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A Chemist Looks at Coal Petrology
P. H. Given

Department of Fuel Technology
Pennsylvania State University
University Park, Pa.

Petrology is in general defined as the study of rocks, and is considered a
branch of geology. In the study of inorganic rocks the petrologist relies heavily
for identification of mineral species on such optical properties as refractive
index and birefringence, and on characteristic crystal form or morphology. The
coal petrologist also relies on optical properties to distinguish "macerals” in
the organic rock, coal, but has to use reflectance or color in transmitted light
rather than refractive index, and cannot derive help from crystal form. Instead
he has to study the palaeobotany of the sample and make what use he can of dif-
ferences in botanical structure or of types of association of differently shaped
bodies in a sample; it is this difference from inorganic petrography that gives the
study of coal its peculiar difficulty,

) The nomenclature and classification of the entities discerned in coals by
petrologists is a complicated matter which has been productive of much controversy,
and there is still no universally accepted system. Consequently it is not easy for
other workers in coal science to grasp the nature and significance of the petrol-
ogist's work, and they may be tempted to dismiss the work as still too ill-defined
and controversial to be worth basing their own researches on, or even to be worth
finding out about,

Such a dismissal would be a grave mistake. It is true that there is still
lack of agreement about the significance of some of the entities claimed to be
present in coal samples, and about their classification and origin. Nevertheless,
there is a body of solidly established fact which should be taken account of by any
chemist or physicist studying coal, and which is of demonstrable importance even in
practical operations for the use of coal. It is regrettable that papers are still
being published in which often excellent experimental work is marred by inadequate
choice and description of samples. Furthermore, it is often forgotten that describ-
ing a coal solely in terms of one of the various national technological classifi-
cation systems, such as the A,S.T.M., has little scientific value even to a worker
familiar with the system, and none at all to workers elsewhere. The systems were
devised to define whole coals for technological purposes,

It is the purpose of this paper to review briefly how '"macerals" come to be
present in coals, and to discuss the relation between those aspects of contemporary
classification systems that seem of most importance to the chemist and physicist.
It is hoped that this will facilitate the use of petrological concepts by non-
petrologists.

Most major coal measures were laid down in elongated depressioms in the earth's
surface known as geosynclines. For substantial deposition of amy kind of sediment
in a geosyncline, it is necessary that the rate of accumulation of sediment is approxi-
mately balanced by the rate of subsidence of the floor of the depression due to the
increasing load on it. Vegetation can only thrive and its products of decay be pre-
served while the physical conditions, particularly the level of the water table,
remain within fairly narrow limits. Since the two rates referred to above do not
remain in balance indefinitely, a core of the material accumulated in a geosyncline
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reveals a fairly regular variation in type of sediment with depth. Thus the coal
seams are separated by a regular and repeating sequence of inorganic sediments, with
fossils indicating the varying depth of the water in which the sediment was trans-
ported from neighboring high land and then deposited.

Even during the formation of one coal seam, conditions vary. Varying water
level and movement changes the degree of aeration and hence the activity of aerobic
bacteria in bringing about decay. The different types of chemical substance present
in plants - cellulose, lignin, resins, waxes, tannins, etc. - are present in dif-
ferent relative proportions in living woody tissue, in dead cortical tissue, in seed
and leaf coatings, and so on; and also these substances show differing degrees of
resistance to decay. It can therefore be seen that as conditions fluctuate during
the accumulation of plant debris, the botanical nature and chemical composition of
the material surviving complete breakdown will fluctuate also. This fluctuation is
the origin of the familiar banded structure of coal seams, which is visible to the
naked eye, and it provides a prima facie case for supposing that the banded constitu-
ents will differ chemically and physically.

There is another deduction to be made from the mode of origin of the banded con-
stituents. The average nitrogen content of coals is appreciably more than that of
plants, and it is commonly supposed that the extra nitrogen originates from the
protein content of the bacteria that brought about decay in the peat swamp, the bac-
terial remains having been included in the coal structure. Varying nitrogen contents
in coals therefore reflect varying amounts of metamorphosed protein mixed in with the
plant debris.

The character of the biochemical system and of the physical conditions was
never such as to preserve only one kind of plant debris to the exclusion of others,
Consequently the banded constituents are merely concentrates of some more fundamental
components. The European classification of these components into material derived
from woody tissue (vitrinite), from spores, seed coatings, cuticles, etc. (exinite),
from woody tissue carbonized or changed in some other way to '"natural charcoal" (fusi-
nite), and from an unknown source, possibly humic mud (micrinite), is too well known
to need discussion here (see, for example, Van Krevelenl, Brown2). The significance
of this basic classification has been confirmed by chemical, carbonization, and other
studies (see Given3 and references therein).

European and other petrologists have believed for some time that the four main
categories are themselves not fundamental, and research on proper sub-division and
classification continues actively., No doubt in time purified samples of the sub-
components will become available for further study by other techniques. So far no
attempt has been made to substantiate physically and chemically the petrological
distinction between tellinite and collinite (forms of vitrinite with and without
cellular structure respectively). Of the various members of the exinite group, only
sporinite (from megaspores) has received any extensive chemical study.

In the chemical and physical study of coals it is customary to correlate, for
a series of samples, the property being measured with some other property presumed
to measure rank. Even with pure vitrinites there is appreciable scatter in any plot;
there is much scatter with spore-rich exinites; while with fusinites the concept of
rank seems to break down altogether since no rank parameter gives any correlation.
The scatter may be due to the incorrect choice of rank parameter (on this, see below)
or to the random operation of nature in the metamorphic process. However, the scat-
ter may also be taken to indicate that the materials are still heterogeneous, and
that the petrologists are correct in insisting on further sub-division of the clas-
sification referred to. '

The European maceral concept has been criticized by American petrologists on
the grounds that it takes no account of rank, 1In the author's view this criticism
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is based on a misconception, Clearly the fundamental point is that to define a pure
sample completely, at least two statements are necessary: one showing the maceral
group to which the specimen must be assigned, and the other locating the point in the
sequence of changes from plant material to graphite (or graphitic carbon) reached by
metamorphosia. This point can be indicated in a number of ways, of which the com-
monest are the use of carbon content, yield in the standard volatile matter test, and
maximum reflectance under oil immersion.

European workers (and chemists elsewhere) most commonly define rank by means of
the carbon content (d.a.f. or d.m.m.f,) of the sample or in the case of fusinite by
the carbon content of the associated vitrinite. Since metamorphosis is essentially
a chemical process, and its trend is towards pure carbon, the carbon content appears
to the author to be the best available and most nearly direct measure of rank. How-
ever, it must be admitted that if reflectance is used as a measure of rank, the same
set of microscopic observations can be used both to identify the maceral group and
assign a specimen to its place in the group; use of the carbon content requires a
separate observation.

In recent years, a number of new ideas have been introduced into coal petrology
by American workers, which involve a considerable amount of re-definition of concepts.
Groups of workers at Pennsylvania State University, the U. S. Steel Corporation, the
Illinois Geological Survey and other centres have been active in formulating these
ideas, which however have not yet been made widely available to chemists.

Spackman, Berry and their co-workers4 have made extensive microscopic studies
of coals by transmission of light through thin sections. They observed that the
material derived from woody tissue (vitrinite) commonly contained fairly well-defined
regions of different color, some of which showed remains of cellular structure and
some did not. In a suite of samples covering a wide range of rank they observed
regions of color ranging from bright yellow through orange, red and deep red to an
almost opaque red-brown. In any one sample there were not more than two or three
predominating colors, and in general the color shifted across the spectrum towards
red as the rank of the sample increased, They felt that in a series of samples nine
different shades of color could be reproducibly distinguished, and termed the compo-
nents of different color vitrinoids. The vitrinite from a low-rank bituminous coal
might therefore be composed on their hypothesis predominantly of vitrinoids 2 and 3,
a medium-rank of vitrinoids 4 and 5, and so on. Two vitrinitic coals of similar rank
might differ chiefly in the relative proportions of the same vitrinoids. By speci-
fying the vitrinoid analysis of a sample, therefore, they were defining both the
maceral group and the rank from the same set of observations. However, there is one
reservation: in certain cases it is difficult to distinguish a high-rank vitrinoid
from a semi-fusinite; this point is discussed below.

Some confirmation that the vitrinoids differ in some significant manner was
obtained from color cinematography of samples mounted on the hot-stage of a micro-
scope; in this way differing behavior - melting, swelling, change of color, etc. -
of the various components could be observed directly. Further evidence of the sig-
nificance of this vitrinoid concept was obtained as a result of the preparation of
pure vitrinoids by careful micro-manipulative techniques applied to selected samples,
In a series of experiments, the pure vitrinoids were carbonized in mixture with
various proportions of inert filler (fused alumina), and the hardness of the coke was
then measured., It was found that the curve obtained by plotting coke hardness
against proportion of imert had a characteristic shape for each vitrinoid, the shape
of the curve being reproducible with samples of the same vitrinoid separated from
different coals. :

The hypothesis of Spackman and Berry and their supporting evidence at least
establish a case for the heterogeneity of vitrinites which is worthy of further
investigation. The hypothesis is easily comprehended in chemical terms, and it
should not be difficult to devise experiments for testing it provided sufficiently
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sensitive physical and chemical methods are available. On the other hand, it is not
easy to see how any probable combination of biochemical and geological conditions
could have produced such a strictly limited number of fundamental constituents of
which all vitrinitic coals are to be presumed to be composed. Moreover, since the
absorption of light by coals in unselective, that is, not in well-defined bands,
division into materials of color shade distinguishable by eye has an element of v
arbitrariness. ’

Because of the necessary lack of objectivity in separating materials according
to their color in transmitted light, current petrological research is placing more
emphasis on the use of reflectance measurements. A detailed system of classification /
of coal components based on reflectance has now won general acceptance among petrol-
ogists in this country (see Schapiro and Gray?). 1In this system, the observed range
of reflectance values of vitrinitic materials in oil is divided up arbitrarily into
smaller ranges or steps of 0.1% reflectance, experimental values being significant
to about 0.01%. A component of vitrinite having a reflectance of 0.83%, for example,
is designated vitrinoid no, 8 or V8, and one of reflectance 1.37% is V13. (Note that ¢
the same word vitrinoid is used as in Berry's system, though the significance is dif-
ferent; note also that the numbering in the two systems does not correspond at all.)

Other macerals are designated similarly. Thus the system includes both maceral type
and an indication of rank. The reflectance of the technically important medium to
low volatile vitrinites is a good index of rank, and varies rapidly with carbon
content. The reflectance of low to medium rank vitrinites, however, is low and
varies only slowly with carbon content. The system has practical advantages in
specifying coking blends and predicting carbonization behavior, but no fundamental
significance is claimed for the reflectance ranges used to define the maceral type
number.

No correlation has yet been established between the two 'vitrinoid concepts".
According to the Fresnel equation, the reflectance of a substance is a function of
the refractive index and the absorption index. In the case of medium to low rank
coals, the absorption index makes a relatively small contribution to the reflectance
of visible light, and the latter property is therefore determined mainly by the re-
fractive index, which in turn is related to the density and electron polarizability
of the substance. (With high rank coals absorption becomes more important.) Hence
reflectance and absorption measurements often relate to different fundamental prop-
erties. However, if the vitrinoids distinguished by color by Spackman and Berry
have fundamental significance one might expect the reflectance values of a large
number of points on the polished surface of a single block of vitrinite to fall into
a bi- or tri-modal distribution curve. In fact a range of reflectance values are B
found for a series of points on a vitrinite surface, but they are distributed fairly
evenly over the range, no sign of two or more peaks being observed as a rule. Re-
flectance measurements, in that a range of values is found for one sample, do there-
fore support to some extent the idea that vitrinites are still heterogeneous, but not
that they are heterogeneous in the sense suggested by Spackman and Berry., Some
histograms illustrating the spread of reflectance values found in vitrinites dre
shown in Fig. 1.

There is one major difficulty common to all systems of detailed classification;
this arises from the fact that there appears to be a completely continuous gradation
in both color in thin section and in reflectance from high-rank vitrinites through
semi-fusinites to fusinites. Thus Berry and Spackman frequently observed regions of
very dark-colored material in predominantly light-colored (low-rank) vitrinite; one
can either suppose this material to result in the peat swamp from the same kind of
biochemical process that led to the formation of vitrinites but more severe, or that
it is a product of the same process that produced fusinite, again at the peat stage.
At any rate the differentiation of this material from the rest must have occurred at
an early stage of coalification and not during geological metamorphism. Similar
observations to the above are made in reflectance studies at all levels of rank.
Carbonization data are of no help in making distinctions, since vitrinitic materials
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of very dark color or of reflectance in oil above about 2.5% are inert, in the sense
that they do not swell or fuse on heating; in this respect they have the same behavior
as semi-fusinites and fusinites. Matters are made more difficult by the fact that

the nature of the fusinization process is not known.

It is clear therefore that in any attempt to identify and group correctly pure
components in coals there is at present an ambiguity about some small part of the
whole sample; it could be either chemically akin to the rest of the vitrinite family
but highly altered, or it could be the remains of woody tissue that has undergone
some fusinization, whatever that may be, and belong chemically with the fusinite

group. In any case the distinction becomes both harder to make and less important in
high rank coals.

Summary and Conclusions

Vitrains may contain about 60-95% vitrinite, the balance usually being made up
mostly of fusinite, spore exinite and resin inclusions. The relative proportions of
the minor constituents vary from coal to coal, It is already established that such
chemical properties as the proportion of phenolic hydroxyl and the distribution of
hydrogen in different forms of combination differ widely between the various maceral
groups.5 In some cases, where the purity is high or the effects of impurities tend
to cancel one another out, an average property of a vitrain may differ little from
that of the pure vitrinite. In other cases there will be significant differences; for
example, Wyss and Given’ found the hydroxyl content of a series of vitrains from
British coals .to run consistently lower (10-20% of the total content) than the values
for a similar series of pure vitrinites.® Moreover the trend of values with rank was
different, and only the pure vitrinite.set of results was in reasonable agreement
with the values found by Blom et El'a for a series of vitrinites from continental
European seams.

It is therefore submitted that in any scientific investigation the purest and
most homogeneous materials available should always be used. At present these materials
will be vitrinites or members of one of the other three main maceral groups. It is
not difficult to obtain vitrinites at least in good purity, and the purification has
the further advantage of eliminating most of the mineral matter, which greatly compli-
cates chemical analysis if present in large amounts. If pure macerals, in the sense
just defined, cannot be used, then at least a petrographic analysis should be report-
ed.

It is not yet certain whether or how far the further sub-division of maceral
groups is justified on chemical and physical grounds, and intensified research to
settle this is demonstrably worthwhile and highly desirable. In the meantime, it
is suggested, chemists and physicists should be aware of current thinking on the
subject,

In conclusion, the author would like, with respect, to suggest to coal petrol-
ogists two urgent needs in the immediate future:

1. greater attention to the physical separation of pure components for further
study.

