGURE 2-9

Investigators Coal VMO(MF) VMO(MAF)
Badzioch and Hawksley (1970) "B NCB 902 35.2 36.4
“F" NCB 601 34,9 35.3
Boyer (1952) St. Fontaine —— 36.0
Bituminous
Howard and Essenhigh (1967) Pittsburgh Seam o .35,91 37.35
Bituminous
Shapatina, et al., (1960) Moscow District 34.5 50.2
Brown Coal
Stone, et al., (1954) Pittsburgh Seam 40,7 42,2
Bituminous
Van Krevelen, et al., (1951) Brown Coal — 51.0
Low Rank Bituminous —— 39.5

Wiser,et al., (1967) Utah Bituminous 47 .46 -—
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explanations also exist. Many authors have contended that a simple
first order model affords inadequate description of their results. One
approach to sophisticating Equation 2-23 has been to describe the
devolatilization curve (weight loss as a function of time) as a
series of several first order processes. Shapatina, et al., (1960)
depict three stages (0-0,06 sec, 0.06-0.1 sec and 0,1-180 sec).
Stone, Batchelor, and Johnstone (1954) also model their results in such
a fashion with time intervals (typically much longer than the Soviet ' ..
work) dependent on both coal type and temperature, Fimally, assuiing
that Equation 2-23 or even a series of equations does not describe
the process exactly,the very nature of the experiment could then
contribute to various deviations.

O0f course, the first order decomposition model represents
only one approach to correlating data. Several papers have suggested
that the rate curve or at least a portion of it might be explained
in terms of an nth order rate expressiont

dv
dt

Wiser, et al., (1967) showed that n values of ipproximately 2 gave

= Kkt (Ve -v)! (2-26)

the best fit for the first 60 minutes of weight loss (this period was
followed by a first order period and that rate constant is plotted in
figure 2-9. Skylar, et al., (1969) reduced any confidence in Equation
2-26 by demonstrating that values of n ranging from 2 to 8 were
necessary to provide reasonable fit for nonisothermal devolatilization
of different coals. Pitt (1962) correlated his weight loss curves very
well with the empirical relations

(V¢ -v)/v%* = A - B 1log(t) (2-27)
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where A and B are constants. Pitt further alleged that Equation 2-27
coincided with calculated results for a number of independent first order
decompostions having a statistical distribution of activation energies
(this modeling approach was undoubtedly the forerunner of Equation 2-21).
Juntgen and Van Heek (1968) have proposed that modeling attempts
should focus on the individual volatile species and subsequently
correlated their results with a nonisothermal variation of Equation 2-23.
By replacing k with Equation 2-25 and substituting a constant
heating rate, i.e., dI/dt = m, they obtained the following rate for
volatile evolution:

v, K oE/RT (y ¥
dT m

Vi - Vi) (2-28)

The parameters, ko and E, are determined for each evolved species
(ith component), therefore, direct comparison of this information
with total weight loss data of the previously discussed work is
difficult. The higher hydrocarbons, e.g. ethane, were successfully
described by a simple first order reaction but species like methane
and hydrogen clearly involved more complex formation reactions and
were postulated to consist of several overlapping reactions. The
mathematical modeling of these complex reactions was done in a
manner quite similar to Pitt's statistically distributed activation
energies (Hanbaba, gg_gl.,:1968; and Juntgen and Van Heek, 1969 and @ = .
1970).

The foregoing discussion has proceeded on the assumption that
the rate-controlling mechanism was a decomposition reaction. Not
all of the published results are in agreement with this assumption.

Bgrﬁ%ﬁitz (1960) investigated the pyrolysis of Alberta sub-bituminous
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coals in the range of 250-524°C. 1In his opinion, rate was limited by
diffusion. Studies at higher temperatures modified the conclusion to
postulate movement of carbon lamellae as rate-determining (Berkowitz
and Den Hertog, 1962). The conclusions were strongly influenced by the
low activation energies obtained from the use of Equation 2-23.
Zielinski (1967) collated data from several different authors and
promptly discounted any attempts to model devolatilization as a first
order decomposition. He concluded from an analysis of the literature
data that heating rate was the controlling factor.

Lacking an accepted theory for the rate of devolatilization, any
discussion of its role in determining the reactivity of coal to hydrogen
must necessarily be qualitative. One argument theorizes that volatile
constituents actually comprise the reactive fraction; thus, devolatilization
itself deactivates the coal. This line of reasoning was supported
primarily in the older papers (Birch, et al., 1960; Von Fredersdorff
and Elliott, 1963; and Wen, et al., 1967). This is viewed as inadequate
because of reported rapid-rate hydrogenation yields in excess of proximate
volatile matter. However, devolatilization results with rapid heating
suggest that such "excess" yields are possible. Unfortunately, few
results are available to compare devolatilization with hydrogasification
under similar conditions. Johnson's data in Figure 2-6 imply that
something more than simple devolatilization is occurring. The second
argument assumes devolatilization initiates a series of reactions
culminating in residual char or coke. Certain intermediate species
are extremely reactive toward hydrogen. This concept is obviously
supported in models by Moseley and Paterson and Zahradnik and Glenn

but it seems that both models are based on the assumption that a true



gas-solid reaction is occurring. In contrast, Graff and Squires (1972)
argue that rapid heating will "vaporize" up to 75% of the coal's initial
mass. The light species thus formed are so reactive, however, that
unless hydrogenated and cooled quickly, they will polymerize to tar,

then crack forming coke and gas.

2.2.4 Effect of Particle Size

Very 1little experimental evidence has been accumulated on this
particular subject. Moseley and Paterson (1967), based on qualitative
experiments, report a "definite tendency for conversion to rise
with smaller particles". Moseley and Paterson found their experimental
technique unsuited for extensive studies of particle size. G&everal
other models have introduced a particle size effect but without any
experimental verification. Johnson shows rate proportional to

2/3

(1-X) implying a shrinking core behavior. Zahradnik and Glenn

originally derived their model by assuming the methanation step
(Equation 2-9) to be described asg

dX

——= *
dt k3PHZC

2/3 (2-29)

also a shrinking core postulation. However, the final expression for
yield in both cases was independent of the two~thirds formulation
reducing the argument to a mere point of academics.

Studies of coal devolatilization and the effect of particle
size are also limited but do provide some clues as to the significance

of this parameter.
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Chemical reaction .control in a porous particle stipulates the
rate of volatile evolution independent of particle dimensions.
Badzioch and Hawksley tried coal particles of ZQP and 6Qp diameters
and observed no effect on rate., Similarly, Howard (1967) reported
the absence of any influence for particle diameters from 0 to ZOQp.
Also, weight loss curves prepared by Wiser, Hill and Kertamus (1967)
were unaltered for samples of 60-74n versus 246-417p. It is, however,
not unreasonable to assume that further increases in particle size
would ultimately modify these conclusions. There is widespread
acknowledgement that heat and/or mass transfer limitations at some
critical particle size at transition and the nature of the rate-
limiting mechanism, though, are unestablished. Several possible effects
are hypothesized:

External Heat Transfer ----Increasing size will alter the:
particle's heating rate. For pure conductive transport to a sphere
of uniform temperature, the heat transfer coefficient i€ inversely
proportional to the diameter. The controlling mechanism for volatile
release is still a volumetric chemical reaction, however, the reaction
temperature history will vary with particle size. Badzioch (1967)
has performed calculations of this type which suggest the effect
will become appreciable for spheres of approximately IDQP in diameter.
It should be emphasized that conclusions, derived from calculation,
regarding the actual point of transition depend exclusively on the
chosen values of reaction rate,

Internal Heat Transfer -- Alternative systems with significantly
higher external heat transfer coefficients (fluid beds, turbulent flow,

radiation from flames) will produce temperature gradients internal to
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the particle. Peters (1960) provided the following empirica: equation

to explain the apparent zero order reaction observed for particles

ZSO-ZOOQPS
dav. - -0.26 -
7S = O.OS(TA 330)d (2-30)
with TA = ambient temperature, OC,
d = particle diameter, mm.

The results are interpreted as representing the propagation of an
evaporation front (T'\’330°C) through the particle. The driving force
for volatile release is the overall temperature gradient. Koch,

Juntgen, and Peters (1969) discussed extention of these findings for
prediction of the transition region between a first order volume reaction
(independent of particle size -~ Equation 2-28) and a heat transfer
controlled region (zero order reaction, function of particle size).

A calculated critical particle size was given as a function of heating

rates
Linear Heating Rate Calculated Critical Particle Size
100°C/sec 2000y
1000 * 500p
10,000 * o _ 200n

These numerical values were estimated from the original curve for purposes
of illustration.

Mass Transfer ~- Approaching the problem from a different point
of view, Essenhigh (1963) postulated the mechanism of devolatilization
for larger particles (295-476Qp) as diffusion through the porcus char.
Modeling a single particle as containing a shrinking spherical 1iquid
core he obtained the relation for devolatilization times

2

= " * 2 = -
ty kVd /Po xvd (2-31)

with Po = permeability of porous char, and

"
Kk ,lv- constants,
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Experimental data confirmed this *square-law” hypothesis and a mean
value for KV of 0.9 sec/mm2 was determined in studies of 10 different
British coals. Thesce findings are contrary to Peter's data where
devolatilization time is reportedly related to particle diameter to the
0.26 power. Direct comparison of rates is difficult because Essenhigh
did not specify the temperature functionality of Kv which Peters found
to be linear.

Empirical verification of the *square~law” relationship does not
directly distinguish between heat and mass transfer control. Transient
molecular transport are usually solved in terms of the dimensionless
Fourier greup, o(t/t‘2 (o= mass or thermal diffusivity and r = radius).
For any particular solution one may expect the time to be proportional
to the radius or diameter squared. The 0,26 power relationship observed
by Peters is not well-founded in simple theoretical solutions but then

simple solutions are not necessarily expected.

2,2.5 Conclusions from Literature Survey

Hydrogasification -- The evidence appears to establish that rapid
heating of fresh pulverized coal in the presence of hydrogen will result
in rapid and substantial conversion to methane, It is also well-known
that this initial high reactivity is short-lived under reaction
conditions. The data, however, are much too incomplete to permit
selection from the available models. There are no data to show conversion
of fresh coals with residence time at very short residence times. The

effects of heating rate and particle size cannot be predicted with any
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quantitative assurance. In fact, the only variables explored in
reasonable depth are hydrogen pressure and temperature and there still
remains disagreement over their respective influences.

The role of devolatilization with respect to hydrogasification
constitutes the gravest omission in the studies to date. Volatile
evolution from fresh coal is a significant source of total yield and
most inveétigators theorize it also determines the reactivity of the
remaining carbon to hydrogen. Quantitatively, the first effect is
allowed for in terms of an integration constant and the second effect
materializes as an elusive "active species or site.” Very little may be
said of the independence of the rates of hydrogasification and devolati-
lization.

Devolatilization -- Devolatilization is a complex process and

characterizing the rate as a first order decomposition is undoubtedly

an oversimplification. Assessment of its value as an approximation,
however, has been impeded by considerable disagreement among the
accumulated data. The limits of its applicability are still unknown.
Part of the explanation may be found in the diversity and non-homogeneity
of coal types studied. The apparent rapidity of the reaction also
complicates experimental studies resulting in data obtained under
conditions that are not readily amenable to even a simple model.

The best evidence indicates that devolatilization of pulverized
coal (< ZOQP) is essentially complete at reasonably high temperatures
in fractions of a second. The effect of temperature is discerned as an
exponential activation energy. Yields appear altered to some extent by
both the final temperature level and the time-temperature history

reinforcing the concept of a complex array of reactions participating
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in the actual decomposition. The onset of physical transport limitations
arises somewhere in the particle size range of 200-200qP. Numerical values
of various descriptive parameters, though, remain applicable only to
given sets of conditions and the particular peculiarities of the
apparatus.

These reviews have, for the most part, bypasses discussion of the
chemical reactions occurring within the coalt's molecular structure.

While fully recognizing the value of such an approach to ultimate

understanding, this particular effort focused on eliciting from the
available body of literature values of pertinent rate parameters for '
models suitable for engineering design. The resultant difficulty
accentuates the formidable task of proposing and establishing models of

greater complexity.

2.3 OBJECTIVES

The principle objectives of this study were:

1 - To determine quantitatively the rate and extent of the
rapid coal-hydrogen reaction under conditions of commercial
interest.

2 - To elucidate the role of the devolatilization process
in the reaction.

Specifically, the work was designed to establish the dependence of
conversion (weight .loss) on important process variables, .including
residence time, temperature, time-temperature history (heating rate),

hydrogen pressure, particle size, and to a limited extent coal type.



75

Secondly, the interrelationship of the devolatilization mechanism and
the subsequent hydrogen attack was to be explored in order to characterize
this hchavior.

Hopefully, the study would yield answers to the following process
consideration questionss

—- How and to what extent does close-coupling devolatilization
and hydrogasification accelerate the latter reaction? In
0ffice of Coal Research computer studies, Wen (1972) has
assumed a rate increase factor of 100 for fresh over pretreated
coals.

-- Can higher heating rates increase yields? Several studies
conducted a high heating rates suggested that pyrolysis
yields as much as 80% in excess of standard practice were
possibles On the other hand, some jnvestigators report no
influence of heating rate on hydrogasification yields (Byrcioch,
et ales 1972) and it has alsc been suggested that higher heating
rates may actually retard hydrogasification (Von Fredersdorff
and Elliott, 1963).

—— How significant are heat and mass transfer effects?

These questions are of obvious interest in process development.
Despite numerous studies the phenomena are not well understood and
controversy prevails. For example, pulverized coal is suggested for
process use on the grounds that small particless 1) expose greater
surface area (per unit mass) to hydrogen attack during initial
devolatilization, 2) heat more rapidly thus possibly augmenting yield,
and 3) tend to minimize any physical transport 1imitations (high

effectiveness factors). The wsupposed" advantages would be gained at
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the expense of increased costs of comminution and handling. The

justification for pursuing the issue seems well=-established.

The strategy of investigation was roughly divided into five major

StepS .

1.

2.

3.

4.

S,

Review literature on devolatilization and hydrogasification
reactions to assess limits on the available body of

knowledge and to appraise potential experimental .techniques.
Select experimental system and conduct preliminary experiments
to verify feasibility.

Study devolatilization under vacuum or atmospheric pressure.
Study hydrogasification (and devolatilization) under high
hydrogen pressures.

Concurrent with steps 3 and 4, test the validity of proposed

models.

Rl et et +
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3. APPARATUS AND PROCEDURE

3.1 SELECTION OF APPARATUS

To provide data that will be useful in the design of actual
gasification systems, it is important that the range of conditions
studied experimentaliy be comparable to those expected in full-scale
operation. From a review of proposed designs (Hottel and Howard, 1971),
it is anticipated that under commercial conditions the initial rapid
reactions will take place at temperatures of 500-1000°C, heating rates
up to 104 OC/sec, and hydrogen pressures as high as 1500 psig. (On
the latter point Wen, et al., (1972) conclude that a total operating
pressure of 1000 psig (69 atm) is most likely optimum since the system
can be tied directly to pipeline distribution systems).

Experimentally, such an environment is difficult to simulate in
small scale. Captive sample techniques, where a fixed quantity of coal
is heated in the presence of hydrogen, have been employed by several
investigators (Feldkirchner and Linden, 1963; Hiteshue, et al., 1962a;
Moseley and Paterson, 1965a; and Feldkirchner and Johnson, 1968).

While this approach is experimentally simple, it does restrict achievable
heating rates to perhaps 100°C/sec at the most. Schemes in which the coal
is fed continuously to a flow reactor more closely approximate full-scaie
conditions but the complexity and cost of the apparatus are greatly
increased. The methods used include fluidized beds (Birch, et al., 1960),
entrained flow reactors (Moseley and Paterson, 1965b; and Glenn, et al.,,
1967),and free-fall reactors (Moseley and Paterson, 1967; and Lewis, et

ale, 1967). To retain the simplicity and precision of the captive
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sample technique and still simulate severe conditions, a more flexible
means of heating the coal was required.

The chosen technique involves electrical heating of a thin strip
of stainless steel screen upon which rested a small amount of coal.
Cech (1950) has reviewed most of the early work with a "hot microscope
stage" or electrical strip furnace and Finch and Taylor (1969) showed
that a relatively simple DC timing circuit with batteries was capable
of attaining heating rates of 103 to 104 °c/sec. Variétions of this
approach have been used for studies of coal pyrolysis in vacuum and
under nitrogen (Loison and Chauvin, 1964; Rau and Robertson, 1966;
Juntgen and Van Heek, 1968; and Mentser, et al., 1970). The technique
was never used under high pressure conditions. Furthermore, all of these
devices operated with a single heating circuit permitting only a rapid
heat-up or a fairly slow heat-up with extended time at the final
temperature whereas the device used here and described below
utilizes a dual heating circuit allowing both rapid heat-up as well

as extended time at a given temperature.

3.2 APPARATUS DESCRIPTION

As shown in Figure 3-1, the electrically heated stage is enclosed
in a high pressure vessel. The vessel can be evacuated or charged with
hydrogen or inert gas such as helium., The vessel itself is fabricated
entirely from 316SS and designed for a 3000 psig working pressure. All
cutting and welding was done by the Middlesex Welding Co., Cambridge,

Mass. Since the vessel was not heated during the experiment, the
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allowable stress of the material was substantially increased permitting
less costly construction. For example, standard 1500 1b flanges have
an allowable operating pressure of 3600 psig at room temperature.
Tubing is all 1/4" SS (std. wall) with SS Swagelok fittings. The
chamber is vented to the outside by means of a remotely activated
solénoid valve (Skinner V52HD23002). For safety a 1/2" Fike rupture
disc with vacuum support was installed in the vent line (2900 psig
burst at 72°F'i 54 tolerance). Additional safety precautions included
draping the reactor during the run with a bomb blanket (Davis Aircraft
Products, Long Island, New York) as well as shielding the entire setup
with 1 1/8" free-swinging wood panel.

Details of the stage are illustrated in Figure 3-2. Conax high
pressure connectors were used to pass che electrical leads for the
heating element (EG-125-A-CU-N) and the thermocouple (TG-24-4A-N) into
the chamber. The terminals were cut and machined from a single length
of solid brass rod (1 3/8" x 5"). A 325 mesh SS screen (4.5 x 5.0 cm)
is formed into a *"sandwich" heating element and connected across the
terminals., Stainless steel screen was chosen for the sample support
for several reasonss 1) screens have less mass than a solid strip, 2)
screens permit easy escape of volatiles even with a "sandwich" arrangement,
and 3) stainless has a high electrical resistance (minimizing current
requirements) and a high tolerance against temperature and corrosion.
Since the screen weight changed slightly under reaction conditions, all
of the screens are pre-fired in the actual gas environment to prevent
further weight change. An insulated baffle is positioned directly under
the screen to minimize convection currents and stabilize the screen

temperature especially at high pressures.