2. research on the nature of fusinization and on the vitrinite-semi~-fusinite
gradation; in this, full cooperation between all disciplines will be
needed.
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A FURTHER STUDY OF THE RELATIONSHIP BETWEEN THE CHZMICAL,
PLASTIC, AND PETROGRAPHIC PROPERTIES OF ALABAMA MEDIUM-VOLATILE
COALS AND THEIR CARBONIZATION BEHAVIOR

B..R. Kuchta, B. Perlic, R. J. Gray, and J. D. Clendenin

U. 8. Steel Corporation
Applied Research Laboratory
Monroeville, Pa.

Introduction

During the past several years, studies have demonstrated that the petro-
graphic properties of coals can be correlated with their carbonization behavior
and coking properties.—><>35™> * While coal is being examined petrographically,

a measurement is made of the reflectance of the vitrinite in the crushed coal
sample. This reflectance has been shown to be directly related to the rank of

the coal. Furthermore, it is well known that rank is important in the determina-
tion of other carbonization characteristics such as volume change and coking
pressure. Since a general relationship prevails between rank and these parameters,
a correlatio w?uld be better if it were confined to a narrow range of coals or
coal blends.®»7T

In a previous paper6) the authors showed that the volume-change
characteristics (expansion-contraction in the sole-heated oven) were related to
the plastic and chemical properties of several Alabama medium-volatile coals.

In the present paper, the authors demonstrate how not only volume change but also
coking pressure are related to the chemical and plastic properties and petrographic
characteristics of washed coal samples.

Experimental

The samples consisted of a series of six composites of the daily production
from each of several mines operating in the Pratt, American, and Mary Lee seams
(Table I). All samples were taken on consecutive days except for those from Mine B
in the Pratt seam; the last three samples from this mine were taken six months after
the first three. :

For the tests in both the 30-1b pressure-test oven and the sole-heated
oven, the coals were pulverized to minus 1/4 inch and dried to about 1 percent
moisture. 'These conditions were used to obtaln more reliable results in these
small ovens and to permit comparisons with the results of the earlier work. Tge
oven designs and heating programs have been described in earlier publications. »7,8)
Petrographic, chemical, and plastic properties of the various samples are listed
in Table I. Corresponding carbonization data are given in Table II.

% See references.



Relation Between Petrographic and Chemical Characteristics

Since reflectance furnishes a relatively precise measurement of rank,l)
the amounts of the entity types present in the coal as determined petrographically
should be related to a chemical-rank parameter, such as volatile matter content.
Figure 1 shows the‘rela%ion between volatile matter content and reflectance of
the entities in coals. In general, the exinoids in a coal contain considerably
more volatile matter than the vitrinoids of the same rank, and both the exinoids
and the vitrinoids contain more volatile matter than the inert semifusinoids,
micrinoids, and fusinoids. This is illustrated in Figure 1, in which reflectance
of the principal entities is plotted against their volatile matter contents. The
different volatile matter contents of the entities are apparent from the lines
connecting entities of the same rank. Also one can see how the differences in
volatile matter contents become less as the rank increases.

The average vitrinoid reflectance calculated from the quantitative
petrographic analysis can be used to calculate the volatile matter content of
a coal, by means of the following formula developed by Van Krevelen and Schuyer.3)

E v M
W = 100 VMe + 100 VM, + 166 VMp

where VM, is the dry, ash-free volatile matter content of the coal; VMg, VMy, and
VM, the dry, ash-free volatile matter contents of the entities; E the percentage
of exinoids and resinoids in the coal; V the percentage of vitrinoid plus 1/3
semifusinoids; and M the percentage of inert entities (micrinoids, fusinoids,

and 2/3 semifusinoids). In Figure 2 a good correlation is apparent between the
volatile matter from the proximate analysis and that obtained by use of the above
equation. The calculated volatile matters in Figure 2 are based on the use of
the entity volatile matter values published by Van Krevelen and Schuyer.3) If
volatile matter contents are obtained for these entities of the coals being
worked with, even better agreement between the calculated values and those from
the proximate analysis should be obtained.

Volumé-Change Characteristics

Figure 3 shows the relationship of the maximum fluidity of these coals
to the average reflectance of the vitrinoids in them. 1In general, as the average
reflectance of the vitrinoids increases, the maximum fluidity decreases. Pratt-
seam Mine-B samples exhibit the highest fluidity; Pratt-seam Mine-C and the Mary
Lee-seam samples, intermediate fluidities; and Pratt-seam Mine-A and American-seam
samples, the lowest fluidities.

Figure L4 shows the relationship between the volume-change characteristics
of these coals and the average reflectance of the vitrinoids present. The-volume-
change data have been corrected93 to a bulk density of 55 1b of dry coal per cubic
foot. This figure indicates that the coals containing vitrinoids with reflectance
below about 1.1k percent contract strongly, and that those having vitrinoid
reflectance above 1.1l percent are less contracting and show increasing tendency
toward expansion as the vitrinoid reflectance increases. It should be noted that
the Mine-B Pratt-seam samples showed the widest range in volume change and also
the wilest range in total inerts (Table I) of all the coals. This range of inerts
shows the importance of the inert content of a coal in determining its volume-change
cnarecteristics.® This is illustrated in Figure 5, in which the volume change of
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American-scam coal is plotted against its total inert content. The samples included
a very narrow range of rank and had reflectances between 1.206 and 1.223 percent.
The transition between contraction and expansion falls between a total inert content
of 20 to 21 percent. Beyond this the contraction increases as the amount of inerts
increases. Evidently the "pure" coal reactive entities could be expected to be
expanding in nature and any increase in the amount of inerts would dilute this
effect so that the coal would be less expanding or even contracting. The particle
size of the inerts would influence the degree of this effect. Conversely, the
opposite effect has been noted wherein if the "pure" coal reactive entities are
contracting, the addition of inerts results in less contraction. This would be
expected since the inert material, which shows little change in volume during
carbonization, would dilute the contracting nature of the 'pure" coal reactives.

In the previous study,6) volume changes of the coals in the sole-heated
oven were correlated with thelr maximum fluidities. This relationship is shown
in Figure 6. The band represents the range of values noted in the earlier work, )
within which the washed coal samples fall. This demonstrates the usefulness of
the Gieseler Plastometer in assaylng the expansion-contraction properties. Here
agaln, those coals having a maximum fluidity above 10,000 dial divisions per minute
should be contracting, and could be expected to give no difficulty in the pushing
of the coke if operating practices are under control.

Figure T shows the correlation between the volatile matter content and
the volume changes for these coals. Because both volatile matter and reflectance
are measures of rank, volatile matter would be expected to yleld ? relationship
similar to that obtained in Figure 4. The authors' earlier work6 indicates that
a useful method of estimating the comparative expansion-contraction characteristics
of these washed coals should result from a multiple correlation with the ash along
with the volatile matter contents. However, because the present washed samples
did not show enough variation in ash content between samples from each mine, ash
is not significant in the correlation. This does not mean that it should be dis-
regarded in coals that show a greater degree of variability than these samples had.
Within a narrow range of ash contents, however, inerts are important, as shown in
Figure 5.

Coking Pressure

Since both volume change and coking pressure appear to be the result of
the same basic phenomena occurring in coal during heating, these two carbonization
characteristics would be expected to correlate under certain conditions. Further-
more, it is generally accepted that coals exhibiting a coking pressure greater than
about 2 1b per square, inch or having less than approximately T percent contraction
should not be used. 0 It is not within the scope of this paper to judge the
validity of these limits. However, if these or any similar set of limits are used,
then some coals will, at a particular operating bulk density, meet one of these
limits, but not the other. Therefore, it would be desirable if petrographic,
chemical, or plastic properties of these coals could be used to estimate the coking
pressure that might develop.

The relationship between cokling pressure of the coal and average reflectance
of the vitrinocids in the coal is shown in Figure 8. The data on the Mary Lee-seam
samples are not shown in this figure nor in those that follow, because these samples
hai higher oven bulk densities than the samples from the other seams. These higher
bulk densities were the result of the coarser particle-size distribution obtained
in pulverizinz the higher ash Mary Lee ¢oals, even though they were pulverized to
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the same top size as the lower ash coals used. In Figure 8, samples having an
average reflectance of less than 1.18 percent should not exhibit a coking pressure
in excess of the 2 1b per square inch usually considered as the limiting pressure
for safe oven operations. :

A similar relationship is noted in Figure 9 between coking pressure and
volatile matter. In this figure, those coals having a volatile matter greater than
28 percent exhibit coking pressure less than this 2-psi limit, and therefore could
be used safely at the bulk densities listed.

The relationship between the coking pressure and the maximum fluidity
is shown in Figure 10. Those coals having a Gieseler maximum fluidity in excess
of 10,000 dial divisions per minute should not offer any problems with pressure in-
the oven. Note that this is the same 1limit that was found for the vol -change
characteristics. This lends support to the idea put forth by Potterdl) that these
carbonization properties could be expected to correlate under certain conditions.

Summary

The chief finding of this investigation was that reflectance of the
vitrinoids, volatile matter content, and maximum fluidity can be used to obtain
an estimate of the expansion-contraction behavior and coking pressure exhibited
by these medium-volatile coals. Thus, these carbonization characteristics can be
estimated from the parameter most readily available.
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Figure 5. Relationship of Volume Change and Inert Content
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A NEW METHOD, CAPABLE OF AUTCMATION, FOR THE RAPID CLASSIFICATICH OF COALZ
BASED ON THE RELATION OF TOTAL REFLECTANCE POWER TO COKE QUALITY

R. Busso and B. Alpern

CERCHAR, B.P. 27, Creil, France
Abstract

The new method of rapid and automatic classification of coals
consists in measuring the total reflectance power (P.R.G.) of the surface
of a series of "n" pellets formed under strong pressure and without a
binder.

Statistically, the total reflectance power varies linearly, increasing
with the volatile matter index between 40 and 20 percent, then decreasing
between 20 and 13 percent. The thickness of the pellets is least around
V.M. = 25 percent.

The ratlo P. g ?- g x = 20% reaches 7; the limit of confidence of the
p. Te = E’Gn

mean P.R.G., at 95 percent, is about t one percent for n = 30 pellets.

A satisfactory correlation between the total reflectance power of coal
and the quality of coke has been established from some pilot-plant tests. 1In
standardized conditions of preparation and coking, there is a. correlation by
type of blend.

INTRODUCTION

The relation between the petrographic composition of coals and their
coking properties has received our attention for a decade, first for the
Lorraine field from which only coel having a volatile matter index higher
than 35 percent was mined, then in the North field where the modern tendency
is to limit mining to a small number of pits.

The need for automation of the operation of the mine and for control
of the washeries and coking plants led us to seek a rapid, precise and

- automatic method for classification of coals. Thus, after having rejected

the traditionsl destructive methods based on the behavior of the coal during
pyrolysis, we experimented with a non-destructive procedure which consists

in messuring the total reflectance power (P.R.G.) of a suitably prepared
sample.

I. Brief Description of the Method (1) (2)

The need to arrive at an automatic process made it necessary to abandon
the polishing and the selection of fields of vision of the vitrinite usually
encountered in the course of measurement of reflectance power (P.R.) with
a microscope.

The experimental method consisted in meking, under pressure, a
series of pellets on which the total reflectance power of the surface was
measured with & photometer. A simple visual examination of the pellets
thus prepared showed that an important range of intensities of reflectance
is available between flaming coals, type T11, and coals called "complement"
(d'appoint), type 334, - see Figure 1.
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A brief description of the laboratory equipment and of the different
steps of the method follows:

- After dfying in air, the coal is ground and passed through a
screen < 0O.5mm,

- A press forms pellets with a diameter of 25mm. A pressure of
4,030 atmospheres is necessary to assure good cohesion without a binder.
The pistons and counter-pistons are equipped with tungsten carbide pellets
to greatly reduce the rate of wear. The surface of the upper piston must
be carefully polished.

- The photometer used functions in the following manner: the light
source is a bulb -6V, 5A- which has a stable power source. The light beam
is directed vertically towards the surfac~ of the pellet through the use
of a semi-transparent plate. The intensity of the reflected light is .
measured in the same direction by means of a photomultiplier stabilized at
1, 400V,

- The intensity of reflection is indicated by a micro-ammeter. Pro-
visionally, micro-amperes have been adopted as the arbitrary unit.

- Two systematic standardizations assure the calibration of total
reflectance power in absolute values; a standard substance which can be
a relatively stable coal, serves to measure the drift due to wear of the
piston and to detect a possible change of the compression force, while a
series of glass standards controls the stability of total functioning of ’
the photometer.

The results discussed in the present paper are expressed in the form
of a mean total reflectance power in arbitrary units, average of n pellets
made at one time from the same sample -- n = 3, 10, 20, or 50, as the case
n2y be -- ani of a limit of ‘confidence of the mean at 95 percent may be :Z;:EL_
since the dispersion follows a normal law. When n = 30 pellets the relative
total precision of measurement of mean total reflectance power is of the
order of - 1 to 1.5 percent. An analysis of variability has shown that a
major part of this is due to the preparation of the sample, the formation
of the pellets, and the length of time between the completion of the formation
of the pellets and the beginning of the photometric measurement. The disper-
sion of this latter is very small.

IT. TFactors Influencing the Total Reflectance Power

Tne principle of the method foresees that the state of the surface
of the pellet will depend on the preparation of the sample and on the forma-
tion of the vpellets, this dependence varying with the physical and chemicsl
oreperiies of the coals.

1. Prepzration of the Sample

a. Dryin:
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Exverience has shown that when the moisture in the coel
increases the total reflectance power increases, at first quite rapidly,
then more slowly as the moisture approaches that of saturation.

b. Orinding

The results obtained with three different degrees of fineness
100 vercent < 1, < 0.5 and < 0.2mm indicate that the total reflectance
power increases up to 100 vercent < 0.5 and that there is no advantage to
grinding more finely; the selectivity of the method will not be increased
for the pcrosity of the surface is not lessened any more. In addition,
this degree of fineness guarantees that the surface distribution of the
macerals will vary very little from one pellet to another.

c. Homogenization of the ground sample is obviously indispensable
to assure the stability of the surface structure of all the pellets.

Being given the importance of these three factors, it is necessary
to adopt a reproduciple method of preparation.

2. Tormation of the Pellets
a. Dimenslions of the pellet

The diameter must be chosen as a function of the desired
precision of measurement and for a given fineness of grinding. We have
selected 25mm. The thickness determines the mechanical resistance of the
pellet, which is sufficient at Lmm. By giving the compression cavity of the
matrix a conical shape the removal of the pellet is made easier and peripheral
tearing is avoided. Two other secondary considerations enter into play: The
force of the press must Increase as the square of the diameter, while the
quantity of sample prepared is proportional to the thickness.

b, Pressure

When the force of compression is increased, the total reflec-
tance power increases at first rapidly then holding asymptotically towards
a maximua value. Above L,000 atmospheres the total reflectance power does
not vary anpreciably. The stability of this pressure can be controlled
with the help of an appropriate device,

c. The dezree cf polishing has an important effect on the wvalue
cf the total reflectance power. The tungsten carbide surface of the piston
L5 polisted wit: some hllliard cloth impresnated with a diamond paste of
whleh the increasing fianeness rcaches 0.25. Changes in polishing should e
eraluated oerioiically, either indirectly by determining the total reflectance
nowver of a standard maierial, or directly with an optical device.

. Fnotometric veasurement

2. The enmission speciral zone of the source
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After having sought the existence of abscrption hard:r i~ <=
reflected beam from 0.25 to 254 without success, we rave, for reagons of
momentary convenience, adopted a lamp with a "punctual" Tilament whiec: is
commonly used in microscopy. This choice is obviously licked to “hat of

the photosensitive detector.

. The light detector must be very sensitive since the percentage
of reflected light remains below one percent. Our laboratory was eguipped
with some very satisfactory photomultipliers which we have continued to work
with. Their spec}ral sensitivity extends from 3,000 } to 6,500 R with a
maximum at 4,200 A,

c. The time interval between formation of the pellets and their
photometric measurement must be constant. The total reflectance power of
the surface of the pellets falls rapidly during the first two hours and
then becomes stable. The explanation of this drop is the object of research.
This condition would be easily taken into account with an automatic device.

4, The Physical and Chemical Properties of Coals
a. The tendency to agglomerate without a binder

From about 40 to 20 percent volatile matter, the total reflec-
tance power.increases with rank. (Figure 2, Curve 1) This increase is due,
on the one hand to the increase of reflectance power of all the macerals,
on the other hand to the tendency of coals to orient perpendicularly to the
compression, which increases from 4O to 20 percent volatile matter while the
porosity of the surface of the pellets (measured with a microscope) decreases
from 25 to 10 percent in the same interval. Below 20 percent volatile matter
the total reflectance power decreases, in spite of the continued increase in
the reflectance power of the macerals, due to the rapid decrease in the
capacity to form pellets which disappears completely around 13 percent
volatile matter, The minimum thickness of the pellets {Figure 2, Curve 2)
corresponds to the maximum capacity to form pellets. This minimum appears
to be slightly displaced (25 percent volatile matter) in relation to the
maximum total reflectance power (21 percent volatile matter).

b. Pressure coupled with rotation retards the decrease in total
reflectance power below 20 percent volatile matter but does not eliminate it.
After tests, this technique does not appear to be advantageous to us since
the wear of the polished surface of the piston is greatly accelerated.

c. The proportion of mineral matter, characterized by the
amount of ash, will have a varieble effect on the total reflectance power
of the coals depending on the respective levels of the pure coals and that
of the mineral matter. Some systematic experiments have shown that in the
case of shales or middlings, for which the total reflectance power is little
different from coals of low rank, the total reflectance power varies little.
Moreover, the amount of ash of most French coals after washing remains
constant within about one to two percent. Thus, for low coalification coals
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and even for coals whose volatile matter index is close to 29 percernt,
the nomal fluctuations in amount of ash will not noticeably influence
the total reflectance power. We have been able to verify this several
times. )

5. Variations in the Maceral Composition

These will offect the total reflectance power to the extent that
the reflectance power of the macerals are very different and there is certainly
the possibility of interference with the classification, which it will be
proper to examine with care, but we do not yet have enough results to discuss
this point. ’

Still, on the basis of petrographic knowledge accumulated both
at Cerchar (4} and in other countries - particularly in Germany, Belgium,
and Holland - it is possible to foresee the direction of modifications of
the total reflectance power.

a. Above a carbon content of 90-92 percent - corresponding to
22-23 percent volatile matter - the three principle macerals cannot be
distinguished by their total reflectance power, It is therefore principally
in the case of coals of low rank that the maceral composition could have an
influence. In fact, even for a coal with LO percent volatile matter the
reflectance power in air of vitrinite is only slightly greater than that of
exinite,

The reflectance power of inertinite on the contrary is already
very high. Some important fluctuations in the proportion of inertinite could
play an appreciable role. An increase in proportion would be interpreted as
an elevation in rank and the coal would act without doubt as if it were lean.

This is valid in fact only for true fusinité, always in low
abundance in our coels, in comparison with gemi~fusinite which, of variable
reflectance power, is the priniiple constituent of the inertinite group.

b. The ratios % and % generally vary little with‘fank. When the
coal is sampled as it leaves & washery which freats a mixture of many veins
situated at different levels, the variations are considerably diminished. This
will probably no longer be true if the sampling applies to a single vein.

III. Relation Between the Total Reflectance Power and the Volatile Matter
Index of Coals

Experiments with the method on several series of coals of different-
origins, taken for the most part from cars arriving at a cokery have provided
data for the curve in Figure 3 which covers the entire range of rank of coals
used in coking.

It 1s verified that the total reflectance vower oes from 1 to 7

when the volatile matter index is reduced by half, that is, between 40 ancd
20 percent. Below 20 percent the total reflectance power decreases rapidlw
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for the reasons already presented in paragraph II., bb., and can no longer
be determined below 13 percent. The thickness of the pellets varies in
the opposite direction. The dispersion of data is due in part to the fact
that at the time of making the measurements, already some time ago, the
causes of dispersion had not all been eliminated. The enlargement of

the spread of the total reflectance power in comparison to that much more
limited spread of the reflectance power of vitrinite - which in the same
rangze varies only from 0.65 to 1.5 - results on the one hand from the sum-
mation extended tc all the macerals and on the other hand from the important
variation in the tendency to agglomerate under pressure, in other words,
tiie hardness of the coals.

The total reflectance power therefore permits the classification of
recently washed coals according to an order of classification very near to
that which the volatile matter index furnishes.

IV, Relation Between the Total Reflectance Power and Coking Properties of
Coals and of Blends

This method of classification has been tried principally with the
intention of classifying diflevent coals considered individually according
to their ccking properiies. This objective could appear to te utopian
since all of the attempts made till now have only led to the development
of methods indicated below (*) and which measure specifically one or the
other of two complementary aspects of these properties., The order of the
methods of enumeration corresponds to a decreasing tendency to present
evidence of these aspects:

Agglutinating Propertles Tendency to Intrinslc Cracking
Swelling in the dilatometer - Gray-King Test Temperature of resolidification
in the plastometer at
Roza Index or Agglutination Indices variable torque
Crucible Swelling Index Coefficient of contraction at
the temperature of
Fluidity Index in the plastometers resolidification

Volatile !‘atter Index

*'ost of these are used in the International Classification Project which
s definition of the type of coal. (3)

"ne fallewin: remarks should be noted:

- M ~tatistical relation exists between the volatile matter index or
Lutinatin;; properties, which are zero below 13 percent, increase
. a maximum around 28 percent, then decrease and become zero

e e
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above U0 percent. The maximum is explained by the rapid increase in O
content which, above five percent at about 28 percent volatile matter,
becomes sufficiently abundant to cause an easier degradation of the agglu-
tinating properties. ’

- 3ince the total reflectance power is due chiefly to the vitrinite,
which senerally makes up 50 to 80 percent of coals, any variation in the
chemical composition of this will have an effect on the total reflectance
power. In particular, since this maceral contains the major part of the
oxygen in coal, an increasing oxygen content will accompany a lowering of
the reflectance power. (**)

(*¥*) The oxygen of combustion or exothermic oxidation will certainly not
have the same effect on the total reflectance power.

In that which concerns the relation between the coking properties of
blends tested by different methods, of which our method is the total reflec-
tance power, and the principal characteristics of the cokes* resulting from
these blends, we believe that no general correlation exists; it will be
necessary to establish the relation for each type of blend., This prediction
follows from the following experimental observations (6):

*Independent of the chemical properties of the coke, of the bulk volume and
of the grain distribution, the two characteristics used by the siderurgic
user are: the MO index which measures the resistance to cracking and the
M10 index which measures the tendency towards degradation by abrasion.

- For a given type of blend - for example, coals 334 and 632 - &
relation between the M4O and M10 indices and the proportion of 334 coal
exists. A4s a result, a relation between the quality of the coke and most
of the coking properties of these blends can be established. Let us note,
however, that the coking properties of the constituent coals are not additive
since the guality of the coke improves rapidly at the beginning when the
proportion of coal 334 increases, then more slowly around 30 percent and it
nearly stabilizes above 50 to 60 percent.

- The logical rule that predicts that the cracking of the coke diminishes
when the volatile matter index of the coal is lowered is only verified for
the types of mixtures of coals whose swelling in the dilatometer remains
sufficient to assure a good agglutination and therefore a good cohesion. When
this is reduced below a certain threshold, cracking can increase; the MLO
index decreases then because cracking and degradation by abrasion are increased.
For the same reasons two blends having the same volatile matter index can
result in two cokes of very different quality.

- The presence in the blend of inert substances - mineral matter -
or anticracking constituents - coke dust - will affect the characteristics of
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the cokes very differently according to their degree of dieperzicn zan

their proportion. It is thus that the optimum concentration of cuke pow.er
ground < O.5mm is not the same deperndini on whether the k0 or tie 'L Incey
is considered. 1In certain cases this concentration can te five percent for
the MLO and ten to fifteen percent for the 140,

These lengthy general considerations give an insight into the impor-
tance and the number of factors which intervene to alter the relations btetweern
the qualities of coals,. blends, and cokes,

Fortunately, the complexity of the studies are often reduced wnen the
objective of the classification is limited to the coking problems inherent
in one coal seam or one coking plant.

The application of this method for predicting coking properties has
not yet teen extended very far. We will only mention some systematic
laboratory or pilot plant tests whose results are very, encouraging.

1. Verification of the additivity of the total reflectance power
and a correlation with some other methods of classification (Laboratory)

Two series of blends were prepared in the laboratory. The first
was prepared with a base of coal 622 to which coal 333 was added in increasing
proportions; the second contained the same base, coal 622, to which coal L3k
was added. As predicted, the total reflectance power of the mixture varied
linearly with the proportion of coal of increased rank and also with the
volatile matter index of the coals, at least up to 75 percent {Figure 5.)
Above that the lack of precision of the curve is due to the small number of
pellets measured and to the fact that this experiment was carried out at the

beginning of testing of the method when the causes of deviation were not all
known,

At the same time a good relation was found between total reflec-
tance power and swelling in the dilatometer (Figure S5). It was noted that
in the range of low percentages of high rank coal where the deviation of
the determination of swelling is quite high, the total reflectance power could
be measured with satisfactory precision. Now, taking into account the prog-
ress obtained in the application of this method, it is possible to distinguish
two blends whose proportions differ by only two percent.

2. Relation between the total reflectance power and the guality of
cokes obtained with different blends. First pilot plant test.

Tests of the suitability of the method have been carried out in
establishing the relations between the gquality of the cokes and the total
reflectance power of the blends in collaboration with the Experimental
Station for Coking at Marienau. Table 2 on the following page indicates
the composition of the blends studied.
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Table 2.

Type and Proportion of Constituent Coals

Blends

333 L3k 635 £22

30 70

25 5

Binary 20 8o

: 10 90
13 27 60
12 23 65
Ternary 10 20 70
6 17 75

These blends ground methodically to 100 percent < 3mm, have been
oven dried, HpO = 2%, in the 400 kg oven. For each blend two charges
were coked under normal conditions. Total reflectance power was determined
on ten pellets of each of the constituents of each blend. The total. reflec~
tance power has been calculated starting from that of the constituents, thus
permitting the demonstration of additivity.

Examination of the curves in Figure 6 shows that the calculated total
reflectance power, therefore the volatile matter index of the tlend, 1is
related to the resistance to cracking of the coke, measured by the MUO index,
on a single curve although for the abrasion capacity, given by the MLO index,
there is a curve by type of blend. The MLO index, well related to the dila-
tometer swelling, is poorly predicted by the Crucible Swelling Index which
has no sensitivity in the zone of volatile matter index between 20 and 33
percent.

) The coke quality is located for the most part in the range of French
metallurgical cokes for which the MLO index must be above 78 and the M10
index below 8 - 8.5,

The lower level of cohesion of cokes obtained beginning with the
binary blends is easily explained by the excess tendency to agglutinate of
this type of blend: the cokes contain increasing proportions of froth when
the percentage of coal 634 increases.

3. Search for a relationship between the total reflectance power
of several coals of the Lorraine field and the quality of the cokes.
Second pilot plant test.

After the encouraging results reported above it was proper to
verify that the method permitted the evaluation of coking vproperties of




coals of different origins. The Lorraine field can furnish to steel mill
and mine coke plants, four different types of coals: 722, 623, 533, 634/635
listed in increasing order of agglutinating properties. The classification
of these coals with the help of total reflectance power has been tested in
the case of a moist mixture (H,0 = 10%), placed in an oven after "tamping"
and which contained: <

Lorraine coal {634 to 722) 7o
Coal L3k 20%
Anticracking coke breeze 8’

The coals were ground to 90 percent < 2mn, the coke treeze to
109 percent < Q.%mm. For each type of coal four charses were placed in
the 400kg oven, The mean bulk volume of charging was 970kg/m3. The coking
conditions corresponded tc those of the Lorraine mining coke plants. The
cokes were removed froa the furnace after thermal stabilization was nearly
complete, that is, when the middle plane of the charsze reached 1,110°C.

The best correlations with the different methods of classification
tests are assembled in Ficure 7.

t 1s noted that most of the coals fall along a regsular curve Tor
140 and MLO when the abscissa is the measured total reflectance power of
Lorraine coal. The cohesion of the coke V1) is alsc related to the dila-

tometer swelling and to the index of agglutination.

Although these results may be again very satisfactory we feel that a
more rigorous verification covering a much wider range of quality and a very
much larger numbter of samples is necessary before passing a definitive judse-
ment on the value of the method.

A third series of pilot plant experiments now underway will permit
statistical comparison of the different methods of classification which we
also ccasider as valid but for which autoration woudd e more difficult.

T™e interest of this method will result from the talance, not yet
iefinitively established, betweer its possibilities and its limitations
are? with the performance of other methods of classification used in
i which are hased either on the behavior of the ccal in the course
51 or on *the petrozraphic detevminaiion of rank and maceral

In summary, the principle merits of the method can be enumerated
according <o a scale of rank given by the volatlile matter indices:

wetveen 22 and 40 percent volatile matter, the total reflec-
ries statistically in a linear manner.

’
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c. The classification takes into account at the same time the
nature and properticns of the macerals, and thus provides a sort of synthesis
o coking properties.