81

THERMOCOUPLE
ASSEMBLY

SCREENS
& COAL

GAS BRASS
POXTS TERMINALS
TOP VI
SCREENS & COAL
8 !
\
10 ! N \ ' !
' i :
¥ 'l
B AR RN
0.001" — |_ _ |- BAFFLE
Cr-Al T : 50
TC
7 ) gt ]
Lo |
| R H
{ L 1

SIDE VIEW

FIGURE 3-2 STAGE DETAILS



82

The first branch of the dual heating circuit controls the heating
Trate (65-12,000°C/sec) and the second maintains the final temperature
(400-110000). The major components of the circuit are sketched in
Figure 3-3. The power supply consists of two 12 volt lead-acid batteries
connected in series to the circuits via a power relay (Potter and
Brumfield PR11AY). The current in each branch is controlled by 1000
watt (3 ohm) variable resistors. At the beginning of a run, the preset
timer (Singer TDAF-1S) is activated, closing the relay on the heat-up
circuit. At the end of the heat-up period the timer switches the relay
to the lower current circuit which maintains the final temperature until
run termination.

A 0.025 mm chromel~alumel thermocouple is placed between the
screens to determine the :time=temperature history of each run which
is recorded on a Samborn 380 recorder. Typical time-temperature
histories are reproduced in Figures 3-4 and 3-5. At low pressures
(Figure 3~4) maintenance of a steady final temperature of 1000°C is
shown for nominal heating rates of 650°C/sec and 10,000°C/sec. At high
pressures (Figure 3-5) approximately 150% more power is required to
maintain the same temperature and a noticeably less stuvle temperature
trace results with fluctuations of + 20°C. The explanation lies in the
féct that at low pressures radiation accounts for nearly all of the
heat transfer (over 90%Z) but at higher pressures natural convection
also becomes a .significant transport mechanism thus demanding greater
energy input for the same steady-state temperature and giving rise to

less stable temperature. profiles.
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3.3 PROCEDURE

Approximately 5-~10 mg of ground coal are carefully spread in the
center of a pre-weighed screen (roughly 1/2 g) which is then folded
twice forming a 1.5 x 5.0 cm strip. The screen plus coal is weighed on
a Mettler H20 semi-micro analytical balance, and placed across the terminals.
The coal and char samples are transferred from the apparatus to the
balance in a culture dish filled with dessicant to avoid moisture pick-
up. The thermocouple is then positioned between the folds of the screen.
The vessel is evacuated and flushed several times with the test gas to
eliminate trace oxygen contamination. After the run the screen plus char
is weigned to determine weight loss (conversion). The balance is accurate
to + 0.01 mg giving an experimental precision of 0.1-0.2% of the coal
weight,

The advantages of this device are several: 1) relatively inexpensive
design for high pressure studies; 2) direct determination of solid
conversion; 3) constant and precisely controlled atmospheres since the
total mass of gas present is extremely large compared to the mass
released by reaction (about 1000 times greater at 1000 psig Hz); 4) direct
measurement of sample temperature (the collapse of thermal gradients
between the screens is extremely fast thus making the temperature of the
screens, coal, and thermocouple bead essentially idehtical at all times);
5) variation of heating rate independent of final temperature. However,
it would be remiss to disregard the shortcomingst 1) sample weight is
not monitored continuously and a number of runs are necessary for rate
determination; 2) quantitative product analyses cannot be obtained from
the small product concentrations; and 3) residence times are limited to

a maximum of 20 secs.
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3.4 COAL TYPE

Two different types of coal were used in the course of this
investigation. Both were obtained through the courtesy of the Institute
of Gas Technology, Chicago, Illinois. One is a high volatile Pittsburgh
Seam (No. 8) bituminous coal, typical of eastern U.S. coals, from the
Ireland Mine (Consolidation Coal Co.); the other is a dried lignite
from the Savage Mine (Knife River Coal Mining Co.) in Montana.

Table 3-1 contains proximate analyses for both samples.
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TABLE 3-1

PROXIMATE ANALYSES FOR COALS USED IN EXPERIMENTAL WORK

Pittsburgh Seam Bituminous

As-Received _MF_ MAF
Moisture 1.65 -- -
Volatile Matter 39.81 40,48 46,21
Fixed Carbon 46,34 47.12 53.79
Ash 12,20 12.40 -

Montana Lignite

As-Received _MF MAF
Moisture 7426 - --
Volatile Matter 37.40 40,33 46.15
Fixed Carbon 43.63 47 .04 53.85

Ash 11.71 12.63 -
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4, RESULTS

The purpose of this section is to present the experimental results

of the investigation. The significance and implications of these
findings will be dealt with in the subsequent chapter devoted to

discussion and modeling,

4,1 DEVOLATILIZATION

Figure 4-1 shows weight loss with time for Montana lignite at
two different final temperatures, 700°C and 1000°C,in 1.0 atm helium.
In both cases much of the weight loss occurs during the heat-up
period with weight loss ceasing after several seconds at final
temperaturea. It is significant, however, that the total amocunt of
weight loss increases with higher final temperature. This
dependency is amplified in Figure 4-2 where these final weight losses
or yields (yield defined as weight loss observed for long residence
times at final temperatures, usually greater than 5 seconds) are
correlated with temperature showing increasing yield with increasing
temperature until approximately 900-950°c., It should be noted that
these yields are all smaller than the weight loss (44.66Z) given

by the A.S.T.M. Proximate Analysis Prodedure (sample held at 950°¢

4 . . . . . . . . .
Residence time is defined as the time in which current is flowing
through the screens.,
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for 7 minutes). Very rapid heating of the sample (to 10,000° ¢/sec)
gives results shown in Figure 4-3. Again, nearly all of the weight loss
occurs during heating and the final yield appears independent of
heating rate for heating rates between 650-10,000° C/sec. Similar

data are plotted in Figure 4-4 for runs at 1000 psig (69 atm)

helium pressure; The results are virtually identical with runs made
under atmospheric conditions,

Data on weight loss with time for Pittsburgh bituminous coal are
illustrated in Figure 4-5; the general trends are quite similar to the
behavior of lignite. Under rapid heating (Figure 4-6) the results are
again similar to lignite except that the final yield is approximately
2 percentage points higher than for the low heating rate (50% weight
loss versus 48%4). Increasing the total pressure to 1000 psig helium
decreases the final yield to around 38% as shown in Figure 4-7.
Experiments with very rapid heating at 1000 psig show no ‘dependency
of yield on heating rate. As with lignite, bituminous coal yields
depend on final temperature. This dependence is shown in Figure 4-8.
Yield from standard proximate analysis is seen to fall somewhere
between the low and high pressure results. The influence of
pressure is further examined in Figure 4~9 where data have been
accumulated over a wide range of total pressure (0.5mm Hg to 1500/psig).
The wéight loss of lignite is essentially independent of total
pressure whereas bituminous coal yields increase significantly with

decreasing pressure in the range of 0.01 to 100 atm,
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4.2 HYDROGASITICATION

The effect, on lignite weight loss at 100 psig gas pressure, of
substituting hydrogen for helium is shown in Figure 4-10. The two
curves, for hydrogen and helium, begin to diverge at a weight loss of
30~-35%Z ( 3/4 sec), ultimately yielding about 17 percentage points
more weight loss in hydrogen. Figure 4-11 depicts results under
very rapid heating conditions which likewise show increasing yields
Wwith increasing hydrogen pressure. It is also evident from the curves
in Figure 4-11 that hydrogenation may be subdivided into at least two
stages, the first complete in 0.1 second, the second slower stage
extending over several tenths of a second. Final temperature has a
significant influence on hydrogenation y¥ields similar to devolatili-
zation., This comparison is made in Figure 4-12. The overall effect of
hydrogen pressure in increasing yields is illustrated 'in Figure 4-13.

A weight loss with time curve for bituminous coal under 1000 psig
hydrogen is compared to a similar curve in helium in Figure 4-14,

The curves are identical to approximately one second after which they
diverge resulting in significantly higher yield in hydrogen. The
temperature dependency of these yields is established in Figure 4-15.
It's interesting to note that for final temperatures below 600°C,

the presence of hydrogen produces no additional weight loss.

Figure 4-16 characterizes yields as a function af the hydrogen partial
pressure. Since devolatilization yields are dependent on total pressure,
data are shown for conditions of pure hydrogen and a constant total
pressure of 1000 psig. The curves appear to converge between

600-800 psig of hydrogen pressure. Heating rate was found to have no

.
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effect on bituminous coal yields at 1000 psig. Larger particle sizes
resulted in significantly lower yields for bituminous coal in
hydrogen as plotted in Figure 4-17. In contrast, particle size has

little, if any, influence on simple devolatilization in helium at 1.0 atm.

4.3 SUPPLEMENTAL RESULTS

While ‘the preceding results constitute the bulk of the accumulated
experimental evidence, the findings were supplemented by the
acquisition, both incidental and deliberate, of valuable additional
information. Under non-pressure conditions it was possible to
observe the devolatilization process visually. Upon heating, particles
of bituminous coal would simultaneously melt, swell, and fuse
appearing virtually to "boil" on the screens. A very cloudy,
yellowish stream of volatiles was seen to rise from the sample.

The lignite particles did not fuse or swell during heating and the
volatile stream was much less cloudy and white instead of yellow.

In experiments with bituminous coal, deposits of a yellow~brown tarry
material were observed on the baffle as well as on the terminals and
walls of the vessel. The amount of tar deposited decreased with
increasing pressure of either hydrogen or helium and essentially
disappeared at about 1000 psig. Increasing the heating rate at one
atmosphere and under vacuum appeared to augment the yield of tar. In a
semi-quantitative attempt to measure the tar yields, Lavery (1973),
determined the weight change of the foil covered baffle and found

about 154 tar (based on original coal mass) at 1.0 atm.hydrogen verses
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about 1% at 1000psig hydrogen. No tar deposits were observed on
experiments with lignite. Under certain experimental conditions, the
screens themselves were darkened, apparently by deposits of cracking
volatiles. At one atmosphere pressure with bituminous coal the
screens were noticeably blackened; however, the gain in screen weight
was measured to be less than 1% of the original coal mass. Under
high vacuum and very rapid heating conditions, the weight gain of the
screens was estimated at between 2-3Z of the original coal mass. At high
pressures the screens were essentially clean. With lignite significant
darkening of the screens occurred only under extremely high vacuum
and with rapid heating conditions. Similar to bituminous coal, the
maximum weight gain of the screens amounted to about 2-3% of the
original coal mass.

The results of two interesting experiments on bituminous coal
are shown in Figure 4-15. In the first case the char residue from
the devolatilization run at 370°C (marked triangle) was reheated
to over 1100°C. The total weight loss from both runs as a per cent
of the original coal mass was also plotted in Figure 4-15 (similarly
marked triangle).showing perfect agreement with samples heated directly
to their final temperature. Similarly, the char residue from a
hydrogenation run at 580°C was cooled and reheated to 1050°C and its
total yield also agreed with the results of one-step heating.

Bituminous coal chars from several one atmosphere devolatilization
runs at 1000°C were analyzed by standard proximate analysis procedures
and found to contain 4.5~7.0Z volatile matter (based on original
coal). 8ince the samplés:were much smaller than required by the

A.S.T.M. standard (10-20 mg vs. 1.0 gram), and because .of the very low
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volatile content of the chars, the values are less accurate than
standard determinations. However, if is clear that such residual
material would go undetected in runs of 10-20 seconds duration

since the rate would be on the order of 1%/min.
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5. DISCUSSION OF RESULTS AND DEVELOPMENT OF A MODEL

The intent of this discussion is to elucidate the mechanisms
indicated by the results and simultaneously develop descriptive
and useful models. There is no lack of available models adequate
to describe both the devolatilization and hydrogenation of coal
under particular conditions. The difficulty arises when it is
demanded that the model successfully describe behavior over a wide

range of conditions.

5.1 DECOMPOSITION MODEL

Since the major portion of observed weight loss may be directly
attributed to devolatilization, that specific phenomenon wiil be
discussed first., Possible mechanisms and models can be efficiently
screened by drawing from the data certain characteristics that the
model must possess. Those-which fail this simple criteria can be
discarded from consideration. |

In the case of lignite, the rate of weight loss quickly falls to
zero after the sample has reached final temperature (see Figures
4-1,-3,-4; combined in Figure5-1). In Figure 5-2 the total yield
increases continuously with final temperature but is unaffected by
time-temperature history (see Figure 5-1). This latter point is
strongly emphasized by the experiment which demonstrates that the excess
yield of high temperature runs versus low temperature runs is -

recoverable by simply heating the low temperature char to a higher
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temperature. Finally, total pressure is seenito have no effect.
In general, similar comments may be made with respect to bituminous
coal except that total pressure does significantly affect yield
(refer to Figure 4-9). The rate of heating also has a small effect
in the range of moderate pressures (0.1 to 10 atm).

To develop a model for devolatilization a number of possible
avenues were explored:

1) Single Irreversible Decomposition Reaction

The fact that yield was dependent on final temperature
invalidates any such simple reaction as well as simple heat and mass
transfer models.,

2) Equilibrium Limitations

Unfortunately, the reaction are not reversible.

3) Competitive Reactions

This is an appealing possibility since complex organic
materials could easily have a number of potential reaction paths
in competition each leading to differing amounts of volatiles and
char. 1If such paths were influenced to different extents by
temperature the resultant dependency of yield on final temperature
might be explained. However, a simple experiment was devised to test
this alternative., The residual char from a long.residence time low
temperature run was reheated to a higher temperature. The total

weight loss was the same as achieved with one step heating. This

state function relationship of yield to temperature clearly contradicts

the competitive reaction model.

4) Multiple Reaction Model

Such a concept assumes many different reactions occurring

in coal during devolatilization, If these reactions take place at
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different temperatures and there are a sufficient number of them,
the continuous behavior of yield with temperature in Figure 5-2 might
be simulated. If no alternative reaction paths are allowed, time-
temperature history would have no effect on yield provided the same
final temperature and sufficient residence time are allowed. This
model appears to meet the basic criterion for lignite though it is
definitely incomplete for explaining the peculiarities of bituminous
coal. Reserving comment on the bituminous coal until later, such
a model is tested first on the lignite data.

Consider the thermal decompositicn of a coal molecule as
consisting of a large number of independent chemical reactions.
Due to differences in chemical bond strength throughout the molecule,
the temperature at which the various bonds rupture will vary maikedly.
The thermal decomposition of a single organic species can typically
be described as a simple first order irreversible reaction, i.e.,
rate is proportional to the amount of unreacted material remaining.
If such a rate expression is applied to a particular reaction within
the coal structure, the rate of volatile evolution is given in the
form of Equation 2-27

dv,

i * -
at - T M V) -1

where k is usually an Arrhenius expression (Equation 2-25),
The subscript "i" in Equation 5-1 denotes that it is valid for one
particular reaction. The amount of volatiles as yet unreleased by

reaction is obtained by integration of Equation 5-1%

t
- %
Vi - Vi = Vi exp(—mg kidt) (5-2)
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The time integral is retained since the rate constant is a function of
the time-temperature history. The dilemma is that for even simple
expressions like Equations 5-1 and 5-2, parameter values for ko,

E, and Vi* cannot be predicted apriori and must be estimated for
experimental data. This problem is multiplied by the number of

reactions postulated. For the correlation of overall weight loss data

a far simpler model is necessary. One simplification is possible if the

major difference between k.'s is in the temperature coefficient, E,
and furthermore that sufficient reactions are present such that E may
be expressed as a continuous distribution. Under these conditions

o

% *
Vi becomes differential fraction of the total volatile content, V ,

and may be written

3

dv - _
aE - V £(E) (5-3)
such that
(o]
_S‘f(E)dE = 1 (5-4)
0

The total amount of unreacted volatile material is obtained by summing
up the contribution from each reaction or integrating Equation 5-2
for all values of E
o0
% j % t
vV -v = V exp(- kdt)f(E)dE (5-5)
0 0
The dropping of the subscript "i" denotes reference to the overall
reaction. The nature of the distribution, f(E), is unknown but for
purposes of mathematical tractability let's assume the distribution is
Gaussian. Equation 5-5 becomes, with recognition of the negligible
numerical difference in altering the lower integration limit

from 0 to -,
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(E-E )>
o0 exp|- ———-5%?-
o S 25

- t
Y
-V = V exp(- 5. kdt) ————— dE  (5-6)
0 (-} °2TT

o
with Eo = mean activation energy and § = standard deviation. It should
be noticed that evaluation of Equation 5-6 requires estimation of

only one additional parameter beyond that required for description of

a single reaction (Equation 5-2). Yet Equation 5-6 constitutes an
infinite set of parallel reactions. The additional parameter arises
from separation of the single activation energy, E, into a distribution
represented by Eo and 6".5

Experimental data for lignite devolatilization from Figures 4-1, 4-2,
and 4-3 were used in a non-linear least squares fitting routine to
estimate parameter values for Equation 5-6. To simplify the

integration the limits of the integral were changed to E;i;zf which
would include 95,54 of the reaction set. The "best-fit" values were

found to bes

ko = 1,07 x 1010 sec"1

EO = 48,72 Kcal/mole

g, = 9.38 Kcal/mole

V = 0.4063 (fraction of original coal mass,

as-received basis)

SIn isothermal situations where k is not a function of time, Equation
5-6 may be written in dimensionless forms

* E
vy -v . 2 g -

v* = f(kot, T and T ) (5-6a)

o
E2 (z-1)2
Aol (")

o = - om LT
vV -~V - exp{ kote RTlexp{» 2(6/30)2

v dz (5-6b)

oo (s /E) V2T
where 2 = E/Eo
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Figures 5-1 and--5-2 are reproduced iﬁ Figures 5-3 and 5-4 comparing
the calculated curves with the actual experimental data. The agreement
in each case is good. However, discrepancies are present since
the actual recorded time-temperature history for each data point
may deviate somewhat from the typical time-temperature history used
in the calculation. Figure 5-5 is a better indicator of fit by
directly comparing calculated and experimental values for the actual
time-temperature histories. In this correlation the 45° line is
indicative of perfect fit. Statistically, the goodness of fit has
been calculated in two ways, first, by estimating confidence limits for
the data and secondly by estimation confidence limits for the
correlation itself.
Case 1 (Confidence Limits on Data)
Standard Deviation = %S = + SSE

=N n-d.f.
(wt.Z based on original mass of coal)

= +1.73%

95% Confidence Limits = + 25 = + 3,46%
Case 2 (Confidence Limits on Correlation)
« os 2 SSE
= ¢ =
Standard Deviation +S + nnd.T.
95Z Confidence Limits = +28* = + 0.50%

= + 0,252

2

Case 1 is the region which includes 95% of the data, while Case 2 is
the region in which it is 95% probable that the experimental mean
is located.