R e ratio

d. The precision of the classification can be very grest for
two reasons: the summation of reflectance power rests on several tens of
thousznds of particles which in large measure eliminates the sampling error:
hrow hr the possibility of automation it is easy to inereaze the number
of pellets measured, these advantaces, one must note the limits
’ the weaknesses

e. Below 13 percent volatile matter the method is no longer
aprlicatvle without modification which would consist of adding a tinder.

f. Trom 20 to 13 percent the rapid decrease in tendency to
agrlomerate causes a lowering of the total reflectance power. This resulis
in an ambi;uity -- at a single total reflectance power there are two different
volatile matter indices. This confusion can be overcome by measuring
eitier the tailckness of the pellets or the compression force of the press.

e Althourh the method is generally insensitive to the proportion
of mineral matier of washed coals, the nature of the mineral matter could
in certsin cases cause a slight snift in classificaticn.

h. The coal sample subjected to this method must be prepared
in a very reproducivle way, however this also applies to all other methods
of classification. )

3 =
1 o

. inally, the classification bty guality with the help of total
reflectance pcwer could be disturted in the case where the sampling was
practiced in an odd zone of the vein in which the maceral composition differed

very much from the mean composition especially as relates to fusinite.

Tn conclusion: Although this method may be, as the majority of other
ds are, susceptible to problems in some particular cases, we think that
1 te applicable to classification of coals used in the coking plant
some improvemente which will accompany its transfer from the laboratory
¢ iniustrial scale.
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Figure 1.

Appearance of Coal Pellets of Different Ranks
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JE5 CHARBOMS BASEE 3UR LiUR POUVCIR REDLEC

Un GLOBAL

RELLTION AVEC iw oTUALITE DU CCED.

par R, RBUSSC et B. ALFERY

Résumé.

L~ nouvelle m¢thode de qucnlaficstion, rapide et sutcuctisable, des char-
bonis consiste i mesurer le pouvoir rflscieur global (FRG) de 1z surface d'une série

de n postilles -

rlomérées sous forte jpression et songs liant,

Statistiquement le FRG varie d'une fagon 1inéaire, croisscnte, avec 1'in-
dice de mntidres volatiles (IW) entre .0 et 20 -, puis décroft entrc 20 et 13 #. Lo
wéthode n'est plus npplicable sans mcdification m dessous de MV = 13 %. L'éprisseur

des pastilles est minimum vers IV = 25 7,

Le rapport %%§§4%7;;J114. atteint 7; 1a limite de confiance du PRG moyen,
W o= A0 o

& 95 5, est de £ 1 % pour 1 = 30 postilles.

Une corrélation satisfaisnnte entre le FRG du charbon et 1z gualité du
coke o été établie & prrtir d'ess<is semi industriels. Dans dés conditions normzlis-
sées de préporation et de cokifaction il y « une corrélation por catégorie de mé-

lznge.

Intreguction.

Lo relotion entre 1l cenposition pétrogrophique des charbons et leurs pro-

priétés co antes o retenu netre nttention depuis une dizcine dfanndes, d'zbord
dans le c=3 du Yessin lorrsin ob l'on n'extroit que des chr-rbons dont l'indice des

n-tidres volati

wuis, plus récemsent, dzng celui du bnssin du

Word nu se ddveloppe 4 1z concentration de l'extriction en un petit nom-

bre e

¢ de l'rutomatisztion de 1l'exploit-tion et du contrdle des la-
voirs ©f des cokeries novs o condults 4 rechercher une meéthode de guoiification des
ahorbons, ropide, yrécise et automntiscitle, C'est ainsi qu'zpris avoir rejeté les mé-
thedes traditionnelles et destructrices. bmsées sur le conmportement du charbon en cours
de pyrelyse, uGis “VOnLS GX Dcrlmertu un procddd de contrdle non destructeur qui consis-

te & rezurer le pouvoir réflscteur globol (PRG) d'un échontillon convenablement préparé.

Y
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I - DESCRIPTION SOMMyIRE DB LA METHODE (1) (2)

Le souci d'aboutir & un procédé automatiszble obligeait & abandonner le po- .
lissage et lo sélection des plages de vitrinite habituellement pratiqués =u cours du
mesurage du pouvoir réflecteur (PR) au microscope.

Lo méthode expérimentde consiste & fabriquer, sous une forte pression, une
série de pastilles dont on mesure le PRG de la surface & 1l'aide d'un photomdtre. Un
simple examen visuel des postilles ainsi prépardes, montre qu'un éventail important
d'intensités de réflexion est disponible entre les charbons flambonts, type 711, et
les chnrbons dits "d'appoint", type 334, - voir la fig. 1.

Voici une description succincte du m:tériel de laboratoire et des différen-
tes phases de la méthode : _

- 4prés séchage d 1'air le chorbon est broyé et temisé < 0,5 mm,

— Une mnchine & comprimer fournit des postilles dont le diamdtre est de
25 mm, Une pression de 4000 bars est nécessaire pour .p.ssurer sans liant une bonue
cohésion. Les pistons et contre-pistons sont munis de pnstilles en carbure de tungs—
téne pour réduire forterment la vitesse d'usure. Lo surface du piston supérieur doit
6tre soigneusement polie.

- le photométre employé fonctionne de la menibre suivante : la lumidre is—
sue d‘'une ampoule - 6V, 54 — dont l'alimentaztion esl stabilisée, est dirigée vertica-
lement vers lz surface de la postille & 1'aide dtune lame semi-transparente. On mesure
1l'intensité de lo lumiére réfléchie dans la méme direction =u moyen d'un photomulti-
plicateur dont 1'alimentaotion sous 1400 V est stabilisde au 1/10 000 tme.

~ L'intensité de la réflexion est indiquée par un micro-zmpéremetre, Provie
soirement les micro-ampéres ont ¢té adoptés comre unité arbitraire,

- deux étalonnages systémetiques assurent les repérages du PRG en valeur
absolue : une substance ¢talon, qui peut étre du charbon peu cltérable, sert a mesu-
rer 1 dérive due 2 1'usure du piston et & déceler un éventuel chongement de 1z force
de compression, tandis qu'une série d'étnlons en verre contrdle 1o stsbilité de fonc-~

tionnement globzal du photometre,

;
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Les résultats rentionnés dens la présente corrunicztion sont expriies sous
la forue d'un PRG uoyen en unités arbitraires, ucyenne de n prstilles f=zbriquées &

partir d'un nmére échantillon, — n =5, 10, 30 ou 50 selon les cas -, ¢t d'une lindte

de confiance de 1~ moyenne X 95 % soit =+ o= \/? puisque lz dispersion suit une

loi nornele. Lorsque n = 30 pastilles la précision relative globale de e surage du

z 3 A

PRG moyen ¢ est de l'ordre + 1 & 1,5 {-. Une =2nalyse de variance 2 nontré gue lz
najeure partie de celle—ci est due & la préparation de 1'échantillon, a la fabrica-
tion des pastilles et 2 des décalages chronologiques entre la fin de la fabrication

des pastilles et le début du mesurage photorétrique, La dispersion de ce dernier est

treés petite.

IT - FACTEURS INFLUENCANT LE PRG,

Le principe de la méthode fait prévoir que l'état de surface des pastilles
dépendrz de la préparation de l'échantillon et de la fabrication des pastilles, cette

dépendance variant avec les propriétés physiques et chimiques des charbens.

19) Préporation de 1'échantillon.
a) Le_séchage.
Une expérience a montré que lorsque l'humidité du charbon‘ croit le PRG
augmente d'abord trts rapiderent jusqu'id une humidité voisine de celle de: rétention,

puis plus lenterent,

Les résultats obtenus avec trois degrés diffirents de finesse 100 & < 1,
< 0,5 et <0,2 om indiquent que le PRG augmente jusqu'ad 100 ¢ < 0,5 m et qu'il n'est
pas avantageux de broyer plus finerent, 1z sélectivité de ls méthode n'en serait pas
accrue car lo porosité de la surfzce ne diminue plus, En outre ce degré de finesse
garantit que la diztribution superficielle des macéraux variera assez peu d'une pas-

tille a l'autre.

c) L'nomogénéisation de 1'échantillon broyé est évidemrent indiepensable

pour assurer lz stabilité de la structure superficielle de toutés les pastilles.

Etant donné 1'importance de ces trois facteurs il est nécessaire d4'adopter

un mode de préparation trés reproductible,

oof v
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2¢) Fabrication des pastilles,

a) Les dimensions de la pastille.

Le diemdtre doit 8tre choisi en fonction de la précision de nesurage dési-
rée et pour une finesse de broysge donnée, Nous avons adopté 25 mm. L'épaisseur dé-
temine 1o résistance nécanique de lo pastille, celle-ci est encore trés suffisante
pour 4 rn. En conférant & lo cavité de compression de la matrice, une forme conique'
on facilite l'expulsion de lz postille et on évite les  arrachements périphériques.,
Deux autres considérations secondaires entrent en jeu : la force de la machine & com-
primer doit croftre conmme le carré du diamdtre tandis que la quantité de 1'échantil-

lon & préparer est proportionnelle & 1!'épaisseur.

Lorsque la force de compression augrente le PRG croit d'abord rapidement
puis tend asynptoquement vers une veleur maxirum, Au dessus de 4000 bars le PRG ne
varie plus d'une fagon cppréciable, Lo stabilité de cette pression doit &tre contrd-—

lée & 1'aide d'un dispositif approprié.

c) Le degré de polisscge a une influence importante sur la valeur du PRG.

La surface en carbure de tungsténe du piston est polie avec du drap de billard impré-
gné de piAtes de dirmant dont 1o finesse croissante atteint 0,25/4_. Ltaltération du
poli s'appréeie périodiquerent soit indirectement & ltzide d'une substance étalon

dont on détemine le PRG, soit directement en utilisant un dispositif optique.

30 ) Mesurage photométrigue.

°) La zone spectrnle d'émission de la source.

Lprés avoir sans succks cherché l'existence de bandes d'absorption dans le
friscecu réfléchi depuis 0,25/‘-‘ jusqu'a 25//" nous avons, pour des razisons de conve—
nonce pomentonde, adeoptd une lampe 3 filsnent "ponctuel" couramment employée en mi-

croscopie, Ce choix est évidenrent 1ié 3 celui du détecteur photosensible.

b) Le détecteur de lumidre doit &tre tris sensible puisgue le pourcentage

de lumi®re réflickie reste inférieur 2 1 ¢, Wotre laboratoire étant équipé avec des
photomltiplicnteurs tres satisfaisants, nous avons continué & travailler avec ceux—.

ci., Leur sersibilité€ spectrale s'éterd de BOOO?; 2 6500 & avec un maximun A 4200 R.

e) L'intervalle de terps qui sépare la fabrication des pastilles de leur

nesursge pnotométrique, doit Etre constant, en effet le PRG de 1z surface des pas-

YA
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tilles diminue rnpidement pendant les deux premigres heures puis se stabilise ensuite.
L'explication de cette ddérive fait l'objet de recherches. De toute maniére cette con-
dition serait -niscuent remplie avec un dispositif asutomatique.

40) Les propriétés physiques et chimiques des charbons,
a) L'aptitude & 1'agglomération sans liant.

De 40 & 20 % de MV environ, le PRG augmente avec le reng (fig. 2, courbe 1).
Cette augmentation est due, d'une part & 1'nugmentation du PR de tous les macéraux,
d'mutre part & 1'aptitude des chorbons & s'orienter perpendiculairement & la compres-
sion, qui sugmente elle nussi de 40 & 20 % MV tondis que la porosité de la surface
des pastilles (mesurée au microscope) s'aboisse de 25 & 10 % dans le néoe’ interva.lle..
Au dessous de 20 % de MV le PRG baisse maJ.gré 1'augmentation continue du PR des ma-
céraux, ceci étant A4 & la ddcroissance rapide de l'aptitude au pastillage, laquelle
disparait totaolement vers 13 &% MV, Au meximum de 1'aptitude au pastillage correspond
le minimum 4'épisseur des pastilles (fig. 2, courbe 2), ce minimum paraissant &tre
légorement décalé (25 % HV) por rapport ou meximum de PRG (21 & MV).

b) Lo compression couplée & une rotation ralentit lo baisse du PRG au des-

sous de 20 % de iV mais ne lo supprime pas, Aprés essais cette technique ne nous a
pas paru avontogeuse car l'usure du poli du piston est tres accélérée.

¢) Lz proportion des motibres minérales, caractérisée par le teux de cen-

dres, influencers différemment le PRG des charbons selon les niveaux respectifs du
PRG des charbons purs et celui des mntiéres minérales. Des expériences systéma‘;iques
ont montré que, dans le cas des schistes ou des mixtes pour lesquels le PRG est peu
différent des charbons de bas rong, le PRG varie peu. De plus le toux de cendres de

1z plupsrt des chorbons frangsis aprés lavage, reste constont & + 1 &2 2 % prés; Ainsi
pour les charbons peu houillifids et mére pour les charbons dont l'indice de HV est
voisin de 20 % les fluctuations courantes du taux de cendres n'influenceront pas nota-

blement le PRG, C'est ce que nous avons pu vérifier plusiex.irs fois.