Equation 5-6 has also been used to correlate bituminous coal
devolatilization results at 1000 psig He where yields were found
independent of total pressure and heating rate satisfying the
mechanistic criteria of the model. It would also have been possible

‘to use data at extremely high vacuum since here too the mechanistic
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criteria of pressure and heating rate independency were satisfied.
However, the apparatus was ill-suited for obtaining accurate data
under high vacuum since substantial cracking and carbon deposition

on the screen was observed. Further, it was felt that results at high
pressure would be more meaningful in terms of interpreting the
interrelationship of devolatilization and hydrogasification. Summary
values of the fitted parameters and associated error for both coals

are listed below.

Lignite Bituminous
k_ (sec™h) 1.07 x 101° 2.91 x 10°
E (kcal/mole) 48,72 36.89
0~ (kcal/mole) 9.38 4,18
V# (fraction of orig. coal) 0.4063 0.3718
S (Case 1) +1.73% + 1.85%
S' (Case:2) + 0.25% +0.42%

Data from Figures 4-7 and 4-8 are compared with calculated results
in Figure 5-6. Again, the fit is good.

A number of interesting observations are possible with this
model. First, it must“be: emphasized that Equation 5-6 is likely not
a true fundamental picture of coal decomposition but rather a simple
correlative tool. The tool is especially valuable, though, because it
contains certain characteristics that may be compared with more
fundamental information. The range of activation energies, 30~67
kcal/mole for lignite and 29-45 kca./mole for bituminous, are
certainly consistent with typical values for chemical reaction
especially for organic decompositions. The range for the bituminous

coal is located precisely at the lower limit of the lignite range.
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Figures 4-8 and 5-2 validate this since the temperature at which the
yield becomes independent of temperature is about 200°C 1lower for
bituminous coal (v700°C) than lignite (~900°C). If these additional
reactions for bituminous coal were included in the statistical model;
their estimated activation energies would be accordingly higher more

in line with the distribution found for lignite.

5.2 SECONDARY REACTION MODEL

Despite the power of Equation 5-6 it offers no explanation for the
significant influence of total pressure on the yield of bituminous
coal devolatilization as illustrated in Figure 4-9. It is well-known
that many volatile products are extremely reactive, probably even
more so during the initial stages of decomposition where free
radical species likely exist. Thus, it is not difficult to perceive
of many of these species polymerizing and cracking on the hot coal
surfaces diminishing actual yield. If the residence time of these
particular species is the controlling factor for yield, then
conditions that reduce this residence time presumably would enhance
yield. Quite possibly the observed influence of total gas pressure
is directly involved in the diffusional escape of such reactive
volatiles.

To test this argument the following material balance for vapor
phase '"reactive" volatiles species present in the coal particle's
void fraction is suggested:s

*
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where Q = Formation generation rate of "reactive volatiles,
mass of volatiles/time per unit mass of original coal

C = Void fraction vapor phase concentration of "reactive"
volatiles, mass per unit mass of original coal

K*= Overall mass transfer coefficient, tirne—1

k4 = Rate constant for deposition reaction, time

The picture given by Equation 5-7 envisions a coal particle
possessing a fixed internal void space of uniform composition and
temperature, Species enter this space via the thermal decomposition
reaction, Q, which is independent of concentration. The species are
assumed to leave this designated volume either by mass transfer away
from the particle (rate proportional to concentration difference with
the bulk gas phase concentratior taken as zero) or by secondary
reaction resulting in solid deposition (approximated by a first order
gas phase reaction). It is also advantageous to neglect the accumulation
term, dc/dt, by making a pseudo-steady state approximation,
tantamount to saying that the density of '"reactive" volatiles'in:the
vapor phase is much less than in the solid phase. This reduces
Equation 5-7 to

Q-K¢c - k,C = 0 (5-8)

or
Lk
C = Q/(K-+%k,) (5-9)
Experimentally, it is possible only to measure the net weight loss of
the coal or in terms of Equation 5-8, the amount of material transferred
away by the second term thus permitting the overall material to
be written

av,

R - ¢ = ] -
- - K¢ -Q/(1+K*) (5-10)
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with VR = weight loss of "reactive" volatiles per unit mass of coal.

If the form of Q is assumed to be an isothermal first order decomposition

%
reactioné, Q = k,V exp(-klt), then Equation 5-10 may be integrated over

1R
time
v - Tt g
S_Rdv =L § v feTrtar (5-11)
A R k, |/ LR
1+-—*-
.. ™ ’, -
Vv, = ( 1 VU1 - e klt) (5-12)
R k4 R
1+—;
LT

As t-»=, the exponential term becomes negligible resulting in a

%
selectivity expression for yield based on total potential yield, VR :

v %
v, = Rk (5-13)
4
1 +—
K

To understand the influence of pressure, attention should be focused
*
on the mass transfer coefficient, K . Assuming that this constant is
proportional to the diffusion coefficient for the volatiles, then it is

% %
possible to replace K with k /Ptot converting Equation 5-13 to the

6The insoucient use of an isothermal first order decomposition expression
may at first seem in contradiction with the preceding discussion on the
decomposition model. The reactions occur neither isothermally nor in
accord with a first order model. The intent, however, was to provide

a mathematically simple path to Equation 5-13. Use of the more valid

but far more complicated Equation 5-6 for Q would have led, at long
residence times and high final temperatures, to the identical expression
assuming that k, and K* are independent of time-temperature history.
Since the relevant data in Figure 4-9 satisfy both criteria of residence
time and temperature, the approach should be valid.



following form v *
: : R
Vg = k, (5-14)
1+ P
%
Kk tot
Adding to Vk the yield of non-reactive volatiles (VNR)
%
R
Vfoﬁ = VNR + k4 (5-15)
1+-—=P
%
K tot

Equation 5-15 shows asymptotic behavior at pressure extremes, °
Estimating values of VNR and VR* from the experimental asymptotes
in Figure 4-9 and choosing an appropriate value for kélk*, total yield
may be calculated as a function of total pressure. Figure 5-7
illustrates the success of the model. At vacuum conditions yields
have been corrected for estimated deposits on the screens (max. +3%).
Equation 5-15 represents a very simple-minded approach to the
complex problem of simultaneous diffusion and secondary reactions of
volatiles. It does explain surprisingly well the broad effects of
pressure but the fundamental mechanisms of diffusion and secondary
reactions are concealed in the convenient ratio kdlk*' Heating rate
is seen to have a small effect at intermediate pressures suggesting that
the ratio (k4/k*) is not independent of time-temperature history
but the effect is small., One clue to the nature of the "reactive"
species is the decreasing yield of tar with increasing pressure. The
argument that tar is simply an intermediate in a series of reactions

leading to coke is well=-supported by this data.
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5.3 HYDROGENATION MODEL

Continuing the line of argument supportinz the existence of
vapor-phase reactive species, a very probable effect of hydrogen would
be to stabilize these species sufficiently to allow them to escape
without further reaction. Accordingly, progressive disappearance of
the tar is observed with increasing hydrogen pressure, Mathematically,
Equation 5-8 may be modified with an additional term to account for the
disappearance of reactive species by reaction with hydrogen

ok
Q~-KC- k4C - kSPH c =0 (5-16)
2

k5 is the reaction rate constant in a.tm-'1 time-l and PH is the partial
2
pressure of hydrogen in atm. The hydrogenation reaction is assumed to

proceed at a rate proportional to the concentration of volatiles and
hydrogen. The overall material balance (Equation 5-10) must be
modified to include the hydrogenated products as follows

th

dt
Continuing to duplicate the proceeding mathematics we finally arrive at

= " + kP, )C (5-17)
2

new expressions for Equations 5-13 and 5-15 respectively

*
w| K FEsPy,

%
K + kSPHZ + kl&
k
S
1+ PH Ptot
v, = v +v " |—KE 2
tot NR R ks k4
l1+-%P P +-P
K Hz tot Kk

Vk = Vh

(5-18)

(5-19)

tot

% *
Since estimates of VﬁR, Vk ’ kalk were made from devolatilization data,
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the only constant left to evaluate is the ratio kslk*. With hydrogenation
data from Figure 4-16 two values of kslk* are tested in Figure 5-8,
The results are interesting but not exceptionally good.

The inability of a single additional constant to explain
hydrogenation prevents accurate representation of yields at both constant
total pressure and in pure hydrogen. A gocd fit at low partial
pressures of hydrogen (Ptot = 69 atm) underpredicts yields at higher
hydregen concentrations as well as yields in pure hydrogen. The
calculated minimum is more pronounced than the experimental data
show.7 Rejection of the model, hewever, would be premature. Broad
trends are still characteristic despite the descriptive iimitations of
the single rate constant k5° The mass transfer coefficient k* and
the deposition rate constant k4 may change as the bulk gas phase
undergoes transition from helium to hydrogen but these are expected
to be small effects. More likely two other effects are responsible,
First, hydrogen concentration in the particle may be limited by
diffusion at high total pressures. Secondly, the hydrogen may also
react with portions of the coal not velatile in inert gas. This
latter point is especially satisfying when viewing the hydrogenation
results with ligrite (Figures 4-11 and 4-13). In Figure 4-11 two
stages of hydrogenation were identified earlier. The initial rapid
hydrogenation period is probably hydrogen stabilizing extremely

reactive vapor phase species. (Their existence was suggested by the

ZUnder conditions of pure hydrogen (where PH. = Ptot) Equation 5-19

goes through a minimun. Differentiating Equgtion 5-19 with respect
to P and setting the result equal to zero, one obtains

%
pmin = K /k5 (5-20)
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appearance of cracking deposits on the screens at high vacuum with

no change in measured weight loss). The slower second stage may be
hydrogasification of the "solid" phase. Again, competitive reactions
are hypothesized, hydrogenation to volatile products versts thermal
stabilization to coke. If stabilization were slowe> in the solid
phase than the gas phase, then this extended rate period would be
accountable, Moseley and Paterson postulate just such a mechanism
and the yield was found to be proportional to hydrogen .pressure

which is not inconsistent with the data in Figure 4-13. Incorporating
these two effects, lower hydrogen concentrations at high total
pressures and conversion of the "solid" phase, the fit can be improved
markedly as indicated in Figure 5-9. Uncertainity in the data
concerning the amount of this residual gasification occurring in
bituminous coal limits the gain of extending this theory too far.

(Calculational details are given in the Appendix,)

5+4 EFFECT OF PARTICLE SIZE

The final variable to be discussed and perhaps one of the most
significant in terms of process design is particle size., Data in
Figure 4-17 show that hydrogenation yields are substantially reduced as
particle size is increased. Empirically, it is interesting to
cross plot data from Figures 4-16 and 4-17, substituting the "effective"
hydrogen pressure (from the curve at constant Ptot) for yield in
Figure 4-17, The result is a correlation of “effective® hydrogen

pressure versus particle size in Figure 5-10. The assumption is that
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particles in the 50-100 micron range actually see the full 1000 psig H2
but the cross plot certainly casts doubt with regard to that
conclusion. No effect was observed experimentally in using 100 micron
particles versus 50 micron particles but the scatter in data would
explain the absence of effect. It was impossible to use particles
finer that SQP in the present apparatus to test the limits of this
trend. Also in Figure 5-10 the reciprocal of the "effective"

pressure is plotted against particle size showing a fairly linear
correlation. This does provide substantial support for the previous
argument that diffusion is affecting the hydrogen concentration. It is
apparent one major problem in achieving high yields will be getting

sufficient hydrogen in contact with the reactive species before they

polymerize and crack.



6. COMPARISON OF RESULTS WITH PREVIOUS INVESTIGATIONS

The preceding section dealt exclusively with the findings of
this specific study. Of course, the pyrolysis and hydrogenation of
coal has been extensively researched and a great number of models and
theory have been advanced. In this section, the intent is to first
critically examine these previous models in light of the new experi-
mental evidence and secondly to check for consistency between past

experimental results and the models advanced in thei study.

6.1 DECOMPOSITION MODEL

A traditional means of correlating pyrolysis rate data is the
first order decomposition model; i.e. rate isvproportionai to
unreacted volatile material remaining.

av/at = k(v - V) (2-23)
While the findings of this study clearly reject so simple a
picture, it does remain a convenient basis for comparing results from
different workers. It was possible to take individual weight loss
with time curves from this study and by assuming a constant V*
(estimated from weight loss at long times) correlate the data with
a non-isothermal version of Equation 2-23. As long as the conditions
were narrowly defined, it was possible to obtain reasonable fits
as evidenced in Figures 6-1 and 6-2. Figures 6-1 and 6-2 are

Arrhénius plots of the experimental rate constants as functions of

137
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reciprocal absolute temperature.8 "Best fit" straight lines are
drawn and the associated degree of fit are compiled in Table 6-1.
The weakness of the model as a useful correlative tool is reflected
in the fact that different values of ko and E were obtained for each
particular set of conditions, though a single set of values would
probably have been sufficient for the bituminous coal.

Figure 6-3 compares several of these curves with values
reported in the literature. While there exists a great deal of
discrepancy in the range of values the results of this study are
clearly not out of line. One especially interesting comparison is

between the curve reported by Badzioch and Hawksley (1967) for coal "B"

8The data points in Figures 6-1 and 6-2 are not taken from strictly
isothermal conditions. Each point represents a finite heating and
cocling period. The importance of the cooling period is indicated by
the higher apparent rate constant obtained when it is neglected.
These non-isothermal periods are converted into equivalent time at
maximum temperature in the following manner. The equivalent time may
be defined as

§ koexp( -E/RT(t))dt

teq = koexp(-E/RT*) 6-1

with T(t) = actual time~temperature history of the experimental run
and T* = designated temperature of the run (arbitrarily chosen as the
maximum temperature). The integral sign t§ signifies integration over
the entire temperature cycle of a run. The experimental rate constant
is then computed from the measured weight loss

In(1-V/V%)

exp T
€q

A standard least squares ra2gression routine is used to select values
of k, and E to achieve the best fit. The advantages of this approach
are two-fold; it permits comparison of non-isothermal data in the
customary fashion and provides for the inclusion of experimental
fluctuations in temperature.
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and this study®s results for lignite at high heating rate assuming
fhe weight loss during cooling negligible. The low apparent activation
energy cautions against such an assumption and this concern is confirmed
by the significantly lower rate constant obtained when the cooling
curve is included. However, the importance of the cooling curve is
greatly diminished if we assume the true nature of the mechanism to be
in accord with the statistical model where actual activation energies
are quite large such that the reaction may be effectively quenched
by cooling. The most important conclusion, though, is that a better
model is demanded by the results.

The most compelling argument for rejection of Equation 2-23
is that yield, i.e, V*, is a function of final temperature, a fact
that is neither mechanistically consistent with nor mathematical
amenable to Equation 2-23, Figure 6-4 offers a good illustration of how
pyrolysis yields depend on temperaturea. The data of each investigator
have been normalized to 100Z yield at 1000°C, an observation
consistent with all the previous work save that of Kimber and Gray (1967b),
The various curves on the plot require some explanation. Dryden's
(1957) generalized correlation is based on the slow carbonization of a
large number of American and British coals. The curve shown is
based on a coal having about 35-40% volatile matter (MAF). The
curve is general in the sense that it will accomodate any coal by
simply sliding the absicissa to the right or left (~50°C to the
left per 10% increase in VMO). The Soviet experimental technique
involved dropping coal particles through a heated chamber (residence
time G.45sec) and then catching them in a heat trap and "soaking"

them for the duration of the run (Shapatina, et._al, 1960).
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Particles soaked for 4 hours show a weight loss trend consistent
with Dryden®s prediction. At shorter residence times, 30-60 sec,
the yields are less and they are diminished further if only the
heat-up period of 0.45 sec is considered. The fact that the additional
weight loss observed between 0.45 sec and 30 sec is roughly
equivalent to the amount lost between 30 sec and 4 hours is
strong evidence that there exists a very rapid initial decomposition
followed by a very slow residual degasification. The BCURA results
also for times much less than one second show a significant
displacement from Dryden's correlation. Wiser, et._al, (1967)
determined values of V* by subtracting a final devolatilization stage
he identified as a constant rate period, The yields from the present
study of bituminous coal (long residence times, 5-20 secs)
are in good agreement with the Soviet data at 30-60 secs., The
conversions obtained from extremely repid heating (10,000°C/sec;
conversion during heatup only) establish a trend similar to the Soviet
yields at 0.45 sec. Since all data in Figure 6-4 were normalized to
unity at 1000°C, the curves do not reflect yields in excess of
proximate volatile content as observed by workers at BCURA as well as
during the course of the present investigation. Dryden and Wiser used
experimental techniques comparable to standard analysis methods and
would not be expected to see changes in total yield at high
temperatures. The Soviet workers used proximate analysis as a measuring
technique and therefore would be unaware of influenceg of -theéir
disperse phase rapid heating.

Methods by which this temperature-dependent behavior may be

modelled are not well-established., Chuckhanov theorizes that coal
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decomposition takes place through a combination of parallel and
consecutive reaction each of different kinetic characteristics.
(Shapatina et. al, 1960). However, we have no specific details of
such a model. Wiser, et. al, has treated all data isothermally,
integrating first and second-order versions of Equation 2-26 and
then inserting an appropriate value of V* depending of the temperature
level. Similarly, Badzioch and Hawksley (1967) correlated data with
an expression derived by isothermal integration of Equation 2-23,
substituting a temperature dependent function for V*g The problem
with this approach is that neither of these two investigators
considered the difficult integrati&n involved in non-isothermal cases
where a finite heating period exist.s. Badzioch and Hawksley claimed
little decomposition occurred during their extremely rapid heat-up
and Wiser, et.al, simply neglected any weight losses before their
sample reached desired temperature (~ 5 minutes to reach temperature).
In the latter case this omission amounted to the 497°C sample being 60%
devolatilized (based on V*) before:the inifial reading was taken.,
A glance at Figure 6~4 indicates that this includes nearly all of the
rapid devolatilization period and as a result any rate determinations
would merely be an average over an undefined temperature history.
This same difficulty has confounded nearly all investigators
attempting to evaluate coal decomposition kinetics isothermally.
Such information is highly questionable at best.

Pitt's (1962) recognition of this problem led him to adapt
Vand's (1943) technique of accomodating a large number of independent,
parallel rate processes. Essentially, this method is the statistical

decomposition model described in the preceding section. Pitt applied
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this model in a slightly different fashion, though, by selecting a
value for ko and then constructing a distribution of activation
energies to best fit his weight loss data. The results are not
considered reliable in the initial stages of decomposition due to
Pitt®s inability to sample his fluidized bed at solids residence times
less than 10-15 secs. For example, the initial sample of coal was

62% devolatilized at 450°C and 89% devolatilized at 650°C (based on
devolatilization at 100 minutes). Furthermore, Pitt®s determination
of weight losses by differences in proximate volatile content of coal
and char excluded the possibility of yields greater than; proximate.,
However, it is interesting to compare the form of Pitt®s distribution
of activation evergies with the Gaussian distribution estimated for
lignite in this study (see Figure 6-5). Pitt used a Binley coal
containing 46.2Z (MAF) volatile matter identical to the proximate
volatile contents of both coals used the present study. The graphical
comparison was made using the distribution estimated from lignite since

the distribution for bituminous coal was based only on high pressure

data and does not contain the higher activation energies associated
with those species participating in secondary reactions. In the course
of this comparison it must be remembered that Pitt used a fixed

13 sec-l) while in the present study the value

value of k (1.67 x 10
was estimated directly from the lignite data (ko = 1.07 x lolosec-l).
A partial consequence of this lower pre-exponential factor is a
shift in the distribution to lower activation energies. Data from this
study were refit to the statistical mecdel this time using Pitt's

assumed valde of ko =1,67 x 1013 Sec-l. The expected shift to a

higher mean activation energy (56,28 vs 48.72 kcal/mole) is observed



148

T | 4 T T T T T ]
\ GAUSSIAN DISTRIBUTIONS
0.5k FROM PRESENT STUDY OF
* LIGNITE PITT (1962) T
0.4 = hy
WBEST-FIT" %o T,
Oo3 -~ k 1-67 X 10 -
4 © sec—l
£(E)
002 - -
0.1 [~ . _ -
7 . ..“\\
P A R
] 1 I | i ]
0.0 1 i ! 1 ! | 1 [ I 1 14 Ly
0 20 40 60 80 100

ACTIVATION ENERGY (KCAL/MOLE)

FIGURE 6-5 COMPARISON OF ACTIVATION ENERGY DISTRIBUTIONS




149

with the distribution width virtually unchanged ( 6 = 10.91 vs

9.38 kcal/mole previously). The very high values of E determined by
Pitt are consistent with his much longer residence times which
Wwould include the slow residual devolatilization. Allowing these
discrepancies the Gaussian distribution duplicates the shape of
Pitt's constructed distribution very well.

Use of the higher value of ko is justified, at least to some
-@xtent, on théoretical grounds. From transistion-state theory the
frequency factor is calcuiated to have a value around 1013sec—1.

This is roughly equivalent to the pre-exponential factor (ko) in the
Arrhenius expression if the entropy of activation does not differ too
greatly from zero (Benson, 1968), . Summary values of the rate parameters
and associated error with the higher value ;f ko for both ceals are
given in Table 6-2. For lignite the change results in a negligible
increase in error and whilé the error increase is larger for bituminous
coal, it nevertheless appears, from a practical standpoint, a perfectly
adequate simplification of the model.

Another interesting characteristic of the statistical distribution
model is that it offers a plausible explanation for the low activation
energies typically found in simple first order correlations. The
observed low activation energies, typically less than 20 kcal/mole
(~ 10 kcal/mole in this investigation), have caused considerable
concern:as to whether chemical kinetics are controlling and indeed
prompted Berkowitz (19605 to reject chemical kinetics in favor of a
diffusion process. The experimental technique employed in this study
would cancel any rate limitations by diffusional processes and permit

direct measgure ment of chemical kinetiius, In a similar vein Juntgen

and Van Heek (1970) demonstrated by calculation that a set of overlapping,
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Lignite

TABLE 6-2
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EFFECT OF PRE-EXPONENTIAL FACTOR CHOICE ON

STATISTICAL DISTRIBUTION PARAMETERS

k (sec-l)

E, (kcal/mole)
o (kcal/mole)
SSE

S

S

Bituminous Coal (1000 psig)

k (sec-l)

E, (kcal/mole)
0 (kcal/mole)
SSE

S

S.

1.07 x 10%°
48.72
9.38

0.013452

+1.73%

+0.25%

2.91 x 10°

36.89
4,18

0.005022
+1,85%

+ 0.42%

1.67 x 1013

56.28
10.91

0.013779

+1.75%

+ 0.25%

1.67 x 1033

50,65
7.01
0.0075881

+2,29%

+0.52%
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independent, parallel first-order reactions could be approximated by a
single first-order expression having both lower activation energy and
pre-exponential factor than any of the reactions in the set. This
is, of course, in accord with experimental findings of the present study.
Also, calculations were performed to illustrate this important
phenoména. Weight loss with time curves from four hypothetical
independent first-order reactions (each having a ko =2x 1010 se‘c-'1
and with activation energies of 47,50,53,and 56 kcal/mole, respectively)
were addéed together and approximated successfully by a single first
order expression with ko =1.6 x 106 and E = 30.4 kcal/mole.

The continuous behavior of yield versus temperature coupled
with virtual independence of residence time strongly supports the
existence of very steep energy barriers that may only be overcome
with increases in temperature. Juntgen and Van Heek have focused
most of their experimental work on the evolution kinetics of particular
volatile species (C1 - Ca). The implication was that each volatile
species would represent a specific fundamental reaction within the
coal structure. However, the evidence showed that the formation of the
major volatiles also involved complex sets of reactions, thus forcing
definition of activation energy distributions for each species. To
calculate the weight loss from such a large set of equations is an
extremely cumbersome task and in fact impossible since all evolving
spécies have not been measured.

Van Krevelen, et al., (1956 and 1961) have pictured coal
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decomposition as a series of consecutive reactions (Coal —» Metaplast —)

SemiCoke —» Coke) with primary volatiles formed in the resolidification

of the metaplast and secondary gas evolved during the final coking stage.
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Recognizing the inadequacy of this simple sequence in explanation

of temperature-dependent yields, Chermin and Van Krevelan (1957)
theorized that secondary gas evolution from semi-coke could become
progressively more difficult with extent of reaction. Mathematically,
this was expressed as a conversion-depandent activation energy

%
v  _ % -(E__-a(v = V))/rRT
EE' = ko(V - Ve max

(6=3)
On reflection it is seen that Equation 6-3 will have the descriptive
powers of statistically distributed activation energies. Since

both models are approximations to a real situation undoubtedly
involving both parallel and consecutive reactions, the choice is
arbitrary though the mathematics of Equation 6-3 are decidedly less

tractable in non-isothermal situations (where the exponential term is

a function of both conversion and time).

6.2 SECONDARY REACTION MODEL

It has also been argued that rapid devolatilization can result in
yields significantly greater than indicated by proximate analysis.,
The accumulated evidence is compiled in Table 6-3. A large number of
American, British and French coals have beea tested with the ratio

of V*/VMo varying from 0.75-1.36, Changes in heating rate by these
investigators from 600-50,000°C/sec, however, produce very little
effect as substantiated by our work with bituminous and lignite coals,
A second important observation is that not all coals give yields

in excess of proximate volatile content. While it is claimed by the

BCURA workers thatyields have been achieved as high as 80%




153
TABLE 6-3
COMPARISON OF EXPERIMENTAL YIELDS WITH PROXIMATE VOLATILES

Proximate % %
Investigators & Coals Volatiles (VMO) v vV /M

(o 1100°C at

Loison and Chauvin (1964) (MF) )
Maigre Oignies 8.4 8.4  1.00  19007C/sec)
Bergmannsgluck 18.1 23.6 1.30
Emma 20.4 24,5 1.25
Lens-Lieven 244 26.7 1,09
Flenus de Bruay 31.0 39.6 1.18
Wendell III 33,9 34,5 1.02
Faulquemont 36.4 36.7 1.01

Rau and Robertson (1966) (MF) (to 950°C at
Colver (MVB) 25.3 19. 0.75  600°C/sec)
Kopperston #2 (HVAB) 31.6 36. 1.14
Federal (Pitts HVAB) 37.7 49, 1.30
Elkol (Wyo. Subbit,) 40,7 48, 1.17
Orient #3 (HVB) 44,0 41, 0.93

Mentser, et al., (1973) (MF) (Peak Wt. Loss) (te 1200°C at
Pocohontas #3 16.8 18.5 1.10 8000°C/sec)
Lower Kittanning 25.3 30.8 1,22
Pittsburgh 35.1 47.9 1.36
Rock Springs 37.7 42.4 1.12
Colchester 48,0 55.8 1.16

Badzioch and Hawksley (1970)  (MAF) Q(1-c) (to 950°C at
NCB 203 (K) 17.7 17.7 1.00  20-50,000°C/sec)
NCB 301a(J) 22,7 20.6 0.91
NCB 301b(H) 25,2 26.0 1.03
NCB 602 (E) 34,3 44,2 1.29
NCB 401 (G) 34.4 35.1 1.02
NCB 601 (F) 35.3 45,1 1.28
NCB 802 (D) 36,1 47,0 1.30
NCB 902 (B) 36.4 40,0 1.10
NCB 802 (C) 37.8 42,8 1,13
NCB 902 (A) 37.9 42,9 1.13

Present Study (As-Rec'd) (MF) (to
Pitts Bituminous 1000°¢)

LHR--650°C/sec 41,46 47.9 1.15 1.16
HHR~--10,000°C/sec " 50.0 1.20 1.21
Montana Lignite 44,66 40,6 0.91 0.89
o O e Y B O T R R
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(value of Q in Equation 2-24) in excess proximate volatile content,
intercomparisons of work necessitate use of a common basis, in this
case values of V* which diminish these claims somewhat. It should
be remembered, though, that the very short residence times associated
vith the data in Table 6-3 are not sufficient to completely
devolatilize the char. This finding is supported not only by our
work but also the findings of Shapatina, et al.,(1960), Badzioch (1967)
and Howard (1967). Table 6-4 contains results from studies at lower
temperatures (500~600°C). Both Sass (1972) and Peters (1960) found
continuous coal flow schemes with rapid heating giving significantly
higher yields than the standard Fisher retort method.9 The major
change in the volatiles was observed primarily in the yields of tar.
On the other hand, Soviet researchers upon changing the heating;rate
of a given apparatus observed essentially no change. The tar
content of this Moscow brown coal was also seen to be quite small
(as with our lignite)., Mazumdar and Chatterjee (1973) found that
the dimensions of the coke charge were quite significant in
determining volatile yields. Heating rate was a contributing factor
but not nearly as important as bed width,

A number of experiments were carried out at M.I.T. with a :
proximate analysis apparatus using crucibles of different sizes and
& basket to heat up samples at rates slower than were possible with

the electrical strip furnace. A pseudo-heating rate effect on

9The Fischer retort procedure involves slowly heating 20 to 100 grams
of ccal to a designated temperature (400-6000C ) and holding it there
until evolution of voiatiles ceases., The coal is heated in a special
aluminum retort with an outlet tube leading a condenser where liquid
products are collected (Fischer, 1925).
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bituminous coal yields is seen from these experiments in Figure 6-6.
It is termed a "pseudo-effect" since the most significant changes in
yield are observed at transitions in apparatus or procedure rather
than changes in heating rate although the latter does have some
influence. A partial correction for the residual volatile content

of the chars from short duration runs at very high heating rates is
included on the plot which only serves to further emphasize the need
to get volatiles away from hot surfaces. Likewise, the sample size
in the standard proximate analysis apparatus can result in significant
differences if the deposits formed on the crucible are accounted for in
total yield. This latter effect is explored in greater detail in
Figure 6-7 where the ratio of yield to proximate volatile content

is plotted as a function of sample size. The cube root of total
sample mass is used as a measure of path length in crucible
experiments. To put results from the electrical strip furnace on

a similar basis.the mass of a single particle is used as more
representative of sample size for the system geometry. As this

path length" is decreased a substantial increase in the yield of
volatiles is observed., A smooth curve with a very steep upward trend
results when the residual volatile content of the chars from short
duration runs is allowed for.in the data., Similar findings have
been reported by Mazumdar and Chatterjee (1973) and Gray, et al.,
(1973) although very small sample dimensions (approaching single

particles) were not studied in either investigation.
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It is generally agreed that secondary reactions are responsible
for these variations in yield, though Yellow (1965) and Van Krevelen,
et al., (1956) have suggested the possibility of fragments of coal
substance (metaplast) being physically carried away by rapidly escaping
gases., There is also broad support for the contention that these reactions
are primarily concerned with the tar fraction of the wvolatiles,

The increasing tar/gas ratio with increasing yields coupled with the
known instability of the tarry species compared to the gaseous
volatiles gives considerable weight to this position. At this stage,
disagreement exists over whether the primary volatiles are relatively
small free radical ring structures or large condensed ring structures
(essentially identical to:the tar that will be ultimately evolved).

ESR spectra by Bond (1968) with Den Hertog and Berkowitz's (1960)
devolatilization work in the presence of a known free radical scavenger,
nitric oxide, do support the existence of free radical processes

but the size of the species remains undetermined. In a hydrogen
deficient environment, the small species would polymerize to

coke unless they could escape as tar at some intermediate stage of
polymerization. The escaping tar might also undergo cracking

reactions producing coke and gas. Mazumdar and Chatterjee have discounted
this latter reaction since they observed no increase in gas yield as
tar was lost in larger beds. However, Peter's data in Table 6-3
definitely shows an increase in gas yield under retort conditionms.
Presumably, both mechanisms, cracking and polymerization, are involved

but their relative extents are unestablished.



Regardless of the exact nature of the secondary reactions, their
extent is strongly influenced by the residence time and concentration
of reactive species in contact with hot surfaces. Large packed beds
and the accompanying slow rate of heating virtually insure a minimum
yield of volatiles by providing sufficient surface area and residence
time for the secondary reactions. Similarly, devolatilization at
elevated pressures retards the diffusional escape of these reactive
species increasing internal concentrations and thus the rate of
secondary reactions. Consistent with the findings of this study,
Belt, et al., (1971) discovered that highest yields of char were
obtained from their entrained flow carbonizer at highest inert gas
pressures, The above arguments are not to be taken as proof of a
diffusion limited rate process. For even at a fixed rate of volatile
escape (chemical reaction controlled) reduction of the overall
mass transfer coefficient by increaséd total pressure would still
increase the internal concentration of reactive species and diminish
total yield. In this sense, the model proposed here must be
clearly distinguished from the simple diffusion rate controlled
models advanced by Essenhigh (1963) and Berkowitz (1960) which

did not consider the role of secondary reactions,

160
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6.3 HYDROGENATION

As with the devolatilization results essentially the only existing
basis for comparison of hydrogenation rate data is a first order
version of Equation 2~7

av

dt = koe-E/RT

PH.(V* - V) (6-4)
2

Results with bituminous coal and lignite at 1000 psig H2 have been
correlated with this model and the best fit rate constants are

plotted in Figure 6-8. Actual data for the bituminous coal are
included using the equivalent time at temperature technique described
previously. Activation energies are again quite low, 5.5 kcal/mole
for bituminous coal and 4.8 kcal/mole for lignite. Results of
Feldmann, et al., (1972) with Pittsburgh cocal at 1000 psig are

plotted and show exceptionally good agreement. Juntgen; _et al.,
(1973) data for methane evolution (major hydrogenation product) and
Feldmann's (1970) data at 3000 psig exhibit lower apparent rate
constants. At low temperatures, Wiser et al., (1971) reports
catalytic hydrogenation results which are again not too far out of
line. The principle conclusion to be drawn from the plot is not that
hydrogenation of coal has been successfully modelled, but rather that
data obtained by the present and by other widely varying

experimental techniques are nevertheless comparable in magnitude. The
literature values in Figure 6-8 are not good. First, devolatilization
yields are unaccounted for in Equation 6-4 causing an apparent
pressure dependency on the rate constant (eg., Feldmann's results at

1000 and 3000 psig). Feldmann, at the higher pressure, did attempt to
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correct for devolatilization by providing an initial condition of
instantaneous yield in Equatioﬁ 6-4. There is no explanation,
however, as to why this computed constant should decrease from
0.22 at 725°C to 0.14 at 900°C, nor why it is so very low. Such
results place great doubt on the validity of such a model.. The
curves by Juntgen, et al., and Wiser, et al., are also questionable in
terms of direct comparison since they were obtained at very low
heating rates and extend over a minimum time scale of 10 minutes
or more, Completely disenchantment with the model is reached upon
realization that yield, V*, is a function of hydrogen pressure,
temperature and particle size.

Invoking mechanistic considerations, Moseley and Paterson first

é

suggested a model to account for yield dependency on hydrogen pressure

-kt
dx _ * 72 11
St kBPHZCoe (2-11)
k., P, C *
3 H2 o
X =g (at long times) (2-13)
2

The model indicates that the rate of conversion (%%5 is proportional
to hydrogen pressure and the concentration of a exponentially decaying
active species., At long times, the expression for yield is
proportional to hydrogen pressurz. This model and the original data
are plotted in Figure 6-9, Data from Hiteshue, et al., (1962b, 1964)
are also included showing general agreement except that the data

bend downward sharply near the axis. The Moseley and Paterson model

is extrapolated linearly to proximate volatiles content, however, the
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results of this and several other studies using disperse phase rapid
heating techniques suggest this may underestimate yield at zero
hydrogen pressure. Since Badzioch and Hawksley worked with a similar
British Coal (NCB 902), their experimental ratio of V*/VM° = 1,13 has
been used to calculate a more appropriate intercept {indicated by the
dotted line). The trend is decidedly more in line with the present
study's findings for bituminous coal in pure hydrogen. Part of the
explanation for Hiteshue®s steeper initial slopes is that the experiment
was conducted at relatively low heating rates in a packed bed.

In the absence of hydrogen the tar~forming species would probably

all be lost in secondary rezctions. It might be expected then that;
despite the use of pure hydrogen by Hiteshue, his results would
nevertheless be more analogous to data of the present study at
constant total pressure which also showed a fairly steep slope at

low pressures. This hypothesis is pursued in more detail in Figure 6-10
where data only in the range of 100 atm are examined. Here the
calculated behavior of Moseley and Paterson's results are seen
trendwise in good agreement with bituminous coal yields in pure
hydrogen. Yields at constant total pressure follow a steeper slope,
again paralleling Hiteshue's findings. Extrapolation of the Moseley
and Paterson work with English lignite in Figure 6-11 gives a slope
over this range in pressure not too different from the present work
with lignite.