5°) les varictions de la composition macérale,
Elles affecteront le PRG dans la mesure ou les PR des macdreux seront trés
différents et c'est certzinerent une possibilité de perturbation de la qualification
qu'il conviendr. d'exwniner nvec soin, mtis nous ne possédons pos encore suffisamment

de résultats pour discuter ce point,
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Cependant sur lo base des connaissances pétrogrophiques sccumulées tont
au Cerchar (4) qu'a ltétranger, - et en p;rticulier en Allemagne, en Belgique, en

Hollande -, il est possible de prévoir le sens des modificctions du PRG.

a) Au dessus d'une teneur en carbone de 90-92 % ~ correspondant & 22-23 i
de MV -~ les trois principaux recéraux ne se distinguent plus par leur PRG, C'est
donc surtout dans le cas des charbons de rang faible que la composition mecérale
pourrait avoir une influence, En fait méme pour un chorbon & 40 %: de MV le PR dens
1'air de 1la vitrinite n'est que légérement plus grond .que celui de 1l'exinite, )

Le PR de l'inertinite est au contraire déja trés élevé, Des fluctuations
importzntes de lo proportion d'inertinite pourraient jouer un r61e. appréciable, Une
nugmentation de la proportion serait interprétée comme une élévation du rang et pra~
tiquement le charbon se comportera sans doute comme s'il était amaigri. ’

Ceci n'est valable en fait que pour la fusinite yraie toujours trés peu

abondante dans nos charbons par rapport & la semifusinite, celle-ci de PR tres va-
riable, est le constituant principal du groupe de l'inertinite,

b) 4Les rapports 5‘- et % varient générolement peu avec le rang. Lorsque le

charbon est prélevé & la sortie d'un lavoir qui traite un mélange de plusieurs veines
situées & différents étages les variations sont bien amorties. Ceci ne serait proba-

blement plus vrai si l'échantillonnage portait sur une veine singuliére,

ITT - RELATION ERTRE LE PRG ET L'INDICE DES MV IES CHARBONS,

L'expérinentstion de la méthode sur plusicurs séries de charbons d'origines
différentes, prélevées pour la plupart dans les wagons & l'arrivée en cokerie a per-
mis de tracer la courbe de la fig. (3) qui s'étend sur tout le domnine de rang des
chorbons employés en cokéfaction,

On constate que le PRG passe de ! &4 7 lorsque l'indice de MV diminue de
noitié, soit entre 40 % et 20 %, Au dessous de 20 ¥ le FRG décroit rapidement pour
les roisons ddéja exposdées cu paragraphe II 4 b, et ne peut plus €tre déterminé au
dessous de 13 %, L'épaisseur des postilles varie en sens opposé. La dispersion des
données est due en partie a ce qu'ad l'époque déja ancienne de ces mesures toutes les
causes de dispersion n'étoient pas ¢élimindes. L'élargissement de 1'éventail du PRG
par rapport & celui beaucoup plus restreint du PR de la vitrinite, — qui dens le méme

domaine ne varie que de 0,65 & 1,5 -, résulte d'une part de lo sommation étendue &

v s
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tous les mocdraux et d'outre part de lo vorintion importante de l'aptitude a 1'zgglo-
nération sous compression gutrement dit : de 1la dureté des charbons,
Le PRG permet donc de classer les charbons lvés ré_cerzunent selon un ordre

de qualification trés proche de cclui que fournit l'indice de IV,

Cette méthode de quelification a 6té expérimentée principalement en wue de
classer les divers charbons considérés isolément selon leurs propriétés cokéfiantes.
Cet objectif pouvait paraitre utopique puisque toutes les tentztives faites jusqu'a

maintensnt n'ont conduit qu'au développement des méthodes indiquées ci dessous (*)

" et qui mesurent spécifiquement 1'un ou 1'autre des deux aspects complémentaires de

ces propriétés, L'ordre des méthodes d'énumération correspond & une aptitude décrois—

sante & ln mise en évidence de ces aspects :

Propriétés agglutinantes Aptitude & 1a fissuration intrinséque

. Gonflement ~u dilatométre — Egsai Gray-King Température de resolidification au

Indice Roga ou indices d'agglutination plastometre & couple varieble

Coefficient de contraction & la tem-

i d nfl t t L et .
Indice de gonflement eu creuse pérature de resolidification

Indices de fluidité aux plastometres Indice de motidres volatiles

Bn foit il convient de tenir compte des remarques suivantes :

- I1 existe une relation strtistique entre l'indice des MV.ou le rang et les pro-

priétés agglutinontes, celles-ci nulles nu dessous de 13 % sugmentent et pagsent par

un meximum vers 28 /v, puis décroissent et s'onnulent au deld de 40 %, Le meximum
'expllqueralt par l'accroissement rapide de la teneur en 02 qui au dessus de 5 %

environ pour 28 - de MV devient assez abondant pour provoquer une dégradation de

plus en plus efficace des propriétés' agglutinantes,

-~ Le PRG étant df principelement & la vitrinite, qui constitue généralement 60
4 80 % des charbons, toute variation de la composition chimique de celle-ci aura
une influence sur le PRG. En particulier ce macéral contenant la m jeure partie de
1'oxygéne du charbon une teneur croissante en oxygéne de constitution s! nccompc.gnera
d'une boisse du PR (*)

ool oo

(*) La plupart d'entr'elles sont utilisées dans le projet de clessification intema-
tionale qui permet de définir le type du charbon, (5)

(:) Lloxygtne de combustion ou d'oxydation exothermique n'aurs sans doute p;é le mfme
effet sur le PRG.
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En ce qui conceme la relation entre les propriétés cokéfiantes des mélan-
ges évaludes pur différentes mthodes, dont notre méthode du PRG, et les caranctéris-
tiques princip~les des cokes (*) issus de ces mélonges, nous pensons qu'il n'existe '
pas de corrélation générale; il faudra établir in relation pour choque catégorie de

mélange. Cette prdévision découle des constatations expérimentales suivartes (6) :

—- pour une catégorie donnée de mélonges, — par exemple chnorbons 334 + 632 -, il
existe une relation entre les indices M 40 et M 10 et la proportion de charbon 33,
En conséquence on peut ¢tablir une relation entre 1o quolité des cokes et la plu-
part des propri€tés cokéficntes de ces mélanges. Notons cependant que les proprié- !
tés cokéfiantes des charbons constituants ne sont pis additives car la qualité du
coke s'améliore rapidement au début lorsque ln proportion de charbon 334 augmente,

puis plus lentement vers 30 % et elle se stabilise presque au deld de 50 & 60 %.

- Lo régle logique qui prévoit que la fissuration du coke diminue lorsque 1'in~
dice de iV du r¥longe baisse n'est vérifiée que pour les catégories de mélanges de
charbons dont le gonflement ou dilatométre reste suffisant pour assurer ure bonne ’
agglutination donc une bonne cohésion, Lorsque celle-ci s'nbeisse au dessous dfun ¢
certain seuil la fissuration peut croitre; l'indice M 40 diminue alors parce que
la fissuration et la dégradation par abrasion sont cccrues. Pour les mémes raisons
deux mélaonges ~yont le méue indice de MV peuvent fournir deux cokes de qualités

trés dif férentes, .

- La présence dans le aélange de substances inertes, — matiéres minéreles -,
ou de constituants ontifissurants, - poussier de coke -, cffectera trés différem~

rent les ca-—

Y

(*) Indépendamment des propricétés chimiques des cokes, de leur masse volumique et
de 1z distribution grenulomtrique, les deux caractéristiques utiles poui‘
ltutilisateur sidérurgiste sont : l'indice M 40 qui repére la résistance a la
fissurction et 1l'indice ¥ 10 qui mesure l'aptitude 2 la dégradation par abra-

sion.
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ractéristiques des cokes suivant leur degré de dispersion et leur propertion, Clest
ninsi que la concentrition optimum en poussier de coke broyé < 0,5 mm n'est ms 1n
méme si 1'on censidi-re 1'indice ii 40 ou l'indice M 10. Dons certains cas cette concen-
tration peut &tre 5 ¢ pour le M 10 et 10 & 15 % pour le M 40,

Ces longues considérations générales donnent un apergu de l'importance et
du nombre des facteurs gqui interviennent pour diversifier les relations entre les
quelités des charbons, des mélanges et des cokes.

Heureusement lz cemplexité des études se trouve souvent réduite lorsque
1l'objectif de lz qualificetion est restreint aux problémes de cokéfaction inhérents
& un bassin houiller ou & une cokerie.

Ltapplication de cette méthode & 1u prévision des propriétés cokéfiantes
n'étant pas encore trés étendue nous ne mentionnerons que quelques expérimentations
systématiques de laboratoire ou semi industrielles dont les résultats sont trés en-

courageants,

10) Vérification de 1'additivité du PRG et corrdélation avec d'autres méthodes

ae gualification (en laboratoire).

Au laborntoire on a préperé deux séries de mélonges binzires, l'un & base
de chnrbon 622 2ucuel on & ajouté une proportion croissrnte de charbon 333, et 1'zutre
a base du mére charbon 622 nuquel on additionnzit du charbon 43%. Comme prévu le PRG
du mélsnge vorie linénirement avec la proportion de chnrbon de rrig élevé et aussi
avec 1l'indice des mntidres volutiles, su moins jusqu'i 75 % {fig. 5). iu deld l'im-
précision de la courbe est due au petit nombre de postilles mesurdes et =u fait que
cette expérience o été faite tout mu détut de l'expérimentation de 1la méthode; A
cette période les causes de dispersion n'étuient pas toutes connues,

Corrélaotivement on trouve gusgi une bonne relation entre le PRG et le gon-
flement su dilatom¥tre (fig. 5), cn remerque jue dans le domeine des faibles pourcen-—
teges de charbon de rang élevé ol lo dispersion de détermination du genflement est
agsez grrmde, le TRG peut 6tr€ LEsure avec une précision trdés satisfrizante,

zintenant, en tenant compte des progrés obtenus dans l‘applicafion de
cette méthode il est possible de distinguer deux mélanges dont les proportions d'ap~

poirt diffirent seulement de 2 &,

2°) Relstion entre le PRG et lo guslité des cokes obtenus avec différents mé-—

lenzes, Fremier esssi  pemi industriel .

Les esseis de convenance de 1 ‘méthode ent é€té poursuivis en établissent

RV
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les relations entre 1w jualité des cokes et le FRG des mélinges - er collsborstion
avec la Station Txpérimentale de cokéfrction de Marienau. Le table=u ci dessous ir-

dique la composition des & mélmnges étudiés.

Type et proportion des charbons constituants

! : !
! H !
! : !
! Mélanges 333 H 434 : 635 : 622. t
! : : : : !
! H 30 : H T0 : !
! bincires : 25 H : 75 s !
! : 20 H : 80 : l
! : 10 : : 90 : '
! : : : : !
! : 13 : 27 : : 60 !
! ternaires : 12 : 23 : : 65 !
! H 10 : 20 : : T0 !
! H 8 : 17 : : 75 !
) : : H : !

Ces mlanges broyés méthodiquement 100 % < 3 mm, ont été enfournés secs,
HyO =2 %, dans des fours de 400 kg. Pourchaque mélenge on n cokéfié deux charges
dans des conditions normslisées. Le PRG a été déterminé, pour chacun des charbons
constituants de chaque mélange, sur 10 pastilles, Le FPRG du mélange o été calculé
4 partir de celui des constituants puisque la démonstration d'additivité le permet—
tait.

A l'examen des courbes de lz figure 6 on remarque que le PRG calculé,
ainsi que 1'indice de MV du mélange, est relié & la résistance 2 la fissuration des
cokes, mesurée por l'indice M 40 par une courbe unique, alors que pour 1'aptitude A
'1'5.brasion, donnée par 1'indice M 10, il existe une courbe per cstégorie de mélenge,
le M 10, bien relié au gonflement nu dilatométre est mal prévu par 1'indice de gon-
flement au creuset qui n's aucune sensibilité dans la z8ne d'indice de NV située entre
20 et 33 £,

la qunlité des cokes se situe, pour lo plupart, dans le domaine des cokes
métallurgiques frangais pour lesquels 1'indice M 40 deit &tre supérieur a 78 et l'in-
dice M 10 inférieur a € - 8,5.

le niveau plus bas de cohésion des cokes obtenus & pertir des mélonges bi-
naires s'explique bien par l'excis d'aptitude & 1l'agglutination de cette cotégorie
de mélange : les cokes cbntiennent des proportions croissantes de mousses lorsque
le pourcentage de charbon 634 augmente,

e/ oen
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30) Recherche d'une relation entre le PRG de plusieurs ch-rbors du bzssin lor—

rain et la gqualité des cokes. Deuxiéme essai semi-industriel.

Lyrés les résultats encourageants rapportés ci dessus il converzit de vé-
rifier que ls méthode permettnit d'évaluer les propriétés coke¢fizntes des chzrbons
d'origines diverses. Le bassin lorrain peut fournir aux cokeries sidérurgiques et
minigres quatre types différents de charbons : 722 - 623 - 633 et 634/635 énoncés
per ordre croissent des propriétés agglutinantes. La qualification de ces ch.rbons
3 1'aide du PRG =z 616 expérimentée dons le cas d'un mélange humide (HZO = 10 70> en-

fourné aprés pilonnage et qui contenait

charbon lorrain (634 & 722) 72 %
charbon d'appoint 434 20 ¢
poussier de coke antifissurant 8%

Les charbons éta.iengr%é‘y% < 2 mm, le poussier de coke 10C % < — 0,’”""‘
Pour chague catégorie de charbon on a enfourné 4 charges en fours 400 kg, Lo messe
volumique de chargement moyenne était 970 kg/mj. Les conditions de cokéfaction corres-
pondaient 3 celles des cokeries minidres lorraines. On défourncit les cokes apris ste-
bilisation thermique presque compléte, clest & dire lorsque la température dans le
plan médian du saumon atteignnit 1110'°C.

Les meilleures corrélations avec les différentes méthodes de qualification
essayées sont rassemblées dans la figure 7.

On remarque que ln plupart des charbons se classentA selon une courbe régu-
litre en M 40 et M 10 lorsqu'on porte en abscisse le PRG mesuré du cherbon lorrain,
Lz cohésion du coke M 10 est aussi bien relide cu gonflement au dilatomeétre, & 1l'in-
dice d'agglutinztion.

_ Bien que ces résultats soient & nouveau treés satisfeisants nous estimons
qu'une vérification plus rigoureuse portant sur un domoine de qualité plus vaste et
st un nombre d'échantillons beaucoup plus grand est nécessaire avant de porter un
jugement définitif sur 1~ valeur de 1= méthode,

Une troisidme série d'expériences semi industrielles, en cours d'exécution
permettra de comparer statistiquement les différentes méthodes de qunlification que

nous considérons aussi comme valobles meis pour lesqueles 1'automatisation serait

plus difficile.

V - CONCLUSIONS.
Ltintérét de cette méthode résultera de lo bnlance, pas encore définitive-

ment établie, entre ses possibilités et ses limites comperativement aux performances
7

vef ees
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des cutres méthodes de qualification employées en cokéfaction et qui sont basdes
soit sur les compo‘rtements de 1z houille en cours de pyrolyse, soit sur les déter-
ninations pétrographiques du rong et de composition macérale.

En résumé on peut énumérer les principoux mérites de la méthode évalués
par rapport & une ichelle de rong donnde par les indices de MV s

a) - Entre 20 et 40 5 de iV le PRG varie statistiquement d'une moniére linéaire;

b) - le repport Ilz—g%i—gfé atteint 7;

¢) - la qualification tient compte & la fois de 1 nnture des macéraux et de
leurs proportions, ce qui foit une sorte de synthise des proprictés cokéfiantes; -

d) - la précision de qualification peut &tre trés gronde pour deux raisons : la
sommntion des PR porte sur plusieurs dizaines de milliers de particules ce qui éli-
mine en grande partie l'erreur d'échantillonnage, de plus par la possibilité dtauto-
matisation il est aisé de multiplier le nombre de pastilles mesurdes.