The yields obtainded at very high pressures by Moseley and
Paterson and Hiteshue are large enough to validate the conclusion
that hydrogasification of the solid phase is probably occurring.

Over the range of pressures studied in this investigation (to 100 atm)

the amount of such conversion is probably small . The above
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interpretation of Hiteshue's data is based on this study's findings

at constant total pressure., The only other literature reference

to this sort of behavior is the work by Belt and Roder (1972) who also
found that total pressure as well as hydrogen pressure is important

in determining yields. However, the small amount of experimental

data in that work led to several implausible conclusions (e.g., a
maximum in yield was reported with respect to hydrogen concentration
at a constant total pressure) and no mechanistic explanations

were offered,

Since the original work by Moseley and Paterson several
modifications have been suggested. Johnson used an extremely complex
variation of Equation 2-11 to include a dependency of the rate on the
extent of conversion. As Johnson notes, his results indicate that

a much simpler version would suffice:

dx %

T k3PH2(1 - X)C (2-19)
%
k3PH2C0
- In(l -X) = B — (2-20)
2

Johnson interprets the participation of the active species, C*, as

a catalytic agent promoting conversion of the coal®s fixed carbon.

In Figure 6-12, the data from Figure 6-9 are plotted in accord with
Equation 2-20 (1n (1=X) vs PHZ); Due to the uncertainty in the data,
no strong disagreement is observed. However, the slope is markedly

different from the one reported by Johnson as fitting his and Hiteshue's

data (30 minute residence times and pressures below 1000 psig).

168
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Clearly, Johnson's slope is in error as evidenced by Hiteshue's
yield of 74% at high pressure (6000 psig). The explanation is
believed to be similar to the one just advanced as to why Hiteshue's
yields decrease sharply near the axis, i.e, secondary reactions in the
bed., Johnson's thermobalance also has a relatively large bed and a
very slow heat-up (2 minutes to temperature) compared to the use
of finely dispersed particles in the present experiments and the work
of Moseley and Paterson; each of these contributes to the loss at
low Hzconcentrations of reactive volatile species.

Zahradnik and Glenn have proposed a different modification in the
Moseley and Paterson model by assuming the active species also to
disappear by reaction with hydrogen. With this assumption the

expression for yield at long times becomes

%
kIPHZCO
X = m— (2-15)
klPH2+ kz

Equation 2-16 is empirically attractive since it provides a very
steep slope initially which diminishes to zero at high pressures.,
Zahradnik and Glenn showed that constants could be found such that
Equation 2-16 agreed very well with the data by Moseley and Paterson.
The basis for outright rejection of these simple competitive reaction
models was established in the Results Section where it was shown

that a low temperature hydrogenation char upon heating to a higher
temperature gave the same overall yield. If in fact there existed
only a single type of active species (as assumed in Equations 2-9

through 2-20) it would have been completely deactivated in the low
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temperature run with no additional conversion possible in the second
heating, However, as shown in the decomposition of coal a great many
reactions are involved many of which will not occur at low temperatures.
Moseley and Paterson recognized that Co* would have to be a function

of temperature. Attempting to incorporate this temperature dependency
Johnson replaced CO* in Equation 2-20 with an expression involving
statistically distributed activation energies (Equation 2-21)

virtually identical to the decomposition model proposed in this paper,
Johnson further claimed that at all temperatures the effect of hydrogen
could be observed with his bituminous coal char. However, in Figure 4-15
at temperatures below 600°c no difference in yields between hydrogen
and helium was seen. The explanation of this apparent difference

lies in recognizing the fact that Johnson developed his temperature
dependency correlation from run times of one hour. In Figure 6-13,
Johnson's original data at residence times of 3 minutes are replotted,

and these show much better agreement with the temperature dependency

of rapid-rate yields found in this study.

6.4 EFFECT OF PARTICLE SIZE

The last major finding of the study was the significant influence
of particle size on hydrogasification yields. Previous investigators
have used a wide range of particle sizes in accumulating the available
body of information of reactions of coal with hydrogen without concern
for the effect of particle size, Table 6-5 lists the cited workers

in this section and the particle sizes used by each. Examination of
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TABLE 6-5

PARTICLE SIZES USED IN PREVIOUS INVESTIGATIONS

Investigators Particle Size (Dia.)
Glenn, Donath and Grace (1967) 44 p
Belt and Roder (1972) 702 < 74 p
Moseley and Paterson (1967) 100-150 p
Feldmann, et al., (1970) 150-300
Wiser, et al., (1967) 246-417 p
Hiteshue, et al., (1964) 250-600 p

Johnson (1973) 420-841 n
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the list, with reference to Figure %4-17, indicates that any conclusions
drawn from such studies must be regarded with suspicion. Moseley

and Paterson did attempt to study the particle size effect but

found their apparatus unsuited for wide ranges of sizes. They

did conclude that there seemed to be an effect, with smaller particles
giving larger yields, certainly consistent with the findings of this
study. Their data are compared with the present findings in Figure 6-14.
Direct comparison is impossible because their data are reported in

per cent carbon conversion rather than weight loss and the data were
accumulated at 175 atm versus the 69 atm pressure used in this study.
Nevertheless, the good agreement lends confidence to the data as

well as the models.
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7. APPLICATION OF RESULTS

The following discussion addresses one of the major reasons for
this investigation: provision of data useful in the design and scale-
up of commercial systems. The present study was not undertaken with the
intention of developing a data base unigue to a specific process but
rather to generate data of a more fundamental nature that hopefully
would find widespread applications. Accordingly, models were constructed
consistent with the findings in this laboratory as well as those
reported in the literature. Key design parameters were isolated and
the important mechanisms elucidated.

Among the present gasification schemes under serious consideration
(Table 2-1), only the Bureau of Mines' Hydrane process envisions a
hydrogen-rich conversion of fresh coal. The hydrogasifier portion of
that process is sketched in Figure 7-1. Raw coal (ISO-BOQP) is to be
fed into the top of a free-fall reactor (Stage 1) with a hot mixture
of hydrogen (54%) and methane (46%)(Feldmann, et al., 1972). The
resulting methane-rich gas (73%) is sent to the final clean-up stages
while the partially converted char drops into a large fluidized bed
(Stage 2) and further reacts with hydrogen producing more methane.

The reaction heat from hydrogasification is transferred to the steam
gasification system via superheated steam. Steam coils are situated

in the fluidized bed to capitalize on its excellent heat transfer
characteristics. Finally, the char (after approximately 50Z conversion)
is passed on to the synthesis gas generation system. One of the highly-
touted advartages of the system is that only about 5% of the carbon in
the off-gas is carbon monoxide thus requiring very little catalytic

methanation.
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It is interesting to analyze this process and its anticipated
performance in light of the experimental results presented previously.
Perhaps, the most convenient forum would be to review each of the
variables studied and reflect on how this study's findings might
influence the design of Hydrane.

Residence Time -- The experimental evidence for both lignite and

bituminous coal showed that residence times of a second or less at
temperature were sufficient for near completion of the reactions.
Feldmann, et al., (1972) calculated residence times in the free-fall
section for 20Z conversion in the range of 1/4 to 3/4 sec with heating
rates of 3000°C/sec and 1000°C/sec, respectively. The data of the
present study indicate conversions approximately twice as high suggesting
that present design calculations for Hydrane are extremely conservative.
Temperature -- The maximum temperature reached in the free-fall
reactors is expected to lie in the rangc of 600-800°C. This meaas,
based upon the findings of the present study (see Figures 4-12 and %-15),
that as much as 40% of the potential rapid-rate material is unreacted.
Since this portion of the rapid-rate material is the most reactive to
hydrogen and due to the higher hydrogen pressures in the fluidized bed
(600 versus 200 psig Hz), it appears desirable to maintain a low
temperature (ca. 600°C) in the first stage for devolatilization and

allow most of the hydrogasification to occur in the second stage. This
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600°C is observed to be the point at which hydrogen begins to significantly

attack the coal as established in Figure 4-15.
Heating Rate -- At 1000 psig, the data of the present study show
no effect of heating rate on yield. In fact, the only consequence of

increased heating rate will be decreased reaction time and vessel size.
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It may, therefore, be of some advantage to permit higher wall temperatures
in the first stage and shorten residence time. Heating rate should be
no problem in the fluidized bed.

Pressure -~ As mentioned before, hydrogen pressures are appreciably
higher in the second stage. Bureau of Mines design calculations indicate
that about 30Z of the coal will be converted in the second stage with 20%
in the first stage (the 50% total conversion is desired to maintain a
char balance in the overall gasification system). However, if, as the
data of the present study show, a 35Z conversion is possible in the free-
fall section (even at 600°¢C) only 15% conversion will be necessary in the
fluidized bed leading to even higher hydrogen concentrations. Unfortunately,
experiments by Feldmann, et al., (1970) show that the dilute phase section
is essentially well-mixed with respect to the gas. This means that
hydrogen pressures will be low and little hydrogenation of volatiles
is expected. Every effort should be made to approach plug flow in
order to preserve a maximum hydrogen concentration during devolatilization.

Particle Size -- Use of 150-30qP particles may mean a loss of perhaps

10-11% of potential rapid-rate yield,relative to 70P particles, through
secondary reactions. Finer particles would heat more quickly and fall
more slowly thus significantly reducing the height required in the first
stage reactors., The main problem with finer particles wil be the
difficulties of disengaging them from the gas stream at the bottom of
the reactor.

In terms of overall process economics, the loss of yield from
increasing particle size may be related directly to thermal efficiency
loss by increased catalytic mathanation requirements. This energy loss,

in turn, is then compared to the gain in energy from reduced grinding
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demands. A calculation based on a comparison between 7QP particles and
1000y particles in 1000 psig HZ indicates, however, that within the accuracy
of the numbers the energy gain and loss are roughly equivalent, about
1000 BTU/1b coal. From this it may be concluded, for the time being,
that particle size selection will be based on other criteria such as the
additional residence time needed to heat up larger particles.

This brief overview strongly supports the general principles of
the Hydrane process. The new results, in fact, are indicative of even
greater potential than previously expected. The initial stage should
be operated in near plug flow at a temperature around 600°C. The fluidized
bed should complete the rapid hydrogasification and serve as a useful
heat transfer medium. Residence time in this bed can be reduced
substantially since little if any slow hydrogasification will be required.
Current opinion at the Bureau of Mines contemplates much reduced rates
of reaction in this stage, but evidence from this thesis establishes
that potential rapid-rate yield at 900~1000°C will be unaffected by
the initial 600°C stage. Furthermore, rapid-rate yields may well exceed
the 507% conversion figure chosen for system balance. However, it may
be more advantageous to permit an imbalance in favor of higher rapid-rate
yields and make up carbon deficiencies by pumping a water slurry of
raw coal directly into the steam gasifier.

The preceding analysis solely on the Hydrane system was not intended
to mean that this is the only process where results are applicable,
but rather that this process is unique in the sense that it closely
conforms to general directions taken in this study. The devolatilization
kinetics will be of general value to all processes in which coal is
heated rapidly including pulverized coal burners, entrained flow carbonization

systems as well as gasification plants.
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CONCLUSIONS

The electrical strip furnace has been demonstrated to be an
effective tool for study of extremely fast reactions in coal at
high temperatures and pressures. In those few instances where
comparisons are possible, data from this apparatus agrees quite
well with results from continuous coal flow techniques designed to
simulate full-scale systems. Thus, the data are believed to be
very useful for future commercial design considerations.

The specific experimental conclusions are as follows:

a. The rate of coal conversion by devolatilization and hydrogasification
is very fast with weight loss virtually ceasing within a second
after reaching final temperature, Even with initial heating
rates of 10-12,000°C/sec it is impossible to avoid significant
reaction before reaching the desired temperature.

b. Yields in both hydrogen and helium increase with increasing
temperature until approximately 900-1000°C after which further

' temperature increases resulted in essentially no further yield.

c. Heating rate has no discernible effect upon lignite yields
regardless of conditions. However, at intermediate pressure
levels (0.1 - 10 atm) increasing the rate of heating from 600
to 10,000°C/sec increases bituminous coal yield by approximately
2 percentage points. This effect is not observed at high
pressures (1000 psig) for bituminous coal.

d. Total inert pressure has no effect on yields from lignite but
increasing pressure from 0 to 1000 psig does reduce bituminous

coal yields from 49% to about 37%. Increasing hydrogen
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concentration at a fixed total pressure increases yields, but
yields for bituminous coal in pure hydrogen show a minimum value
(~ 50%Z) somewhere in the vicinity of 1-10 atm,

e, Particle size has a small effect on yield for bituminous coal
under 1.0 atm He, 48%Z yield for 7QP particles versus 447 for
IOOQP particles. The effect on yields in hydrogen (1000 psig)
is considerably greater with 607 yield for 7QF particles and
44% for 1009P particles

f. In general, two quite different coals, Montana lignite and
Pittsburgh Seam bituminous coal, have similar characteristics
in terms of overall yields, rates, and trend with temperature.
Bituminous coal yields are also affected by heating rate, total
inert gas pressure, and particle size.

The general reaction scheme for coal is concluded to consist of a

primary thermal decomposition forming volatiles and initiating a

sequence of secondary reactions leading to char. Unique in the

case of bituminous coal, intermediates in this char-forming sequence

can volatilize as tar if the residence times are short enough (as in

the case of low pressures, small sample sizes, and high heating rates).

Primary decomposition is modelled as though it is an infinite set of

first order decomposition reactions with a statistical distribution

of activation energies.

a. A Gaussian distribution of activation energies accurately
accounts for the effects of residence time (0-20 secs),
temperature (400-110000), and heating rate (65-10,000°C/sec)
in the devolatilization of lignite. Estimated activation

energies are in the range of 30-67 kcal/mole.
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A range of activation energies from 29-45 kcal/mole successfully
correlates rate and yield data for bituminous coal at 1000 psig
(no contribution from secondary reactions).
The increasing yields with decreasing pressure for bituminous
coal is correlated by a selectivity expression derived

from a secondary reaction model hypothesizing a competition
between a char formation reaction and diffusional escape of
intermediate species.
It was further concluded from the secondary reactions model that
large coal beds, large particle sizes, and low heating rates

would all promote the formation of char and diminish yield.

Hydrogen is also believed to interrupt the char-forming reaction

sequence thus increasing the volatile yield. Further support

of this argumént is the observation that the additional conversion

obtained in hydrogen atmospheres occurs at a sloWer rate than

devolatilization.

as

b.

Ce

Susceptibility to hydrogen attack is observed to last for
times approaching one second at IOOOOC as shown in rapid
heating experiments with lignite.

The yield from bituminous coal heated in pure hydrogen exhibits
a'minimum (around 50% wéight 1l6ss) with respect to pressure
occurring at 1-10 atm. This unique behavior was predicted
qualitatively from the secondary reaction model assuming that
reactive intermediates become non-reactive upon hydrogenation.
The secondary reaction model is inadequate in that parameters
determined for conversion at low hydrogen partial pressures

(constant total pressure) underpredicted yields at high hydrogen
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partial pressures and in pure hydrogen. Two factors are

believed responsible for this discrepancyt 1) hydrogenation

of portions of the coal which are not volatile in inert atmospheres
and 2) diffusional limitations on hydrogen at high total
pressures.

The importance of hydrogen diffusion to the coal particle

is substantiated by the increasing hydrogenation yield with
decreasing particle size. "Effective'" hydrogen pressure

was shown to be roughly proportional to the reciprocal of

mean particle diameter.

5. The data agreed well with previously reported experimental trends

and the model offered reasonable explanaticns for some of the

observed "anomalies'.

Devolatilization

Ge

b.

While rejected as mechanistically insufficient, the simple
first order decomposition model does correlate the results
over narrow ranges of experimental conditions and the
estimated rate constants fall in the middle of a broad range
of literature values., Activation energies around 10 kcal/mole
are observed, consistant with many past studies, and these

are shown to be the mathematical consequence of an inadequate
model rather than an observation of mechanistic significance.
Results from a number of different experimental techniques
were collated and used to establish the existence of two broad
rate regimes, a rapid devolatilization and a slow devolatilization,
the latter being completely unimportant in the present study.

While a few seconds at temperature are sufficient to bring an
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end to the rapid devolatilization, it was impossible to
devolatilize the char completely in times as long as 20 secs
even at the highest temperatures with a residual volatile
matter content of 4-7Z of the original coal remaining.

The interesting claim of rapid-heating induced excess yields
was put into perspective in terms of secondary reactions.
Bituminous coal yields 15 to 20% greater than proximate volatile
content were observed dand found to be in accord with other
similar studies. Pressure and sample dimensions were found
more useful than heating rate in illustrating the extent

of these secondary reactions. It was exphasized, though,
that "excess yields" depend on coal type with Montana Lignite
giving yields approximately 90% of proximate volatile matter.
From the results of this and several other studies, it is
possible to conclude that the tarry species are centrally
involved in the secondary reacfion but exact identification
of the mature of these reactions, polymerization or cracking,

was not possible.

Hydrogasification

ae

b.

For bituminous coal very close agreement is achieved between
the estimated power .law rate constant of the present study

and the work by Feldmann, et al., (1972). However, the simple
model is rejected as inadequate to describe yield functionality
with respect to pressure, temperature, and particle size.

From the secondary reaction model it is possible in plots of
"2 to explain the steep initial slope found

by Hiteshue, et al., (1964) (secondary reactions in the bed)

yield versus P
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as contrasted to the relatively flat curve of Moseley and
Paterson (1967) (disperse phase heating with few secondary
reactions).

t. ,Use of the simple "active" species to explain temperature

. effects on yields suggested by Zahradnik and Glenn (1970)
is dismissed based on experiments showing that hydrogenation
yields are a state function of temperature. Data from
Johnson's (1973) work are shown to be consistent with these
findings,

d. The effect of particle size on yields is found to be important..
Based on this result and the fact that a wide range of
particle sizes were used in the various published studies, it is
clear that intercomparisons of the literature results is
difficult.

6. The correlation methods evolved in this work should prove valuable
in fature.bench~scale and pilot-plant efforts with pulverized cocal
burners and entrained flow carbonization systems as well as with
gasification plants. Specifically, the Bureau of Mines Hydrane
process was analyzed and found to be well-suited for achieving
significant rapid-rate yields. Higher conversions than previously
anticipated are expected with further improvements possible from

use of finer particles.




Y. QECOMMENDATIONS

1. Since the primary impetus for this investigation was the need for
data directed toward the commercialization of coal gasification,
it is recommended that further work be done toward that specific
roal.

a. A fairly detailed analysis of the specific products of gas.
liquid and solid is deemed necessary to complement the overall
conversion information obtained in this study. Since secondary
reactions were shown to be important, it is emphasized that
such work be designed to control carefully the residence time
and to simulate the time-temperature history of the respective
products as might be experienced in actual production.

b. To permit use in actual reactor design:.of these semi-
fundamental kinetic data on conversion, further study of the
actual solids residence time distribution in full-scale
reactors is necessary.

c. In the present study particle size was shown to be a significant

variable at high hydrogen pressures but the limitafions ol
the apparatus prevented accurate identification of the particle
size where the effectiveness factor is actually or very nearly
unity. A study of very fine particles (< 50u) is recommended.
d. Study of the effect and mechanism of catalysts which have been
& used to obtain extremely high yields from low temperature short
residence time experiments (Wiser et al., 1970) should
provide useful commercial information as well as further

enlightenment as to the nature of the rapid decomposition-
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hydrogenation reactions of coal.

While the models advanced in this paper do represent a step toward

more fundamental portrayal of rapid coal reactions more work on

the improvement of these models is clearly justified.

a. The nature of the secondary reactions is not well-understood.
Experiments directed specifically toward identifying the
composition of the primary volatiles is probably the most
advantageous aspect to pursue.

b. The assumption of a simple constant overall mass transfer
coefficient in the secondary reaction model is probably not
very good for a coal that simultaneously is undergoing major
physical transformations (melting, swelling, etc.). An
interesting study would focus on the relationship of these
physical changes to the important diffusional processes
occurring during the rapid-rate period.

Finally, it is recommended that the electrical strip furnace be

utilized in studies of related interest. The apparatus worked well

and proved extremely flexible in terms of performing unusual
experiments.,

a. Both oil shale and urban refuse have been suggested as sources
of high heating value gas. This apparatus would provide a
simple, quick and effective means of obtaining valuable
devolatilization and hydrogasification data for design
consideration.

b. In a more general sense, this apparatus could be quite useful
in kinetic studies of a wide range of solid decompositions

and various fast gas-solid reactions, For example, a study of



189

solid combustion would be interesting if a suitable support
(non-oxidizing screen) cculd be found.

It should not be forgotten, though, that only two types of

coal were studied in this thesis and significant mechanistic
information was acquired from their differences. Further clues
would undoubtedly be forthcoming in studies of other types of
coals (e.g.. subbituminous, low-volatile bituminous and

anthracitic coals).



10. APPEMDIX

10.1 NOTES ON THERMODYNAMICS AND COAL

10.1.,1 T7hermodynamic Advantage of Fresh Coal

As a basis for analysis it 1is usually convenient to choose the
carbon (@"graphite) and hydrogen reactions

c + 2H2 = CH4 (2-2)

K
p

2
P, /(B ) (10-1)
CH, “"H,

Values of Kp as a function of temperature are shown in Figure 10-1.

As usual with an exothermic reaction, increases in temperature (favorable
to reaction kinetics) reduce attainable methane yieids. Dent (1944)
first suggested the possibility of attaining methane concentrations

in excess of Q -grzphite equilibrium (illustrated in Figure 10-1)
although this "activity" would decay with prolonged heating. Dent

pictured the phenomenon as a thermzal "graphitization® of the coal or
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coke®s carbon. Squires (1961) compiled the data of numerous investigations

(Figure 10-1) which also exhibited experimental achievements of "excess"
methane. The "quasi-equilibrium" data suggest excess free energies of
several kcal/mole, Squires further reviewed possible explanations
for the phenomena
1, Hydrogen present in coal, although this was discounted
as mincr.
2. Structural differences, in particular surface area and

crystallite size variations between the carbon in
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char and graphite. Evidence from studies of various
types of carbon were shown to favor this line of
reasoning.
3. Methane from volatile decomposition; continuous
gasification of raw coal will approach equilibrium
“from above"., That is, methane will be formed predominately
by devolatilization in the presence of hydrogen with
essentially none of the coal®s fixed carbon reacting.
Wen and Huebler (1965) experimentally measured "equilibrium"
methane~hydrogen concentrations over low temperature bituminous coal
char and found Kp decreasing with conversion, This data is shown in
Figure 10-2. A "zero" conversion Kp for char is 6.67 times greater
than for graphite (or -~3.7 kcal/mole excess free energy). As fractional
conversion approached unity, Kp approached the value for equilibrium over
graphite supporting to some extent Dent's original theory.
Feldmann, et al., (1970) argued that early methane formation from
coal is a completely "irreversible" step (C*—+ CHa) thereby invalidating
equilibrium thermodynamics. The only effect of the methane present is

to dilute the hydrogen since methane decomposition is slow.

10.1.2 Kinetics of Methane Cracking

Assuming that initial methane formation is completely irreversible,
the only limitation on achievable methane concentrations is the rate of
methane decomposition. Donath (Bituminous Coal Research, Inc., 1965)

found no methane cracking for gas residence times of 5-10 secs at 1770°C
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and 70 atm pressure, although heavier species were found to crack to methane.
Zahradnik and Grace (1972), on the other hand, have published data for
methane decomposition (1400-1600°C). The disappearance of methane is
modeled as a first order decomposition (Data show approximately

507% decay in 7.5 secs at 1600°C. The rate constant is highly

dependent on temperature, E = 30 kcal/mole). They believe the decomposition

to be due to steam reforming (CH4 + H,0 =CO + 2H2) rather than cracking

2
to carbon and hydrogen. This is consistent with Blackwood's (1962)

findings that the rate of methane decomposition to graphite is of the
same order of magnitude as methane formation rates from fixed carbon.

Of course, these hydrogenation rates are several orders of magnitude

slower than rapid-rate gasification.

10.1.3 Heat of Reaction for Hydrogasification of Fresh Coal

Heat effects associated with gasification reactions are of
considerable importance in reactor design. Typically, coal gasification
schemes have been based on the heat of reaction between graphite and
hydrogen. Squires plot (Fig. 10-1), however, shows slopes for coal
significantly greater than that for £ -graphite, implying the molar
enthalpy of reaction more exothermic for coal + hydrogen than §-graphite
+ hydrogen. (4 H as much as 15 kcal/mole). On the other hand, Lee, et-al.,(1968)
published calorimetric values of the mass heat of reaction with hydrogen

for the followings



Raw Coal AH ~ =-1,00 kcal/g at 704°C
Pretreated Coal -1.09
Low-temperature Char -1.35
High-temperature Char -1.70
Graphite ~1.78

Moseley and Paterson (1967) calculated a heat of reaction for their
coal-hydrogen reaction based on the heats of combustion for reactants
and products. The reported value of -10.1 kcal/g~atom C at 298°K

seems to support the trend identified by the IGT workers above.

Birch (1969), though, computed a AH = =2,46 kcal/g (at 298°K)

also from an energy balance on reactants and products, This value,

of course, is higher than graphite and supports the evidence of £ _.ires.
Experimental verification by the techniques of Moseley and Paterson and
Birch is admittedly difficult since it involves subtracting two large
numbers ¢f roughly equal magnitude. In either case the dilemma is

unresolved.

10.1.4 Thermodynamic Analysis of Coal Structure
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It has long been empirically established that the heat of combustion

of coal can be computed by simply summing up the heats of combustion
of its constituent elements (ultimate analysis) (Perry, et al., 1963).
This implies, however, that the heat of formation of the coal substance
itself is identically zero. Since a number of structures for coal have
been proposed in the literature, it was decided to apply this
thermodynamic observation as a potential screening factor of coal
structures. The heat of formation of the respective coal structures

was estimated by the group contribution methed of Franklin (Reid and
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Sherwood, 1958). The analysis was completed for two example structures
and the results are given in the accompanying illustration. As is
apparent, the calculated heats of formation for both structures are
very near zero, thus the method definitely lacks any discriminating

potential.

10.1.5 Ultimate Analyses

The coals used in this investigaticn were not analyzed for their
elemental composition, but the Institute of Gas Technology has worked
with similar coals and reported their ultimate analyses as followss

Lignite (North Dakota, Johnson 1973)

Ultimate Analysis Proximate Analysis (Present Study
Coals)

C 66.4 FC 48,5 47.04

H 4,48 VCM 43.6 40,33

(o] 19.63 Ash 7.9 12.63

N 0.78

S 0.79

Ash 7.92 CH 61°.22Y.01°.0045

Bituminous (Pittsburgh No. 8, Ireland Mine, Lee, et al., 1967)

C 71.1 FC 51.8 46,34
H 4,95 VCM 35,9 39.81
0 7.35 Ash 11.3 12,20
N 1.18 Moisture 1.0 1.65
S 4,03

Ash 11.39 CH _,0 S

.84%,078".0145.021
Net H/C ratio (Neglecting N,S and assuming all O appears as HZO)

Lignite CH0.37 Bituminous CH0.68 Factor of 1.85
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€70%41%%
Fay =
Est., Hcomb
Est. AHfo
Fuchs and Sandhoff Model (1942)
oH oM o

C102H78%10 2

_ BTU
Est. AHcomb - 13,930 ll.b.—
o _ _g5BIU

Given Mecdel (1960)



10.2 SUMMARY OF EXPERIMENTAL DATA

The following listings were prepared from the experimental data
decks used in the analysis of the respective models. The actual
time-temperature histories are included (time in seconds and temperature
in degrees Centigrade). Several additional listings of data not in the

computer card.files are_included at the end of this section.
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LIGNITF 1¢0 ATM HELIUM LOw HEATING RATES 198
RUN NO, 62C2 WTes LOSS 041130 RUN NOs T70DA2 WTo LOSS 0.1507

2O

TIME TEMP TIME TEMP
000 25, 0600 256
0s60 164, 0460 172,
1620 291 1420 295,
1,80 388, 1.80 396, ;
2640 443, 2440 4856 ;
2060 490, 2470 515 i
3,20 436, 3,00 485 i
3.80 367 3460 419 :
4e40 322, 4620 367 :
5.00 278, 4480 319.
5460 252, 5¢40 278,
6220 219, 6000 2440

RUN NCe 6922 WT, LOSS 041914 RUN NOe 69A2 WTe LOSS 0.2360

TIME TEMP TIME TEMP

000 25 0400 254

0450 142, 1.00 222,

1.00 247, 1.40 290,

1650 236, 2,00 381,

2400 415 3400 506

2440 4626 3460 560

2.80 513, 4400 591 !

3620 5324 4420 600 i

3060 5044 4460 532 ;

4420 422, 5420 445 ;

5420 329, 5680 376 :

6420 268, 6480 298, |
7480 2bbs |

RUN NOes 69€2 WTs LOSS 042539 RUN NOe 69D2 WTe LOSS 062586

TIME TEMP TIME TEMP

000 25 0,00 25

0.80 219. 0460 144,

1060 365 1.20 ‘ 2470

2240 481 1,80 341

3020 574 2640 _ 428

4600 631 3400 ' 509

4040 ' ' 652 3460 560

4,80 588 - 4410 603,

5040 . 490 , 4,40 5600

600 , 4196-, ' ‘ 500 S . 485s ‘
6080 v 345, - B 5480 : _3989 : !
Ta60 - 293, _ 6460 Lo 333, ' o

8e¢40 0 2444 o 7460 _2710




@ 199
@D RUN NO, 6BE2 WT., LOSS 002752 RUN NOe 68D2 WTe LOSS 0.3035
TIME TEMP TIME TEMP
0.00 250 0,00 250
a 1.00 2¢2 1,00 2220
200 391, 200 389,
300 516 3,00 5146
z 3.60 579 4400 603,
4400 607 5600 6500
' 4460 645 6.CO 671
3 500 657 Te60 678
5040 612 8,20 579
‘ 600N 514 8460 528
%, 6640 4626 960 398,
\' Tel 355, 10.6 367
Bedl 276 1146 252
{ . 940 222

RUN MOe 31R2 WT. LOSS 00731 RUN NOe 31C2 WTe LOSS 001177

¢ TIvE TEMP TIME TEMP
Co00 25 ' 0,00 25
. 0.80 386 1.00 481
{} l1.20 367 1e40 391
1460 341, 1.80 3726
{' 200 314, 2620 338
A 2040 285 260 314
i 2680 258, 3,00 295,
(i 3.80 222 3480 251
- 4480 177 4,80 197.
580 149, 6440 174
L
{}
C RUN NDe 30R2 WT,. LOSS 041667 RUN NOe 17C2 WTe LOSS 0.1701
4 TIME TEMP TIME TEMP
0,00 25 0600 25,
(} 0e40 202, 0630 1720
0s80 379 0450 2470
1,20 5564 1440 532,
G 1,560 - 584 1,50 511,
» 200 438 170 473,
2440 393, 2410 419
f(} 2080 355, 2.50 379.
3420 321, 2.90 341,
4420 247, 3,50 295,
(} : £¢20 ~ 209, 4450 2244

6460 S 187 5450 174,




U 200
RUN NOe 20A2 WTe LOSS 042442 RUN MO. 32B2 WTe LOSS 0,2709
@ TIME TEMP TIME TEMP
000 25 000 256
c Ce25 174¢ 1,50 7026
050 2946 200 605
De75 413 2040 532
g 1,00 533, 280 481,
1425 652 3.20 431,
1.85 579 3460 386
z 2405 509, 4060 298
2645 450, 546C 239,
3.05 379, 6660 194,
3.85 314,
\3 4e65 252,
585 197.
6e8 1€9.4
z 5
. RUN NQOe 17D2 WTe LOSS 062947 RUN NOs 32C2 %WTe LCSS 063352
5 TIME TEMP TIVE TEMP
CeO0 256 0.C0 256
~ 0430 169, 1.00 485,
¢ 0470 343, 1.80 740,
1,10 483, 2020 818,
’ 1.50 605 2460 697
& 1.90 731, 3,00 6064
o~ - 2010 697, 3:40 532
C 2:50 607 3.80 4620
4 2490 539, 4520 415
2450 4574 5420 317.
c 4el0 391, 7420 197,
4 4470 329
570 25%.
6¢7
G ¢ 70 199,
RUN NOs 2982 WT, LOSS 043416 RUN NOs 32A2 WTe LOSS 043421
G TIME TEMP TIVE TEMP
0400 25 0.00 25
¢ Ce40 295 1.20 579
d De80 603, 1,60 676
1,20 738, 220 TT4e
z 1460 845 ¢ 2460 721
2,00 895, 3.00 652
2:10 830, 3.40 558
G 2040 723, 3480 488
2480 626+ 4420 438,
3.20 553, 5420 : 353,
G 3,60 485 620 273,
' 4400 438, . ‘ Te20 222
: 4480 o 344,
Q 5,80 - 27646

7480 175
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RUN

RUN

MO o

TIME
0e0N
1,00
200
3.00
400
5,00
600
7400
8400
10.0
12,0
2040
2140
2260

NG o

TIME
0400
0450
1.00
1650
200
2450
3,00
4,00
5400
6400
14,6
15,6
1646
1746

7102

7ne2

taf T °

WTe

NOe 68B2 WTe

TIME
0s00
050
1,00
1.50
2.00
250
3,00
4,00
5200
6.00
Tel0
13,6
14,2
15,0
1640

LCSS 041197

TEMP
25
117
184,
247,
295,
338,
365,
3279,
393,
412
437
419,
243,
276

LOSS Q2744

TEMP
25¢
122,
200,
283,
3413,
391,
438,
522
57G
603
603,
4856
343,
271,

LOSS 0.3211

TEMP
25
134,
2476
338,
4154
483,
537,
621,
671,
681
697
697
579
462,
353,

RUN

RUN

RUN

NOe

TIME
000
050
100
1.50
2.00
2450
3,00
40,00
5.00
6400
8400
11.0
1660
17.0
1.0

NOe

TI“E
0.00
1.00
200
3,00
4400
5400
6.00
760
8420
8460
9460
1046
11.6

NO e

TIME
0«00
0.50
1,00
1,50
200
2650
3,00
4600
5.00
8,00
1140
13,2
1442
15,2

71C2 WTe

68D2 WTe

71B2 WTe

LLOSS O
TEMP
25,
096,
154,
217
271
3200
362,
417,
462
490,
516,
530
532,
41lbe
319%.