En regard de ces mérites, il convient de préciser les limites et les sus-
ceptibilités de 1z méthode :

e) ou dessous de 13 5t de MV 1z méthode n'est plus applicable sans une adaptation
nouvelle qui pourrzit consi‘ster & njouter un liesnt;

f) de 20 1 13 ¢ de MV la diminution rapide de 1'aptitude _?31 1'agglomération en-
traine une boisse du FRG. Il en résulte une ambiguité, 2 un méme PRG il correspond
deux indices de MV différents. Cette confusion peut &tre suprprimée en mesurant soit
1'épaisseur des pastilles, soit laz force de compression de le machine & comprimer du
‘type mécanique;

g) bien que 1z méthode soit générnlement peu sensible a4 1la proportion de matitres
minérzles des chnrbons laves, la nature de celles-ci pourrait dons certains cas par-
ticuliers provoguer un ldéger décl-ssement. )

h) 1'échantillon de charbon soumis & lo méthode doit &tre préporé d'une fagon trés
reproductible, mnis cela est aussi indispenscble pour toutes les cutres méthodes de
qualification.

i) Enfin le classerent p=r quslité & 1'aide du PRG pourrait €tre perturbé dans le
cas ol 1'échontillonnage ~urrit été pratiqué sur une zone singulidre du gisement dans
laguelle 1~ composition muzcérale s'écartemit bezucoup de la composition moyenne no-
tomment en ce qui concerne lo fusinite,

En conclusion : bien que cette méthode soit, comme la me jorité des autres
méthodes, susceptible d'étre infirmée dens quelques cas particuliers, nous pensons
qu'elle sera applicnble au classement des charbons utilisés dans les cokeries aprés

queljuses perfectionnements qui accompagneront son transfert du laboratoire dans la

oS ees
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Microstructure Variation in Pilot Oven Coke
J. L. Bayer, Research Engineer and C. W, Hansen, Research Engineer

Research and Development Department
The Ycungstown Sheet and Tube Company
Youngstown, Ohio
INTRODUCTION

Techniques of microstr&c£gr§ analysis have been employed in defining coke
types and quality for some time.™> ©? However, there has been little effort ex-
pended to determine the microstructure variations between samples taken from vari-

ous locations in large coke masses or the number of fingers that should be analyzed
to adequately characterize coke structure. Coke microstructure data have been use-
ful in explaining variations in physical properties,2 reactivity,” and blast furnace
behavior® of various coke types. Therefore, it is important that the limitations and
reproducibility of microstructure analysis be determined if coke microstructure analy-
ses are to be used to quantitatively characterize coke quality and behavior. Conse-
quently, this investigation was initiated to determine the location and number of coke
fingers needed to characterize the microstructure of coke produced in a 750-pound
pilot coke oven and to evaluate our present coke sampling procedures.

As part of The Youngstown Sheet and Tube Company's program of coke evalua-
tion, two duplicate charges of 100 per cent high volatile A bituminous coal were car-
bonized for this investigation, Samples were collected from each charge according to
a statistically designed sampling plan. The coke finger samples were mounted and
polished and their microstructure determined utilizing a six spindle integrating stage.
The resultant mirrostructure data were then statistically evaluated.

PREPARATION OF COAL FOR CARBONIZATION

In order to provide coal for two duplicate charges, a bulk sample (1500
1lbs.) of high volatile A bituminous coal was collected. This bulk sample (1" x 0"
fraction) was pulverized to approximately 82 per cent minus 1/8" (Table I) in a
Pennsylvania Tvpe C reversible hammer-mill-impactor. All of the pulverized coal was
then blended in a Model GD 6 Patterson-Kelly, 30 cubic foot capacity twin shell blender
for two hours. After homogenization of the coal, samples were removed for screen and
chemical analyses. Prior to withdrawing the coal for carbonization, the bulk density
and moisture were adjusted and the coal was blended for an additional hour.

CARBONIZATION

Duplicate carbonization tests were made in a Bethlehem type pilot coke oven
having a coking chamber 36 inches long, 18 inches wide, and 36 inches high. To insure
duplication of these tests, the oven was stabilized for 24 hours before each charge.
At charging time, a 750-pound sample of coal was withdrawn from the blender and placed
in the oven. Pertinent carbonization data for these oven tests are given in Table I.

SAMPLING PROCEDURE AND EXPERIMENTAL DESIGN OF SAMPLING PLAN

A sampling plan was selected in order to provide data for an adequate ap-
praisal of the microstructure of the resultant coke, as well as providing data for a

* See References.
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comprehensive statistical evaluation. Although twelve oriented samples and one quench
car "grab' sample were collected from each charge, only six oriented samples and the
quench car sample were examined for each charge. This procedure was followed since it
was believed that one sample from a particular location on the fixed wall would be the
mirror image of the one immediately across from it on the movable wall or vice versa.
The areas from which the samples were taken are shown on Figure 1. The remaining

twelve samples were retained as reserve samples for additional studies. The coke side
and push side samples were pulled from the charge with steel tongs after the "horseshoe'
had been raised. The center samples were collected after half of the charge had been
pushed from the oven. Each coke finger was immediately water quenched and labeled. The
quench car sample was collected after the entire charge had been pushed and quenched.

Depending on viewpoint, the experimental design of the sampling plan can be
considered either as (1) a full 3 x 2 x 2 factorial with replicates, or as (2) a frac- -
tional 3 x 2 x 2 x 2 factorial with replicates. The reason for the above difference
depends on whether one considers the location of '"mirror image” coke fingers as a rep-
lication or as a factor. This location refers to whether the coke finger sample was
taken from the "fixed wall" or "movable wall" side of the oven. The above considera-
tion was only of secondary importance in the initial analysis since samples had been
taken for the full 3 x 2 x 2 x 2 factorial. However, only half of the original samples
were microscopically analyzed for the initial analysis but the other half can be analy-
zed at a later date if it should prove statistically necessary to do so. Thus, the
initial analysis distinguishes the confounded effect of charge and oven side rather than
the independent effect of each. The factors referred to in the 3 x 2 x 2 x 2 factorial
are (1) oven length location at three levels, (2) oven height location at two levels,
(3) oven charge at 2 levels, and (4) oven side location at two levels. The experiment
was designed to satisfy two objectives:

1. To determine the inherent errors of the various measurement categories
associated with a microscopic analysis of coke.

2. To determine whether sampling errors were attributable to oven location
and to determine if the present sampling procedures are adequate.

-With respect to the first objective, it was necessary that a replicate tran-
sect be made on each coke finger, such that an adequate estimate of the "within coke
finger" variability could be obtained. Although only 12 coke finger samples were analy-
zed, a total of 24 transects were taken by making two independent transects per coke
finger. Thus, the "within coke finger" variability of each of the categories is based
on 12 degrees of freedom and can be considered as the pooled within variance of the six
locations and the two oven charges.

With respect to the second objective, it was necessary that samples be taken
at various locations within the oven and also from more than one oven charge, such that
it would be possible to determine whether differences due to oven location were inde-
pendent of the oven charge. Since two transects per coke finger were necessary to
satisfy the first objective and two oven charges were also necessary, it was felt that
only six oven locations could be incorporated into the plan because of the time involved
in making the individual transects. For this reason, the six oven locations were chosen,
such that they would reflect large rather than small location differences and also pro-
vide an adequate representation of the entire oven. The oven was divided into a cross
section of three vertical and three horizontal plots for a total of nine plots, but only
the top three and the bottom three plots were used in the plan for a total of six samples
per charge. The samples were then taken at random from somewhere within each of these
six locations for each of the two charges.

The data were analyzed by use of the analysis of variance technique, such that
the various sources of variability could be distinguished and compared.
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The .05 significance level was used throughout the analysis to determine
whether observed differences were 'real' or not. For the purpose of this report, a
"real" difference indicates that the risk of making an incorrect decision based on
this significance level would be five times in 100.

SAMPLE PREPARATION

A section one-half inch thick was cut from the center through the entire
length of each finger. 1In all cases, the full length of each finger (approximately
nine inches), from the cauliflower to the tar end was maintained. The width of the
fingers varied from two to three inches. To facilitate ease of handling, mounting,
and polishing, the 9-inch slabs were cut in half, These sections, each representa-
tive of 1/2 finger, were then placed in molds, impregnated with an epoxy resin, and
polished for microstructure analyses.

ANALYTICAL PROCEDURES

A Leitz Ortholux microscope (Figure 2) equipped with a Leitz six spindle
integrating stage, cross hair, and an ocular micrometer was employed in these micro-
structure analyses. All of the measurements were carried out at 160X magnification.
Four transects covering the entire length, from the cauliflower to the tar end, were
completed on a single surface of each finger. Each transect was oriented perpendicu-
lar to the cauliflower or tar end, depending upon which half was being examined.
During the first transect, the pores which fell within five arbitrarily chosen size
categories were recorded on five of the spindles. The sixth spindle was used to re-
cord the total cell wall area transversed during the transect. At the end of the
initial transect, the specimen was returned to the original starting position. A
similar transect was then completed over the same area, and the cell wall sizes were
differentiated and the total space occupied by pores was recorded on the sixth spin-
dle. This procedure was repeated twice on each finger. The arbitrarily chosen cate-
gories (Table II) were selected from those presented by Abramski and Mackowsky.Z The
average cell wall thickness and pore diameter calculations (Table III) are those pro-
posed by Daub® and are based on the supposition that the true average for any of the
categories approaches that of the mid-point of the particular category in question.
Although the authors have not completed a statistical confirmation of this assumption,
they do feel it is a reasonable estimate of the average. The density values are ex-
pressed in terms of the ratio of the volume per cent of pores to cell walls in the
coke,

RESULTS AND DISCUSSIdN

In Table I, the carbonization data for both charges indicate that the coal
charges were subjected to essentially identical coking conditions. The thermocouple
readings (Tables IV, V) taken at charging and pushing time do exhibit some variation.
However, these temperature differences are normal for the oven in question, and ovens
of this size and type. The statistical evaluation presented herein has not included
the specific effect of temperature variation. However, it would be possible in fu-
ture work to determine statistically the effects of temperature variation and oven
location on coke microstructure by an analysis of co-variance of these factors,

A high volatile A bituminous coal was selected for this study because pre-
vious studies have shown that this rank of coal would produce a coke possessing con~
siderable variation in microstructure. The authors believe that the variation in the
microstructure of this coke type would be greater than that obtained on coke from
other coals used at our Company coke plants. In general, higher rank metallurgical

coals produce cokes with larger percentages.of cell walls and pores per unit area and it

is reasonable to assume that the degree of reliability would increase with increasing
rank of the coal. This observation has been confirmed in our laboratory and is based
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on frequency measurements of cell walls and pores in cokes produced from various ranks
of coal.

In Table VI, the variability limits at the 95 per cent confidence level for
the cell wall and pore diameter categories are given. In addition, the limits are
given for the average cell wall thickness, average pore diameter, and density measure-
ments. The '"within finger' variability consists of the inherent variability of the
material, plus the analytical variability.

The within variability limits listed for the 95 per cent confidence level
are the limits developed for comparison of individual fingers, each of which was trans-
versed twice. The "within finger" variabilities of the various measurement categories
were statistically compared, and it was found that:

1. The within variability of the three cell wall categories of 0.1 to 0.2 mm,
0.2 to 0.5 mm, and +0.5 mm did not differ significantly among themselves.
Also the three pore diameter categories of 0.2 to 0.5 mm, 0.5 to 1.0 mm,
and ¥1.0 mm did not differ significantly among themselves. It is also
interesting to note that there was no significant difference between
these cell walls and pore diameter categories.

2. The two cell wall categories of -0.05 mm and 0.05 to 0.10 mm did not
differ significantly from each other nor from the two pore diameter cate-
gories of -0.1 mm and 0.1 to 0.2 mm which also did not differ signifi-
cantly from each other.

3. In comparing the categories in 2 above, the -0.05 mm cell walls and both
of the pore diameter categories were significantly different at the .05
significance level from all the categories in 1 above, However, the
0.05 mm to 0,10 mm cell walls were only significant at the .10 level
from the categories in 1 above, which would not be considered significant
in this analysis.

Even though the analytical variability was not separated out of the "within
finger" variability, it is believed that it would be much smaller than the "within"
limits. Variations due to the positioning of the transect on the coke fingers were
noted, but it was not separated out in these statistical analyses.

The values listed under ''total variability" are the limits of reproducibil-
ity that would be obtained if a completely random finger were analyzed without any
knowledge of its original position in the oven or the charge from which it was sampled.
These limits are much greater than those given for the '"within finger" variability.
Therefore, it is important that the microscopist realize that this variability exists
when microstructure analyses are completed on a completely random, pilot oven finger.
The degree of reproducibility is reduced markedly when such a finger is analyzed. It
is also interesting to note that for the two cell wall categories of 0.05 mm to 0.10 mm
and 0.1 mm to 0.2 mm, the sampling variabilicy due to oven location and charge was not
significantly different from the variability within a single coke finger. This degree
of homogeneity was not found to exist in any of the other categories.

In Table VII, the mean value for the twelve fingers taken from both charges
are compared to the mean value for various locations in the oven. The average pore
diameter for the top fingers was significantly larger than that of the bottom fingers.
The percentages of pores in the -0.1 mm, 0.1 to 0.2 mm, and 0.2 to 0.5 mm categories
were found to be significantly smaller in the samples from the top of the oven as com-
pared to the samples from the bottom (Figure 3). For the +1.0 mm pore diameter cate-
gory, the samples from the top of the oven had a significantly larger percentage than

those from-the bottom. Although the 0.5 to 1.0 mm category had a larger percentage
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for the top samples than those from the bottom, this difference was not sufficiently
large to be termed significant. Although the height in the oven had significant and
marked effects on the pore diameter measurements, the height in oven was found to have
little or no significant effects on the cell wall measurements (Figure 3).

The low density values for the top fingers are directly related to the in-
crease in the percentage of large pores and total area occupied by pores. A highly
significant difference was found between the density of the top and bottom samples.
The density is expressed in terms of the ratio of the volume per cent of pore space
to that occupied by cell walls, The increase in pore diameter and larger pores may be
related to a decrease in bulk density of the coal at the top of the oven. The loosely
packed coal would permit the formation of frothy coke. It is less restricted in the
plastic state, and gas evolution would proceed more freely in the upper portion of the
charge than at the bottom. These data also show that a given coal may produce a coke
with markedly different microstructures within the same coke mass.

The variations in the microstructure of the coke side, middle, and push side
samples are shown in Table VII and illustrated graphically in Figures 4 and 5. The
increase in average cell wall thickness toward the center from both ends of the oven
may be the result of variations in bulk density. The coal in the center of the oven
would have a higher bulk density, since it lies directly below the charging hole,
whereas, the coal next to the doors would have a lower bulk density.”: Note in Fig-
ure 4 that the distribution of the various cell wall sizes varies from the ends to the
middle fingers. It was found that this difference was significant, however, for only
two cell wall categories: the -0.,05 mm and the 0.2 to 0.5 mm categories, In Figure 5
the percentage of plus 1.0 mm pores for the end samples was significantly higher than
that of the middle -fingers. Coincident with the increase in larger pores, is the de-
crease in density of the end fingers (Table VII). This decrease in density is also
statistically affected by the height-length relationship. All of these data indicate
that coal bulk density, oven temperature and other varlables not considered here may
affect the resultant microstructure.

In Table VIII the microstructure analyses of each charge are listed. The
significance of these data are as follows: .

1. The mean values for the microstructure analyses of the six fingers
taken from each of the charges compared quite favorably and did not ex-
hibit any significant statistical differences.