LOSS O
TEMP
25
2226
389,
514
603,
650,
671,
678
579
528
328,
367a
2520

LOSS ©
TEMP
2%
134,
247
362
462
536
607
97
T21e
745
762
757
5324
391,

201

062398

03035

03502
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@ & 8 e 6 e e

QUN

RUN

RUN

NO o

TIME
0,00
0.50
16C0
1,50
200
2¢50
3000
3.50
4o b0
5060
9.80
1063
1068
11e6

T1A2

WTa

NOe 70D2 WTe

TIME
0,00
0e50
1,00
1450
2,00
2¢50
3.00
3050
4.00

6400

9440
990
1046
116
12.6

NOe 30D2 WT.
TIME

0600
0e40
080
1,20
1460
2400
2240
2480
3,20
4420
4480
Sed0
6400
6060
7220

L.OSE 0
TEP
25,
172,
322
462
600
687
7450
791
820
843,
843,
671,
565
4473

LDOSS O
TEMP
25
26l
487
692
820
920
945,
978,
990,
971.
943,
769
624,
438,
366

LOSS O
TEMP
25
2¢5,
467
645,
772
8670
917,
973,
1009

1021

745,

603,

4814
434,
370,

63892

04074

04105

RUN

RUN

RUN

NO o

TIME
000
0670
1,50
2¢CO
2650
3,00
3¢50
4,00
8,80
9650
10.5
11.5
12,5

NO e

TIME
0600
0640
1,20
1,60
2040
2¢80
3620
3460
3,80
4,00
4ot
50,00
6400
7.20
S:40

NO e

TIME
000
0450
1,00
1,50

2:00

2:50
3.C0
3450
4400
1le&
ile9
1204

64A2 WTe

29D2 WTe

T1E2 WTe

12,9

13.4
14,4

LOSS 0
TEMP
25
295,
581
762,
872
937,
968
991,
995,
759
567
438,
345,

LOSS O
TEMP
250
244

629«

T64,
9686
1040
1068
1050
917,
855,
721
603,
4413,
332,
210

LOSS 0
TEMP
256
276¢
494 ¢
695,
843,
924,
968
9913,
1009
1019
828,
672
574
490,
381,

202
03977

«4102

04189



€
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RUN NOe 29A2 WTo LOSS 064031 RUN NOe 29C2 WTe LOSS 00,4110

55 ) TIME TEMP TIME TEMP
Q00 25 000 256
e 080 301, 0080 462,
, 5400 919, 2040 979,
) 7040 919, 6050 970¢
8 8400 678 7,00 7646
g,.
YE
T
. RUN NOo 29D2 WTe LOSS 0s4102 RUN NOe 30C2 WTo LOSS 0.4016
L TIME TEMP TIME TEMP
0600 25, 0600 25,
N 0e40 » 244 ¢ 0.80 433,
G 1420 629, 3400 994
| 1.60 7640 4o 80 1021
- 2640 968 5040 818
G 2480 1040
- 3420 1068
. 3460 1050
G 3,80 917
400 855,
| 4o 40 721,
G 5400 603,
' 600 4434
y 7020 3326
0 : Se40 210
) RUN NOs 30D2 WTe LOSS 044105
C TIME TEMP
0600 25,
C 0480 457,
F 3,00 978,
4620 1021
G 5400 | 695,
G




LIONIIE LeU AIM MELIUM S5U0UU breL/sokC 204 -

RUN NOe 35B2 WTes LOSS 061505 RUN NOe 36A2 WTo LOSS 002060

;
TIME TEMP TIME TEMP g
0.00 25 0,00 250 §
0.15 574 Oel5 579 ;
0630 556 0620 5656 !
0450 532 040 G544 {
0675 511 0690 504, ;
1,00 483, 1040 457, |
1.25 459, 2440 367 |
1:75 420, 3440 2970 g
2.25 3676 4440 261, :
3,25 271 ‘
Le?25 242,

RUN NOs 35A2 WTs LOSS 002493 RUN NOe 35C2 WTe LOSS 002897

TIME TEMP TIME TEMP g
0,00 250 0600 250 |
0elS5 558 0el5 536,
0.20 647 0.20 681,
Ce25 645, 0425 697
0e40 £26, 035 6954
0e65 584 0650 678
0690 5660 0e75 650
l1.15 511, l¢25 5604
la65 459, le75 485
2015 402 2425 433,
315 319, 3625 329,
4415 247, 4e25 259

RUN NOo, 36C2 WT. LOSS 042951 RUN NOe 34D2 WTe LOSS 043209

TIME TEMP TIME TEMP
0.00 25 0s00 2560
0620 697 De21 835,
0e25 ‘ 750 0630 797
D635 721 0s40 769
0s50 676 0e¢55 723,
0.80 635, 0480 : 685
1430 574, l1.05 6386
1,80 509 . 1¢55 ‘ 556
2480 ’ 393, 2,05 ' 485
3,80 318, 2455 434,

4480 247q o 3455 ' 338
‘ ' o 4455 271




RUN NO, 35D2 WTe. LOSS 00,3608

RUN

RUN

TIME .

0,00
0024
0430
0e35
0s50
0075
1,25
1,75
2425
3025
4025

NOo 36B2 WTa

TIME
0.00
De25
0ed&0
Ce70
0e90
l1e15
1.40
1690
2¢40
3440
4e40

5040

NO,

TIME
0400
0e25
0440
0«70
0490
1,15
1,40
1,90
2640
3440
4e40
5¢40

36R2 WTe

TEMP

25
967
960
942,
887,
793,
650,
553
4666
362
276

LOSS O

TEMP

25
882,
9554
965,
917
815
721
600
506«
369
293,

227

LOSE 0

TEMP

25,
882,
9554

995,

917.

815

721
600,
506
369,
293,
227,

4013

04013

RUN

RUN

RUN

NOeo

TIME
0600
D025
0e35
050
075
1.00
le.25
1.50
2.00
2050
3,00
4,00
5400

NOe

TIME
0,00
0e25
0¢80
lel5
1,55
1.90
2425
2465
3440
4015

NQa

TIME
0,00
010
0e25
080
0475
1.00
1,25
1450
4¢30
4480
5030

5080

6030

205

34C2 WTa L.OSS 043650

TEMP

250
1024
693,
915,
815
733,
661,
589
512
4366
372
290
2220

34B2 WTe LOSS O
TEMP
250
993,
993,
843,
719,
628
561
490
393,
315,

33C2 WTe LOSS O
TEMP
250
307.
842,
892
922

4098

e 4039

9456

973,
9913,
1019
9554

6976

588¢
508




205”?j2
RUN NOe 33A2 WTe LOSS 064119 RUN NOe 34A2 WTe LOSS 004150 j

TIME TEMP TIME TEMP
000 25 000 25,
0e25 7260 0010 3676
2,00 1019 0e25 8676
4680 1019 0e50 988,
5+25 798¢ 0e75 1006
l¢45 1006
1,60 940
1.85 818.
210 736
2635 6640
2060 603,
3610 509

3660 438




LIGNITE 1,0 ATM HELIUM 10000 DEG/SEC 207
RUN NOs 41C2 WT» LOSS 0s1851  RUN NOe 41A2 WTe LOSS 001972

TIME TEMP TIHE TEMP
0.CO 25 0,00 25
0,05 487 s 0505 532,
0¢l0 532, 0.10 602
0630 532, 0a20 600
Oe&5 520 ’ Oasb» 5626
0455 518 0.95 5026
0e80 497 le45 445,
1.05 4674 2645 348,
l1¢55 415 3,45 271
2455 337,

3655 2660

RUN NOs 41B2 WTe LOSS 043022 RUN NOe 41D2 WTe LOSS 0,3111

TIME TEMP TIME TEMP
0«00 25 0,00 25
0407 T€1le 0,06 7570
0617 176 0011 T77
0e27 769 Qelsb 769
0sl2 757 0«26 T45
0e57 721, 0s51 676
0e82 662 0s76 6260
1032 560 1.01 581
182 485 ¢ 1.51 511
2032 419, 2651 . 391
36432 327 3051 300,
4e32 261, 4951 244 ¢

RUN NOe 40C2 WTe LOSS 043423 RUN NOs 4002 WTe LOSS 043547

TIME TEMP TIME TEMP
000 25 0.00 25
0.08 607 0620 843,
0¢l13 733, : 0630 7960
0.18 769 De45 759
0.23 774 0470 693
0e33 767 0495 631
043 T45, 1445 542,
0.68 692, 2e45 415,
0.93 640 3445 319.
1443 556 4ol45 252,
193 ° 485, - ' :

2043 4164

3.43 324,

Lol 252s



208 %
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RUN NOe 40A2 WT, LOSS 043803 RUN NOe 40B2 WTe LOSS 06,3812 f
TIME TEMP TIME TEMP *
0,00 25, Ca0O0 256
NDe08 6597, 0610 892,
0.13 845, 0el5 943,
0623 875 0620 943,
0e32 865 0e25 937,
0+58 794, 0650 837
1.08 6716 0675 745,
1,58 572 1,00 674
2.08 488, 1,50 572 !
2458 438, 2.00 490, :
3,58 3464 2450 436,
4e58 290 3,50 34756 :
4050 291, !

RUN NOe 39D2 WTes LOSS 0.3824 RUN NOs 39C2 WTe LOSS 04030

TIME TEMP TIME TEMP
Ce00 25, 0,00 25
0,05 806, Nsl0 1050
0e10 994, Qel5 1111
0el5 990. 0s20 1097
0e25 927, 0630 1050
0e50 843, 0065 907
0«75 769 1,15 743,
1425 6500 1,65 621,
1,75 558 2415 530
2025 483, 2465 457
2¢75 434, 3,65 343,
3475 3413, 465 271
4e75 283,

1
i
RUN NOes 39B2 WT. LOSS 0.4024 RUN NOeo 38C2 WTe LOSS 00,4139 ‘

TIME TEMP TIME TEMP

000 256 04CO 25

0el0 9684 0e10 1032

3.70 922, 0220 1045 §

5400 530 1400 1032 E
2000 1019 i
4435 1014 i

4495 733 L




. 200
RUN NOo 60B2 WT» LOSS 0s4158 RUN NOos 39A2 WTe LOSS 004174

TIME TEMP TIME TEMP
0400 25, 0,00 250
0605 719 0610 770,
0s10 - 1047 . 0420 045,
0e¢l15 1068 0630 994,
0620 1C71 Ce80 991,
l1.70 1045 1430 968,
4455 1022 4635 9406
Bab55 669 5610 650

RUN NOes 38B2 WTe LOSS 064189

TIME TEMP
0400 25
0ell 855,
020 1004
0e30 1022
0e45 1022
1505 1004
1,80 973
L4e25 9613,

4e40 867
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LIGNITE 1000 PSIG HELIUM
RUN NO, 15D2 WT, LOSE 001129
TIME TEMP
0,00 25
070 320
0,80 1920
1,00 127
1,20 100,
RUN NOs 1782 wWT, LOSS 061913
TIME TEMP
0,00 25
0e20 275
0.40 478,
0460 628
0.80 529
1.00 4626
1640 367
l.80 2720
2.20 222,
2.80 149,
3,20 122,
RUN NOe 17A2 WTse LOSS 042972
TIME TEMP
0600 254
0s20 125,
0e&0 379
0e60 532,
0.80 692
1,00 842,
1.20 795,
l.40 609,
1.80 345,
2620 234,
2460 147,

LOW HMEATING RATES

RUN NOo
TIME
0,00
0040
0e80
1.,C0
1,20
1.60
20620
3,00

RUN NO.
TIME
000
0020
0640
0.70
Qe75
0.90
1610
1450
2030
2.70

15C2 wT. LO

RUN NO.
TIME
0,00
0e30
0¢50
0,80
1.00
1¢30
1¢70
2610
2450

15A2 WTe LO

TEMP

256
331,
605,
542,
436,
314,
197,
120

Ss 0
TEMP

250
2226
386
560
5840
4886
380
2476
142
110

585 0
TEMP

25
341
485
769
647
464 e
3620
242
147,

4l

16B2 WTo LOSS 0.1813

01973

03067

4
54



RUN

RUN

RUN

MOes 14C2 WTe LOSS O
TIME TEMP
0,00 2%,
0430 249,
0670 553,
le10 769,
1440 905
150 043,
1,80 8974
220 609.
2460 4620
3,00 362
4910 1¢5,
510 122,
NOos 14D2 WT. LOSS 0O
TIME TEMP
0600 25
Os40 36C.
0,80 650,
1400 745
1,20 801,
1440 820,
1.80 943,
2:20 9413,
2640 920,
2460 833,
3,00 4976
3,20 412
3440 338,
3,80 234,
44,80 103,
NO, 13B2 wWT, LOSS O
TIME TEMP
70 970

03540

04075

04040

2i%

RUN NOes 15B2 WTe LOSS 003641

RUN

RUN

TIME
0.00
0e40
0.80
1,10
1,20
le40
1.80
2,20

3420

NOe

TIME
0,00
0640
0480
120
le40
25,10
2440
2480
3,20
4420

NOs
TIME
4e7

16A2 WTe

13C2 WTo

TEMP

25
308.
649,
968,
892,
659,
419
268
122.

LOSS 0

TEMP

250
416
687,
862
B67
867,
5746
367
242
110.

LOSS O

TEMP
1050

04105

04100
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G

G
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RUN NO.

TIME
542

14A2

WTe

LOSS 044240

TEMP
1000

212

RUN NO» 14B2 WTe LOSS 0,4180

TIME
5¢6

TEMP
1050
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LIGNITE
RUN NOes 49B2 WTe LOSS 00731

RUN

RUN

TIME
0,00
0e05
0el0
0420
0e30
0450
0e75
1,00

ST R LI R e T RS TR T TR T T

1000 PSIG HELIWM

TEMP

25
450
445,
417
289,
334,
272
227

NOs 48E2 WTe LOSS 02305

TIME
0600
0s05
0610
0.15
0425
0.25
0¢50
0eb5
0,90
1,15
l.40

TEMPE

25,
598,
631
626,
5084
5564
494,
4384
367
298,
247

NOos 50A2 ¥WT. LOSE 042926

TIME
0+.00C
0e04
0.,09
Gel4
Ne24
0e34
0e44
0e59
Ce74
099
le24
1e49

TEMP
25,
462
842,
Bl8.
6976
626
539,
485,
415,
345,
295,
247

10000 DEG/SEC

T T e T Ry R T T o T T T I A e T A e Rt

213

RUN NO« 49A2 WT. LOSS 052067

TIME
0.CO
0005
G207
0410
0420
0630
0e45
0660
0+85
1,10
135

RUN NOe 48D2 WTe

TIME
0400
Ce07
0sl2
0617
0e27
0637
0e52
0e77
1,02
1,27
1,52

RUN NOes 49D2 WT,

TIME
0,00
0403
0e08
0,13
0.18
0.28
0+38
Oe48
Ne68
0.83
l.08
1633
158
1.83

TEMP

25
579,
7160
690,
626
5600
502

443,

3676
300
247

LOSS 0O

TEMP

250
674
6686
6260
560
5144
457,
396,
343,
293¢
244,

LOSS O

TEMP

25,
390,
950,
945,
B92.
774
697
626
518
462,
391,
320
271,
227

02488

03154




£

(S

.

RUN

RUN

RUM

MO,

TIME
0,00
0,07
012
0017
027
0637
0e&?
0¢57
0677
1,02
1.27

NO o

TIME
Ds00O
0405
0.10
0620
0630
0at0
Ce55
070
095
1,20
1645
1,70

NO

TIME
000
0.06
0,11
0621
0,31
Oetl
Oe4b
0e56
0671
0e86
1001
1426
1,51
1,76

48A2 WToe

48C2 WT,

51A2 WTe

LOSS 0O

TEMP

25,
796
833,
B20e
719,
6260
560
5(6
415,
341,
274

LOSS O
TEMP
25
697,
1013
867
769,
685
532
485
414,
348,
295,
247

LOSS ©
TEMP
25
943,
1019
1031
1019
1019
£55,
769,
€71,
574
4G4 4
361,
315,

- 248,

03277

e3456

03910

RUN NOo 48B2 WT,

RUN

RUN

TINE
0,00
0,05
0010
0620
0030
O0e&l
0655
0670
0695
1,20
1,45
1.70

NO.

TIME
0,00
0.05
0.10
0,20
0430
0640
0450
0.65
0.80
1,05
1.30
1455

NO e
TIME

4¢3

49C2 WToe

4782 WTe

TEMP

25¢
723,
917,
819,
T43a
6970
614
5670
478
369,
295
2420

LOSS 0

TEMP

250
818,
1071
917
768
721
600
541
450
367

214

LOSS 003413

03761

295 -

2440

TEMP
970

LOSS 0,3890



215

| RUN NOs 47C2 WTe LOSS=0e4190 RUN NOo 47D2 WTe LOSS 003710
) TIME TEMP | TIME TEMP
G4oB 970 5425 970

RUN NO, 50R2 WT, LOSS 0.3970 RUN NO, 65C2 WTe LOSS 00,4010
TIME TEMP TIME TEMP
2485 1100 4605 840

RUN NOe« 65D2 WTe LOSS 044070 RUN NOe 66A2 WTa LOSS 044350
TIME TEMP TIME TEMP
4405 1150 3,75 1100




BITUMINOUS COAL 1e0 ATM NITROGEN LOW HEATING RATES 216 %

RUN NOo 28=5 WTe LOSS 060979  RUN NOe 28=6 WTo LOSS 0,1161

TIME TEMP TIME TEMP

060 25 0e0 25

065 152 05 212

150 285 160 367

165 405 165 485

2.0 £85 20 579

245 £37 205 645

340 569 340 680

32 584 344 702

3.6 544 440 579

) 461 4B 499 |

RUN NOs 27=4 WT, LOSS 001220 RUN NOes 28=3 WTes LOSS 062400

TIME TEMP TIME TEMP
De0 25 0.0 25
Ce5 209 008 315
1.0 319 le6 520
145 438 2.0 600
260 523 2e4 650
2¢5 581 208 685
3.2 626 346 715
346 532 460 720
be2 445 4e5 590

560 505

RUMN NOe¢ 28=4 WT, LOSS 03490 RUNM NOo 27=2 WTe LOSS 043990

TIME TEMP TIME TEMP
060 25 060 28
NDeb5 147 065 259
1e0 280 1.0 461
1.5 402 1,5 595
240 501 2.0 685
3.0 612 3.0 747
440 657 4e0 764
449 €73 4.8 767
5¢5 £55 55 591

6¢0 480 660 508




217? o

RUMN NOe 23=3 WT, LOSS 00,0520 RUN NOs 26=5 WTe LOSS 0,0750

TIME TEMP TIME TEMP
0,0 25 00 25
0e2 187 0e2 222
Net 348 Oet 414
0eb 482 Oeb 565
De8 508 " 0.8 649
1,0 485 1.0 614
1.2 461 1.2 588
le6 419 led 521

RUN NOe 26=3 WTe LOSE 001370 RUN NOe 24=1 WTe LOSS 0,2210

TIME TEMP TIME TEMP
DeD 25 0a0 25
0a2 234 De?2 167
0t 450 Ood 367
Ceb 602 0.6 508
De8 673 048 649
1.0 6lé 160 740
la2 560 1.2 697
le4 527 lo4 642

le6 602
l.8 560

RUN NO, 23=2 WT, LOSS 0.2850 RUN NOes 23=4 WTe LOSS 00,2910

TIME TEMP TIME TEMP
0.0 25 00 25
0e2 184 Cet 285
Ost 334 0.8 508
0es6 486 1.0 602
De8 602 1.2 661
1.0 706 lea 706
1,2 764 ls6 704
la4 685 148 649
146 626 240 602

2,0 549 244 532



R e e 8 & &

€4 )

€

o T o B o

-

RUM MO
TIME

RUMN NOe
TIME
060

L]
»

NN 2 s 2 =2 OO

PODZOANPNOD

RQUN NO,
TIME
De0

WMN NN === OO0

e @& © © e ® o »

NOPPOOON DO P

26=4 WT, LOSS 063630

TEMP

25
222
414
579
697
793
824
745
673
590

24=3 WT, LOSS 064450

TEYP

25
319
567
661
735
783
822
842
757
645

27=1 YTe LOSS 044780

TEMP

25
461
757
904
954
971
904
733
618
544

RUN MO,
TIME
0.0
Ooé
DeB
1,0
le2
lo4
le6
2.0
204
2s8

RUN NOe
TIME
0e0

©
P

WWNHNNRFEEOO

>N PO @

RUN NOe
TIME
0,00
0650
1,00
1635
1240
13,0

214
24=2 WTs LOSS Co4430

TEMP

25

390

697

786

861

916

928

941

946

745

23=1 WTe LOSS 00,4770

TEMP

25
234
567
793
842
866
869
876
673
555

28=2 WTe LOSS 064120
TEMP
25
280
535
721
721
256



RUN

RUN

RUN

NO. 27=2 YT,
TIME
Ce0D
0,50
1.00
le40
15,0
16,0

NO. 27"3 WTQ
TIME
0,00
%.50
1,00
150
9.00
10,

NOe N 22 WTe
TIME
0400
0.50
1,00
1,50
2,00
2475
6400
700

LOSS 044200
TEMP
25
200,
525,
709,
709
25,

LOSS 044370
TEMP
25,
280
535
745,
745
025

LOSS 0e473C

TEMP

25
280
5354
750,
885,
9¢€3,
9913,

25

RUN

RUN

RUN

219
NMCe 28=1 WTe LOSS 0,4230

TIME - TEMP
0e00 25,
0650 280,
1,00 535,
1635 721,
12,0 721,
13,0 25,

MOe 16=2 WTs LOSS 00,4610

TIME TEMP
Ce0O 250
0450 280
1,00 535,
1650 7504
2400 885
2,20 927,
4420 927
5420 25

NOes 24=4 WTe LOSS 04770

TIME TEMP
000 25
0«50 280
1.00 535
1,50 750
2600 867
9480 867
10,8 25,




RUN NOy 13=]1 WT,

RUN

TIME
000
Ce50
1.00
1450
200
2420
4400
5000

NO,

TIME
Ne00
0e50
1,00
1,50
2,00
3425
3430
4480
5680

13-1 WT.