2. Apparently the carbonization conditions and the composition of the coal
were similar, as a result reproducible data were obtained.

3. Even though there are microstructure variations, the mean values are re-
markably similar.

In order to determine if our present sampling plan was adequate to character-
ize a 750-pound charge, routine '"grab" samples were collected and analyzed. Our pres-
ent sampling of coke for microstructure analysis is as follows:

1. The entire charge is pushed and quenched.

2. A single finger exhibiting a cauliflower and a tar end and four fractured

surfaces is selected from the top of the quench car by the lab technician.

3. It is labeled and forwarded to the anthracology laboratory for analyses.

In Table VIII and Figures 6 and 7, microstructure analyses of the two "grab' samples are
Yy g

compared to the mean values for .their respective charges. These data show that all
the values except the -0.05 mm cell wall category for the second "grab" sample, fall
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within the 95 per cent confidence limits. This is true only if two transects are com-
pleted on each 'grab" sample. Although the "grab" sample from the second charge is
statistically outside the variability band in the -0.05 mm category by 0.21 per cent
this could legitimately be adjusted by taking two ''grab” samples from the quench car
and making two transects on each sample. The authors feel that this minor varijation

is insignificant in view of the magnitude of the measurements involved and the prac-
tical aspects of these data. It is interesting to note that an examination of the

four sample locations (top middle, bottom middle, top push side, and bottom push side)
indicated that a sample representative of the charge could be obtained at a position
somewhere within the central third plot and between the push side and middle third
plots of the oven., This, incidentally, was the approximate area from which the pres-
ent 'grab" sample was being taken. Consequently, the present method of selectively col-
lecting coke samples for microstructure analysis should be continued. However, this
present method should be checked periodically by making additional transects on samples
taken from the six locations as defined in the experimental design.

In Table IX the microstructure of cokes produced from various ranks of coal
and petroleum, as well as form coke, are compared to the microstructure of the high
volatile coal used in this study. Although there are no differences in certain cell
wall and pore categories, there are marked differences among other categories. There
are significant differences in average cell wall thickness and average pore diameter
among the coke types and in certain categories a relationship to coal rank is evident.

SUMMARY

Microstructure analyses were completed on 12 oriented coke fingers collected
from duplicate pilot oven tests of a single high volatile A bituminous coal. A se-
lected '"grab" sample was also collected from each charge and its microstructure deter-
mined. Duplicate transects were made on all coke fingers. These data show that from
a practical viewpoint an analysis of a single selective sample adequately characterized
the microstructure of coke produced in the 750-pound oven. The criterion of adequate-
ness was satisfied, from a statistical viewpoint, in all but one of the measurement
categories on one of the oven charges. Two selected 'grab" samples should completely
satisfy the adequateness criterion. Even though variations were noted because of sam-
ple location in the oven, the single "grab" samples compare favorably with the mean
values for the charges.
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Net coking time

Oven bulk density
Kopper's cone

Per cent moisture

Per cent pulverization
Controlling Flue temp.
ASTM stability factor
ASTM hardness factor
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CARBONIZATION DATA

1ST CHARGE

665 1bs.
18 hrs. 37 min,
47.50 1bs./Ft,3
42,0 1bs,/Ft.3
5.4

82.8% - 1/8 inch
24600F

43.54

55.35

2ND CHARGE

673 1bs.
18 hrs. 45 min.
48.07 1bs./Ft,3
40.6 1bs./Fc.j
5.5

82.8% - 1/8 inch
2460°F

42.14

55.55

SAMPLE CALCULATIONS OF PERCENTAGES OF PORES

CELL WALL
SIZE CATEGORIES

0 =~ 0.05 mm
0.05 -~ 0.1 mm
0.1 = 0.2 mm
0.2 - 0.5 mm

£+ 0.5 mm

Total cell wall

PORE
SIZE CATEGORIES

0 - 0.1 mm
0.1 -~ 0.2 mm
0.2 - 0.5 mm
0.5 - 1.0 mm

1,0 mm

Total pore

AND CELL WALLS IN THE INDICATED CATEGORIES

SPINDLE VALUES

Smmz

13.81
16.36
32.54
24,15

2,50

89.36

SPINDLE VALUES

— (m)

21.90
18.51
59.99
49.93
104.50

254 .83

PER CENT

15.45
18.31
36.41
27.03

2.80

100.00

PER CENT

8.59
7.26 -
23.55
19.59
41.01

100.00

U P P v R N

FRPREE N UUUNORVCIE IR RS Y




S e e

51

TABLE III - SAMPLE CALCULATIONS OF AVERAGE PORE

DIAMETER AND CELL WALL THICKNESS

SPINDLE

254,83 _

iverage pore diameter = 869.0L = 293 mm

CELL WALL VALUES MID POINTS
SIZE_CATEGORIES (mm) (MP)

0 - 0.05 m 13.81 &  0.025
0.05 - 0.1 mm 16.36 s  0.075
0.1 - 0.2 mn 32.54 ¢ 0.15
0.2 -0.5mm 24,15 = 0.35

+ 0.5 mm 2,50 s 0.75
Total cell wall 89.36 m
:. éverage cell wall thickness = i%%é?%g = ,084 mm
o SPINDLE
. PORE : VALUES MID POINTS
SIZE CATEGORIES - (mm) P
0 -0 m . 21,90 +  0.05
1'0.1 - 0.2 mn 18.51 "'+  0.15
0.2 - 0.5 mn 59.9 ¢ 0.35
0.5 - 1.0 mm b9.93. +  0.75
+ 1.0 mm 104.50 +  1.50
l?Total pore 254,83 mm

. Total

Total

NUMBER OF

CELL WALLS

552,40
218.13
216.93
69.00
3

1059.79

NUMBER OF
_PORES _

438.00
123.40
171.40

66.57

L 69.67

869,04
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TABLE IV - COMPARISON OF TEMPERATURE READINGS
TAKEN AT CHARGING TIME

1ST CHARGE 2ND CHARGE 1ST CHARGE 2ND CHARGE
THERMOCOUPLE FIXED WALL FIXED WALL MOVABLE WALL MOVABLE WALL

1 1870°F 1850°F 1760°F 1760°F

2 1870 1860 1820 1800

3 1850 1840 1800 1840

4 1950 1960 1890 1900

5 1900 1890 1900 1880

6 out out 1820 1860

7 1780 1700 1860 1860

8 1860 1840 1920 1910

9 1850 1880 1600 1610
Average 1866°F 1853°F 1819°F 18240F

TABLE V - COMPARISON OF TEMPERATURE READINGS
TAKEN AT PUSHING TIME
“1ST CHARGE 2ND CHARGE 1ST GHARGE 2ND CHARGE

THERMOCOUPLE FIXED WALL FIXED WALL MOVABLE WALL MOVABLE WALL

1 1860°F 1800°F 1890°F 1840°F

2 2000 1900 2070 2060

3 2020 2020 1980 1990

4 1980 1970 2000 1970

5 2140 2110 , 2170 , 2150

6 out out 7 2140 2100

7 1760 1770 1940 1890

8 1980 1840 2040 2020

9 1930 1870 1880 1800
Average 1959°F 1910°F 2012°F 1980°F
THERMOCOUPLES
IN COKE MASS 1ST CHARGE 2ND CHARGE
#3 Fixed wall 1920°F 1900°F
#4 Movable wall 1920 1900

#5 Center 1890 1870
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TABLE VI - “WITHIN FINGER" AND TOTAL VARIABTLITY ERRORS AT THE 95
PER CENT CONFIDENCE LEVEL FOR ONE AND TWO TRANSECTS

CATEGORIES " ITHIN FINGER" VARIABILITY TOTAL VARIABILITY*
PER_CENT PER_CENT
CELL _WALLS ONE TRANSECT  TWO TRANSECTS  ONE TRANSECT  TWO TRANSECTS
- 0.05 mm + 2,477 +.1.752 + 5.169 + 5,014
0,05 - 0,1 mm + 3.716 + 2,628 + 3.569 +3.022
0.1 -0.2m + 5,596 + 3,957 + 5.8L49 + 5,102
0.2 - 0.5 mm + 5.553 ‘ + 3.926 + 8.275 + 7.773
+ 0,5 mm . +.5,900 + 4,172 + 6.327 + 5,562
PORES
- O.l'mm + 1.782 + 1,260 + 4,933 + 4,849
0.1 - 0.2 mn + 2.777 + 1.964 + 8,248 - + 8,124
0.2 - 0.5 mm + 5.127 . + 3.626 +13.101 +12.197
0.5 = 1.0 mn + 6,119 + 4.327 + 8,804 - +8.230
4+ 1.0mm + 5,288 C £3.739 +22.487  +22.32h
Average Cell
Wall Thickness mm .00919 . 00650 .01554 .01432
Average Pore . i )
Diameter mm .02534 .01792 .08957 .08363
Density** 08669 . .0613 L1731 L1673

* Total variability error: expect error if a random sample 1is analyzed w1thout
any knowledge of its original position in the oven.

*% Ratio of volume per cent pore area to volume per cent cell wal® area in coke,



TABLE VII - COMPARISON OF MEAN VALUES BY SAMPLE LOCATION AND

CATEGORIES TO THE GRAND MEAN FOR BOTH CHARGES ?

.
GRAND MEAN TOP BOTTOM  COKE SIDE  MIDDLE PUSH SIDE ’
CATEGORY FOR_BOTH CHARGES SAMPLES SAMPLES  SAMPLES SAMPLES _SAMPLES J
CELL WALLS ‘
- 0.05 mm 14,96 14,57 15.34 14,16 13.71 17.00 1‘
0.05 - 0.1 mm 18.62 18.79 18.45 18.73 18.15 18.98 1
0.1 - 0.2 mm 33.43 33.62 33.25 33.86 34,02 32.42 g
0.2 - 0.5 mm 28,24 28.15 28.33 29.89 29.46 25.37 !
+ 0.5 mm b.75 4,87 4,63 3.36 T b.66 6.23 j
Per Cent 100.00 100,00 100,00  100.00 100.00  100.00 1
Average Cell I
Wall Thickness mm 0.087 0.088 0.086 0.089 0.091- 0.082 i
oes [

- 0.1 mmm 10.68 8.63 12.72 10.80 11.30 9.92

0.1 - 0.2 mvm 13.66 10.08 17.25 12.94 14,11 13.94
0.2 - 0.5 mm 31.15 | 25.84 36,47 29,51 32.71 31.24 ;
0.5 - 1.0 mm 24,43 25.51 23.35 24,77 24,82 23.71 1
+ 1,0 mm 20.08 29.94 10.21 21.98 17.06 21.19 j
Per Cent 100.00 100.00  100.00 100,00 100,00 100.00 : i
~verage Pore |
Tismeter mnm 0.236 0.275 0.196 0.238 0.223 0.247 <

0.L66 0.398 0.534 0.471 0.486 0.441

v
s e D Cell Walls)
. - 2l
i-_. 7 Pores
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TABLE VITI -° COMPARISON OF EACH GRAB SAMPLE TO THE

MEAN VALUES FOR THE RESPECTIVE -CHARGES

MEAN 1ST CHG.  MEAN 2ND CHG,
1ST GRAB 2ND GRAB
CATEGORY CHARGE LIMITS SAMPLE,  CHARGE LIMITS SAMPLE
CELL WALLS
< 0.05mm 14,08 15.83 - 12,33  12.65 15.82  17.57 - 14,07  13.86%
0.05 - 0.1 mm 18.97 21.60 - 16.34  18.76 18,21  20.84% - 15.58  16.89
0.1 - 0.2 mn 34.18 38,14 - 30,22 36.21 32.67 36.63 - 28.71  35.86
0.2, - 0.5 mm 29.09 33.02 - 25.16  29.44 27.48  31.41 - 23,55  28.81
+ 0.5 mm 3.68  7.85 - 0 2.94 5.82  9.99 - 1.65 L.58
Per Cent 100.00 100.00 100,00 100.00
PORES '
- 0.1 mm 10.58  11.84 - 9,32  11.14 10.74 12,00 - 9,48 9.97
0.1 - 0.2 mm 13.61  15.57 - 11.65  12.56 13.68  15.64 - 11.72 14,87
0.2 - 0.5 mm 31.92  35.55 - 28.29  29.68 30.42 34,05 - 26,79  30.26
0.5 - 1.0 mm 24,41 28,74 - 20,08  24.29 24,46 28,79 - 20.13  24.35
+ 1.0 mn 19.48 23,22 - 15.74  22.33 20.70 24,44 - 16,92  20.55
Per Cent 100,00 100,00  100.00 100,00
Average Cell ’ .
¥all Thickress mm 0359 L0955 - .0825 .092 .085 .0915 - ,0785 .090
sverage Pore
Ciameter mm .233 L2509 - .2160 .228 .238 .2559 - .2201 .232
W73 L5340 - k12 418 459 £520 -~ .398 459
L Cell lialls, :

i, % Pores

¥ vy value wnich does not fall within the variability limits.

S
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TABLE IX -~ VARTIATION IN MICROSTRUCTURE OF INDICATED COKE TYPES,

(Vol. 7% Cell Walls
Vol., % Pores

High- Low- Petroleum
CATEGORY High Vol. Med. Vol, Med, Vol. Low Vol, Coke

CELL WALLS

- 0.05 mm 13.25 16.09 18.84 29.49 0.19
0.05 - 0.1 mm 17.83 21.35 20.68 23.20 0.12
0.1 -0.2mm 36.04 38.71 34.33 27.89 1.03
0.2 - 0.5 mm 29.12 20.49 18.79 13.67 6.52

+ 0.5 mm 3.76 3.36 7.36 5.75 92.14
Per Cent 100.00 100.00 100.00 100.00 100,00
‘Average Cell
Wall Thickness mm 0,091 0.080 0.076 0.058 0.635

PORES

- 0.1 mm 10.55 17.23 15.62 23.62 1.98
0.1 - 0.2 mm 13.72 16.68 21.88 24.63 3.72
0.2 -0.5mm 29.97 37.66 40.09 37.20 15.03
0.5 ~ 1.0 mm 24,32 19.86 17.63 10.66 17.05

+ 1,0 mm 21.44 8.57 4.78 3.89 62.22
Per Cent 100,00 100.00 100.00 100.00 100.00
Average Pore
Diameter mm 0.230 0.168 0.167 0.132 0.583
Density 0.439 0.569 0.589 0.534 1.59

Form
Coke

15.45
25.38
40.50
16.45

2.22

100.00

0.078

23.76

29.16

34.91

12.17

100.00

0.127

0.747
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V/ Approximate Location of fingers
% examined from first charge.

Approximate Location of fingers
examined from second charge.

- —— - . i i s it W .