LOSS 065050

TEMP

25
2804
5354
7504
8854
917,
917,

25

LOSS O
TEMP
25
280
535
750
885
1000
1084
1084
25

e5520

RUN NOo
TIME
0.00
0e50
1.00
1450
2,00
2020
6640
Te¢40

18=2 WT, LOSS 00,5070

TEMP
25,
280
535,
75004
885
917,
917,
250

220




G

BITUMINOUS COAL

RUN NO,
TIME
0e0

RUMN NOe
TIME
060
Dets

008

RUN NO.
TIME
Ce0

W W NN = == O
® & 5 & » & o © o
OO JINNOWMm

1,0 ATM™ HELfUM

46=5. YT, LOSS 001374

L6=T UUTe

46=3 WT,

TEMP
25
246
355
443
485
485
414
343

LOSS 0.1674

TEMP

25

295

414

532
609

579

508
£14

LOSS 044335

TEMP

25
270
485
555
661
762
638
532
450
381

RUN

RUN

RUN

NOa

TIME
0e0
Qo4
D0e6
Ce8
1.0
1e2
145
2.0

NO

NO

TIME
060
0e5
1,0
1.2
l1e5
1,8
2¢4
3,0

Lo HEATING RATES 221

46=6 WTe LOSS 041490

TEMP
25
246
355
438
537
532
485
426

46=4 WTe LOSS C,3811

TEWP

25
270
508
579
661
645
574
494
425

46=8 WTe LOSS De4453

TEMP

25

319

590
668

769
649
494
402



Lo I

e

s T - B - T £ I &

o

RUN NOo 46«2 WTe

TIME
0.0
0e5
1.0
165
1.8
2e0
245
3,0
345
Lo

QUN NO,
TIME
Ce0O
0450
1,00
2600
2450
1042
11.2

2B=fy WT,

LOSS 00,4658
TEMP
25
246 °
508
769
842
793
649
590
480
414

LOSS 0.4851
TEMP
25
280
535
8850
942,
942
25

RUN NOs
TIME
0600
0450
1,00
1.50
2000
2470
3,00
4400

46=1

WTe

222

1.OSS Q64774
TEMP
25
280,
535,
7500
885
968

968
25



o N e e &

€

BITUMINOUS COAL

RUM

QUM

RUN

NOoe

TIME
00,00
0.02
CeD4&

0O 00

1
2
5
o0

NOe
TIME
Ce0O
CeC3
0,05
De07
0,08
0e2
0
1
1

WO W,

NO o
TIME
0.00
0603
Cea0)5
0.1
Ce2
0e5
1,0
1e5

48«2 WT, LOSS O
TEMP
25,
246,
504,
483,
48646
428,
3990,

47=3 WTe LOSS O
TEMP
25
348,
555,
697,
749,
742
664
534,
443,

47=1 v/T. LOSS O
TEMP
25,
348,
5554
8%1.
842
673,
527
428

20851

2948

4505

1¢0 ATM HELIUM

RUN

RUN

RUN

NOe 47=2 WTe
TIME
000
0403
0,05
0006
0e2
0eb
1,0

NOe 48-=1 WTe
TIME
0,00
003
0s05
009
0615
0e¢3
Ce5
1,0
le5

NO. 45-1 L'\’TO
TIME
365

110000 DEG/SEC

LOSS 0
TEMP
25,
348,
5554
583,
5606
499,
428,

LG5S ©
TEMP
250
414,
625
778
756
687
621
534
480,

LOSS 0O
TEMP
970

223
01745

4136

e5020



o a8 e @

™ T

oo

T = T = D

]

L I

o

o

P BRSO I,

QUN NO,

TIME
5¢5

48=3

WT °

LOSS 04980
TEMP
1025

224



BITUMINOUS COAL 1000 PSIG HELIUM LOw HEATING RATES 225

RUMN NOes 44=5 WTe LOSS 001873 RUN NOeo 44=3 WTs LOSS 063177

[V Rl N

..t

Sy

TIME TEMP TIME TEMP
D0 25 0,00 250
Qe 2 270 005 5904
Oots 462 007 T45 6
0eb 640 Ce 06 625,
De8 £32 le2 443,
1.0 438 2¢0 216

RUM NOs 44=2 4T, LOSS 0s2631 RUN NOo 44=1 %WTe LOSS 063649

TIME TEMP TIME TEMP

0e0 25 0.0 256

0e¢5 602 0¢5 649,

Ca8 790, Ce8 879

160 879, l.0 979,

le2 745, lel 9C2,

lets 5556 1.2 916.

2s0 265, lo4 720

240 367
RUN NOe 44=4 WTe LOSS 063693 RUN NOes 54=2 WTe LOSS 0.0894

TIME TEMP TIME TEMP

Ce0 25 060 25

Oe5 649, 460 367

Oe8 879, 24 367

1.0 97%.

lel 992,

le2 916

let 720

200 367



4 226
RUN NCe 54=3 YWT, LOSS 0.2275 RUN NOes 54=1 WTe LOSS 0.2870

; TIVE TEMP TIME TEMP

060 25 040 25
_ 340 485 360 544
144 : 485 1146 544

RUM MOe 52=5 WT. LOSS 03547 RUN NOes 53=6 WTe LOSS 00,3586

TIME TEMP TIME TEMP
060 25 0.0 25
260 €26 242 626

12.0 €26 15, 626

RUN NOe 53=4 WT, LOSS 063615 RUN NOe 53=1 WTe LOSS 063491

3 TIME TEMP TIME TEMP
0e0 25 0.0 25
20 650 165 673
+ 10. 650 Ra0 672




RUN MOs 53=3 ¥WT,
TIME
D0
let
1165

QUM NQQ 38-3 ‘A‘!Ts

TIME
0.0
1.8
B8e0

RUM NOo 44=6 WTs

TIME
Da0
le6
6als

LOSS 043709
TEMP

25
673
673

LOSS C.3820

TEMP
25
942
942

LOSS 043810

TEMP

25
1045
1045

RUN NOes 53=2 9WTe
TIME
0e0
l1o2
70

RUM MNOs 38=2 WTe
TIME
OeC
145
565

RUN NOs 38-1 WTe LOSS 063510

TIME
0.0
le6
6e6

LOSS

LOSS 063857

TEMP
25
818
8186

m

TEMP
25
980
980

TEMP

25
1137
1137

vo




228

RUN NOo 54=R WTe LOSS 063914
TIME TEMP
0.0 25
1,0 1150
240 1150
3,0 400




LIGNITE

RUM

RPUN

RUN

MO o

TIME
0400
0650
070
100
l1.20

NO .,

TIME
0,00
Ce30
0eR0
l1.10
1.50
1490
2¢30
2470

NQO

TIME
000
0e20
0e 40
0460
0«80
1.00
1,20
l1¢40
1460
1,80
2020
2¢60

26A2

22C2

2622

¢on PSIG

I4‘I T ¢

WT e

NT e

LOSS ©
TEYP
25
370,
300
197.
127,

LOSS O
TEMP
25
334,
631,
471
324
222
152,
120,

LOSS O
TEMP
25,
162,
300
437
5744
488
434,
355,
293,
247
177,
125

HYDROGE™

00731

02490

¢« 2969

RUN

RUN

RUN

LOW HEATING RATES

NOe 2ZE2 WTe
TIME
0400
0050
0e6&C
080
1420
1.60
200
2060

NOe 25C2 WTe
TIME
000
0630
0460
0+80
l1.00
1020
1440
1,60
l.80
2020

NOas 23B2 WTs
TIME
NDes00C
0e40
0.80
1,00
1,20
1,60
2400
2040
2480

LOSS

TEMP

250
532
485
365,
273,
202
159,
107.

LOSS O

TEMP

25,
295,
462
535,
431,
362
315
259,
219.
110.

LOSS O

TEMP

25
459,
6766
518,
407,
331,
222,
167,

122

229

061035

02875

03155




%':.Y -

RUM

RUN

RUN

MOes 22D2 WTe LOSS 03465

TIME
DeNO
De30
Ce70
080
1,00
1.30
1470
2610
2650
290
3430

NOe

TIME
000
De4l
0.80
140
1670
2010
2040
280
34,20
4,00

NO

TIME
000
030
0e70
1.10
1450
2430
250
2470
3610
3450
3490
4670

23A2

WTe

2582 WTe

TEMP

25
3.8
T4
B0Be
699
556
376
273
202
135
117

LOSS O
TE'P
25
367
574
840
G688
968
733
459
271
125

LOSS ©
TEMP
25
295
588
813
940
945
838
669
448
307
219,
122

«5004

5145

230

RUN MOe 2282 WTe LOSS 00,4111

RUN

RUN

TIME
0.00
0s40
D0s80
100
1,20
1440
1.60
2400
2040
280
3640

NO e

TIME
0.00
0630
0450
1,10
1650
1.8C
200
2620
2450
2690
3450
4610

22A2 MTe

TEMP

25
428
723
867
894,
6680
553
343
2220
182,

98e

L0SS O
TEMP
25
331
506
702
8420
905
B79
842
565
37%.
202
137

05076

NO e T72E2 WTe LOSS 00,1310

TIME
1342

TEMP
380




7202 4Te LOSS Ce2260

-

T3A2 WTs LOSS 063420

RUN NOo. LCSS 044710

231

RUM NOe 73C2 WTe LOSS 062640
TIME TEMP
10.0C 55

RUN NOs 73B2 WTe LOSS 004130
TIME TEMP
111 590

RUN NMOe 73D2 wTe LOSS 044680
TIME TEMP
9.8 710




232 %

QUM MOe 23C2 %Te LOSS 045230  RUN NOe 2182 WTe LOSS 045200 /
TIME TEMP TIME TEMP 2

4oB 805 666 805 ;

RUN NO, 22D2 WT. LOSS 0e5330 RUN NO. 66C2 WTs LOSS 065370 |
TIME TEMP TIME TEMP
547 795 bok 993 ;

RUM NOs 67C2 WTe LOSS 0s5370  RUN NOs 72A2 WTs LOSS 005380
TIME TEMP TIME TEMP x
1440 892 940 805 ‘




LOSE 045472

RUM NO., LCSS 045650

RUN NOe 1B2 WTe LOSS 045790

233

RUM NOe 72C2 %Te LCSS 065570

TIME TEMP
G2 843

RUN NQOe 6702 WTe LOSS 06,5770
TIME TEMP
1247 1005

RUN NOs 66E2 'WTe LOSS 045810
TIME TEMP
1743 1019

e et 1 oA TR S




RUN NOs 21C2 WTe LOSS 045860
TIME TEMP
5¢l 993

RUN MO 58R1 WTe LOSS 046180
TIME TEMP
542 993

LOSS 046320
TEMP
967

RUN NOs 61A1 WT
TIME
Ge?2

RUN Qe
TIME

Tet

RUN NOs
TIME
Te6

25D WTe

66D2 WTe

234

LOSS 066040
TEMP
967

LOSS 006240
TEMP
1019

e P Y S TE e 4 w2




LIGNITE 1090 PSI~ HYDROGE™ 10000 DEG/SEC 235

RUN NOs 4682 “WT, LOSS 040997 RUN NCes 46A2 WTs LOSS Ca2240

TIME TEMP TIMVE TEMP
0e00 25 000 25
Ga05 537, 0.06 598,
0e10 513 0e11 6220
0420 441 . Oelé6 614
D630 386, 0a26 565
Cels 336, Ce36 513,
0455 281, Oets6 438,
0685 251 0.61 395,

0.86 3200

ls11 247

RUN NOs 46C2 WTe LOSS 002494 RUN NOe 45C2 WTe LOSS 002553

TIME TEMP TIME TEMP
0,00 25 0,00 256
Ne032 443 ¢ 0.05 563,
De0R 631, 0s07 7216
0,13 631, Cel0 697.
0.18 6C5, 0.20 603,
Co28 522, 0:30 509,
0c38 464, 0e40 464
0663 365 0s50 420,
O0.78 320 0460 367
0693 248, 0«75 300,

06990 251

1.15 239,

RUM NOes 45D2 WTe LOSS 042630 RUN NOes 45E2 WTe LOSS 043213

TIME TEMP TIME TEMP
0.00 25 0.00 25
D05 678, 0405 647
0407 688, 0.10 6970
0410 674, 0el5 6760
0e20 600 025 622
0.30 532, 0425 5416
0e40 478 De&5 493,
D655 396 070 386
0480 367, 0e¢95 291,

1.05 254, 1.20 222,




-y

, e

i

"‘;F" ERRE L"

QU™

RUN

RUN

Mo.

TIME
o000
Nall5
D410
Cel5
De25
Ce35
Coelb
D60
Ca75
1.00

ND o

TIME
D00
CeNB
NDelD
D20
D630
De40
0,50
NebS
0490
1.15
le40
1465

NGO »

TIME
0,00
0.06
0s11
0e21
Des36
0651
0:66
DaB6
l.11
1.31
le46
l.61
l.86
2011

LUBE2 9T

LGLRD T,

45A2 WTe

LCSS 03333

TEMP

25
7240
791,
745
654
579
514,
414,
338,
227,

LOSS 044213

TEMD

25
626,
968,
867
T54 4
6744
€03
527
431,
3413,
251
207»

LOSE 004992

TEMP
25
945,
988,
915,
862,
870
917,
BT72
889,
922,
769
638,
4576
320

RUN MOe 45B2 WT,
TIME
D00
0405
0,10
0,20
0630
0s40
Cs50
Ce75
1.00
1.25
1,50
1675

RUN NOe 46D2 %Te

TIME
0,00
0.05
010
N0el5
Ne25
0435
045
0655
070
0e85
1s410
1.35

RUN NOe 44A2 WTs

TIME
0.00
0005
0410
1420
Le75
5405

236 ..

LOSS 0,3830
TEMP
25
631
870,
723
650
623,
600,
490,
405,
353,
295,
2470

LCSS 064216

TEMP

25
726
B47Te
816
697
609,
551
506
438
3740
295,
226

LLOSS 045023
TEMP
25
721
1045
1045
917,
6500



o O O

<

o

@

G

@)

@

oo e e e @

RUN

RUN

RUN

NOeo 44C2 YT,
TIME
Oe00O
0.08
1.00
6070
7600

NOas 50C2 WTe
TIME
0000
0.06
0e26
0456
l1.96
396
Lelsb

MOeo 4TA2 WT.
TIME
1,15

LOSS 0.5352
TEMP
25
1019
880
867
603,

LOSS 065258

TEMP

25,

988
98B

1003

1006

993,

669,

LOSS 0.5400
TEMP
1050

RUN NOe
TIME
0600C
006
0a66
1,21
4e46
4696

RUN NOs
TIME
1,30

LuE2

45A2

WT e

WTe

337

LOSS 065179

TEMP

250
9170

1039
917
917,

518

LOSS 044990
TEMP
892



LIGNITE
RUN NOe 54R2

RUN

TIME
0a.00
0.06
0010
0620
0,35
0.50
0265
0.80
0095

NO.
TIME

1500 PSIG HYDROGEN

WTe

5“A2 ‘r‘!TO

RUN

0e00
0e05
0s10
0620
De¢35
De&s5
0e60
0e85
1,10

NO.

TIME
000
0405
0«08
0010
020
0430
0as45
0«70
0.95
1,45

WTe

LOSS O
TEMP
25
582,
553
447
362,
217
274
247,
202

LOSS 0
TEMP

8C3.
7456
584,
462,
410
358
295,
242,

LOSS ©
TEMP
25
721
960
917,
T45,
6260
5113.
440
343,
217

o5

e1406

«2803

3872

RUN

RUN

RUN

10000 DEG/SEC
NCe 54C2 WTe

TIME
Osul
0605
007
0o10
0015
0e25
0640
0e55
J.80

NOo 54E2

TIME

0.00

0,08
D.13
018
Oe28
Py X]
Oe58
0,83
1,08
1,33

NOas 54D2

TIME
0400
007
0el2
0e22
0632
Dett?7
0e72
0697
1:22
1¢47

TEMP

25
6556
657
628
532
436
348,
281
2420

WTe LOSS O

TEMP

968,
892,
774
654,
5564
459,
348
276
231

LOSS O

TEMP

25
892.
867,
794,
674
509
415,
338,
266
223,

238
LOSS 001955

03721

g,

«4016




RUN

RUN

RUN

MOos 55A2 WTs LOSS O
TIME TEMP
0,00 256
Ds05 7506
0.10 1019
D420 889,
030 794,
0e45 6384
060 532
0085 433,
1.10 367
1.35 3156
1,60 259,

NOes 53R2 WTe LOSS O
TIME TEMP
0.00 25
0405 678
0.10 890,
0425 968,
Ca25 1019
0e50 1097
0e55 1113
0465 1113
0.80 902,
0695 697
1,05 607,
1l.20 452
1455 319.
1.80 264,

NOs 52A2 ¥T, LOSS O
TIME TEMP
4e9 850

04727

e5230

e5640

RUN NOs 53C2

RUN

RUN

TIME
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>