PUSH SIDE

ALY

COKE SIDE

FIGURE 1 - SCHEMATIC OF 750 POUND OVEN SHOWING APPROXIMATE LOCATION OF COKE
FINGERS EXAMINED FROM DUPLICATE CHARGES.
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FIGURE 2 - PHOTOGRAPH OF MICROSCOPE AND INTEGRATING STAGE
EMPLOYED IN MICROSTRUCTURE ANALYSES (1/4 X).
INTEGRATING STAGE (IS), SPECIMEN (S), AND MI-
CROSCOPE STAND (M).
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AND PUSH
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Coll Wall Cotegories (M1)

FIGURE & . COMPARISON OF PER CENT CELL WALLS IN THE INDICATED CATEGORIES FOR THE COKE SITE, MIDOLE, ARD
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Investigation Into the Effect of Particle Size and Apparent Bulk
’ Density on Coke Structure

Prof. Dr. M.-Th. Mackowsky, Bergbau-Forschung GmbH, Essen-Kray, Germany

During the past thirty years, there nas been a great effort in the
science of coal petrograpny which has led to the use of this science in the
solution of certain coking coal problems. Tne specific works of F. L. Kuhlwein,
E. Hoffmann, H. Hoffmann, E. Burstlein, C. Abramski, D. W. Van Krevelen, and
many others (1, 3, 9, 10, 18) show over and over that it is difficult to take
into consideration all of tine influences which affect the carbonization of coal.
Amosov and Eremin, Harrison and Snapiro, Gray and Eusner (2, 7, 16) nave in
taneir work, wnich is based upon the maceral analysis of seam coals, been able
to ascertain experimentally the optimum ratio of the reactive to inert components
in tne coal rank range between 16 and 40 percent volatile matter. Trese workers
were able to derive a suitable formula which will allow the prediction of the
coking strengtn of a coal or coal blend, in terms of stability, with sufficient
accuracy for use in the prediction of coke strength characteristics of metal-
lurgical coal tlends. Ture assumptions necessary for such a calculation were a
constant size consist of the coal, as well as a constant apparent density, and,
of course, constant coking conditions. However, ability to predict stability
is not completely useful in every case. In the Ruhr district of Germany, for
example, coals from numerous coal seams with very different rank classifications
are in tne feed at the same time from one shaft installation. Since the feeds
to such a coal product cannot be cnanged - due to operating technique and raw
material supplies - it is diffiicult to assure a constant coke quality.

In a situation such as that with the Ruhr Valley coals, the question
arises as to how, with a given raw material situation and tuerefore a given
maceral composition of a coking coal, the quality of the coal produced can be
inTluenced by changing the particle size structure and/or the apparent bulk
density of tne coal charge. Preliminary work along this line has been published
by Marshall and Harrison (13). Using this work as a basis, during the last year
we. nave investigated thoroughly the effect of size and apparent bulk density on
tne coke structure. For the purposes of tnis study, different size consists of
sean coals were coked, varying the bulk density and keeping the coking rate as
consistent as possible under laboratory conditions.

First, a very granular coal, with an apparent bulk density of O, was
used. Tre butk density of C was assumed since, for all practical purposes,
eac: zrain was coked alone witnout contact witn the otners. In a second series
of experiments, using a smali coking oven developed by H. Ritter and G. Juranek
{ik), an apparent bulk density of approximately 0.5 was used. The third series
was coked using tne dilatometer with a very highly compressed coal in wnich the
asparent cvulx density was avout 1.
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The experimental results will be discussed briefly in order to siow
that such research can produce a worth-while complement to trhe work of Amosov
and Eremin (2) on one hand, and to that of Shapiro, Gray and Eusner (15, 1f)
and Harrison (7) on the other hand. For the sized coals, tne screen sizes of
5to 3, 3tol, 1to 0.5, 0.5 to 0.2, and minus 0.2 millimeter were used on
coals from seams with volatile matter contents of from 15 to 37 percent. On
the basis of petrographic analysis, the ratio of the reactive to inert components
was calculated. The data for all the samples examined are summarized in Figure
1. Figure 1 shows that in other than sample 1 (with 31.7 percent volatile
matter), the ratio of the reactive to the inert component in the screen size
5 to 3 millimeters and the screen size less than 0.2 millimeters is approximately .
equal, or perhaps a little larger, than in the finer grained material. This
indicates clearly that a poorer coking capacity is surely not caused by maceral
composition but can only be caused by the grain size.

The individual screen sizing of coals of different stages of coali-
fication were examined when coked, and the proportion of pore-showing grains
was determined quantitatively. From Figure No. 2, it appears that in the screen
sizing of 5 to 3 millimeters, all grains - independent of the stage of coali-
fication - possessed degassing pores. However, the size arnd shape of these
degassing pores are quite different in coals of different stages of coalificationm,
as shown in Figure No. 3. With increasing fineness of size consist, the propor-
tion of pore-showing grains becomes smaller. The decrease in the pore-showing
grains is especially great in the poorer coking coals (Samples 1 and 5), while
the decrease becomes apparent in the good coking coals only in the screen sizes
under 0.5 millimeters. The basis for this reduced pore structure with decreas-
ing screen size is that a degassing pore can only evolve in the temperature
range of the plastic zone when the gas volume set free by the decomposition is ’
larger than the gas volume escaping at the same time from the interior of the
grain by diffusion. Consequently, there is an excess pressure in the interior
of the grain, and at the same time a pressure drop from the inside to the out-
side of the grain. Since in the smaller grains the diffusion route and, there-
fore, the diffusion resistance is smaller, fewer degassing pores will result in
small grains.

In another investigation series, shown in Illustration No. 4, the pore
count per grain and the mean pore size diameter were ascertained for each of the 4
different screen sizes (Illustration No. 5). The pore count per grain and the
mean pore diameter were ascertained because it was thought that the mean pore
diameter is not only dependent on grain size, but is primarily dependent upon
the degree of coalification and is, therefore, related to the softening capacity
of the coals. In the smaller screen sizes of the best coking coals, the largest
pore diameter is shown, and consequently, the smallest number of pores per
grain. Therefore, pore size and pore count are not in direct relation to the
volatile matter content of the initial coal. The pore size is probably dependent
upon the gas volume split off in the plastic zone and the viscosity of the
plasticized coal, and perhaps alsc the permeability of the coal when in a plastic
state. If these assumptions are correct, then a low viscosity melt might have a
poorer gas permeability than a coal with a high viscosity melt. However, the
work has not progressed far enough to provide experimental data on these assump-
tions. If one were to consider not only the small screen sizes for each of the
coals examined, but all screen sizes of an individual coal, it appears that in
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coals with 37.1 percent volatile matter and 20.6 percent volatile matter, tne
mean pore diameter from the coarsest to the finest sizes decreases approximately
one-half. In coals with 15.1 percent volatile matter, the pore diameter remains
practically constant, only the pore count per grain is changed. On tre otner
hand, in good coking coals, the mean pore diameter falls off only from one-sixth
to one-tenth of the value of the coarsest screen size. An explanation of this
phenomenon does not seem to be possible on the basis of a microscopic analysis.
Therefore, a systematic physical-chemical investigation became necessary. How-
ever, it should be pointed out that it is conceivable that in good coking coals
in which a relatively strong degassing occurs in the plastic zone, the ratio of
the volume of released gas to that carried off by way of diffusion shifts more
strongly than in coals which have low degassing in the plastic zone, and at the
same time a proportionately higher viscosity of the plasticized coal.

In order to attempt to explain the occurrence of the undesirable sub-
limation phenomenon in the coking process, the idea of the strong shift of the
ratio of released gas volume to the diffusion gas volume in good coking coal was
tested by coking and determining the mean coal grain diameter before and after
coking. For these experiments, only the screen sizes under 1 millimeter could
be used, since only in these sizes were there a sufficient number of grains to
allow a statistical evaluation of the resulting data. The results are shown on
Illustration No. 6. It must be stated, however, that in the microscopic deter-
mination of the mean grain diameter, the values of diameter were always too
small, since the coal grains were cut randomly and were not always cut in the
plane of the largest grain dlameter. However, the results are useful since the
raw material and the end product were examined by exactly the same method.
Screen analysis did not enter into the gquestion, because the screened materials
presented only small changes in the mean grain diameter, and the mechanical resis-
tance of the swollen granular coked material was so low that it hed to be measured
without screening because of the induced breakage by screening. Illustration
No. 6 shows the variation in grain diameter of the three screen sizes related to
the stages of coalification. If one disregards the results of the sample with
%2.5 percent volatile matter, it is obvious that for the grain sizes 1 to 0.5
millimeter, the mean grain diameter of the coke samples clearly increases up to
the range of 20 percent volatile matter and then decreased again. In the finest
screen sizes, it cannot be said that there is a clear increase of the mean grain
diameter for the coke sample. This distinct behavior of the screen sizes of a
coal has the same cause as the pore structure, that is, the ratio of gas volume
released in a unit time to the gas volume diffused out is the reason for this
phenomenon.

The different behavior of the sized grains (for example, the grain
size between 1 and 0.5 millimeters) with an increasing stage of coalification,
is explained in the following manner. In the various coalification stages,
the swelling of the coal caused by the pore formation is compensated for by a
shrinking phenomenon, following plastic state. As a rough simplification, it
can be said that the shrinking property of a coal decreases with increasing
stage of coalification. Strong swelling in conjunction with a low shrinkage,
or after-shrinkage, leads to a distinct problem which can result in the diffi-
cult working of a coking oven. The decrease of bulk density associated with a
larger grain size, which is often undesirable, affects the oven pressure less
than has often been supposed. It is possible, by the addition of oil to the
coal, to raise the initial value of bulk density of the coal. This is essen-
tially the same as grinding the coal to a finer size, and wiil lower the oven
pressure without the necessity of doing anything more to the coal.
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It is possible that the lesser shrinkage of a coal with a greater
stage of coalification can be explained by the changes in the microstructure
of the coal. Through the investigations of Hirsch (8) it is known that in
the course of the second phase of the coalification, the specific concentration
and tne degree of order of the condensed ring systems contained in the coal
increases. This means tnat with increasing degree or stage of coalification,
the distance of the aromatic lamella from each other becomes smaller. If the
distance of the aromatic lamella from each other is made equal to the theoreti-~
cal maximum shrinkage capacity, it is comprehensible that coals with 20 percent
volatile matter will have less shrinkage than coals with 30 percent or more
volatile components. In a coal with less than 20 percent volatile matter, the
volume increase of the grains of the 1 to 0.5 millimeter size range decreases
again in coking, so it can be said that these coals with a low swelling will
offset the capacity of poor after-shrinkage.

The strong increase in the mean grain diameter of the screen size
1l to 0.5 millimeter of a coal with %2.2 percent volatile matter cannot be
explained on the basis of the relationships heretofore discussed. In this
screen size, the ratio of reactive to inert is 10 to 1, and is especially high.
It does not appear possible to find an explanation of the high volume increase
with the help of a maceral analysis. It can be surmised that in this type of
coal the aromatic lamella are better arranged, and this should manifest itself
in a normally higher reflectance anisotropy. This, however, could not be estab-
lishea, and there must be further research into why the otherwise ascertainable
relationship between the degree of coalification on the one hand and the swelling
on the other hand could not be determined by comparison of the same particle
sizes.

In the second experimental series, coal samples with different stages
of coalification were again coked in the experimental furnace of Ritter and
Juranek. For this series, bulk density was held constant. Working on the con-
stant bulk density basis, it was not possible to coke the individual screen sizes
as separates, but rather a mixture of the following composition was established:

Millimeters Percent
Screen Size - 5t0 3 - 20
" - 3to1l - 30
" - 1to 0.5 - 30
" - 0.5 to 0.2 - 10
" - under 2 - 10

Since the coked sample could be sectioned as a whole, data became
possible in this experimental series on the variable conditions of individual,
different sized particles. The results of the first series were confirmed
qualitatively in the second series. Quantitatively, a few noteworthy differences
were determined. The greater tightness of packing causes the particles to cement
togetner, since they tend to swell strongly during the formation of the coke.
Cwing to tnis cementing, the particles are limited in their swelling .capacity.
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This results in clearly lower mean pore diameters, especially in the finer
particles, with a lower pore count per particle. This lower possibility of
deformation can work out favorably in the relation of swelling to after-
shrinkage. However, this does not imply that in all cases the coals known
as "dangerous oven pressure producing coals" are related to a larger grailn
size consist because this series of tests showed that there is apparently no
greater oven pressure related to an increase of the mean grain size particle
diameter. Direct measurement of the oven pressure cannot be undertaken in
the small experimental equipment.

In the third experimental series, an ultra-high tightness of packing
(apparent bulk density about l) was used. As before, the results of this seriles
confirmed the results of the first series so far as the coal samples were
examined. Quantitatively, the experimental results were again different from
the results of the first experimental series because of the very high tightness
of packing. The particles cemented together immediately at the start of soften-
ing. The pore formetion set in generally only after this cementing. The cement-
ing was again demonstrated to be more in the coarse particles than in the fine
particles. However, the mean pore diameter, and also the pore count per particle,
were clearly reduced in comparison to those of the first two experimental series,
so that one could no longer properly speak of a normal coke structure, especially
if coals of a very high or low stage of coalification were charged. This again
is traced back to the fact that with an apparent bulk density as high as was used
in this third series, the pore formation combined with an increase in volume of
the particle is only possible if the whole coke button was deformed. Therefore,
an essentially higher internal gas pressure is necessary for the deformation of
the whole sample than for the deformation of a single particle, or for the deform-
ation of particles in a relatively loose charge (an apparent bulk density of 0.5),
in which, even after the cementing of the particles together, there still remains
the possibility of swelling in the relatively large spatial volume.

In Illustration No. 7, three cokes from the three experimental series
are compared. The illustration shows clearly the difference in mean pore dia-
meter and the pore count per particle. Further, it is apparent that in the very
low and the very high bulk density charges there is no normal coke structure
formed. )

; If conclusions usable in practice are to be drawn from these three
experimental series, one conclusion is that crushing a coal too fine can lead
to a lowering of coke quality. In good coking coal, particles under 0.2 milli-
meter are too fine, and with poor coking coals, particles under 0.5 millimeter
appear to be too fine. A" these sizes, the pore formation necessary for coke
formation is greatly reduced and in many cases is completely absent. On the
other hand, the results also show that too high & proportion of coarse particles,
(particles between 2 and 3 millimeters) especlally with a very good coking coal,
lead to a very porous ccke whose strength is not satisfactory. Further, it can
te snown from the three experimental series that a high density packing (the
hiz- bulk density) does not positively lead to an increase in the strength of
ccke, since with a bulk density of about one, a good ccke structure can no longer
be formed.
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Semples 1 5 3 N - --5- ey e

s S e IR :
Volatile Components of ‘
Raw Material in Weight %, 37.1 32.2 29.9 23.7 - 20.6 ° 15.1
Water and Ash Free ‘

5 -3 mm _ 6.1 3.0 2.8 3.2 2.1 3.v8
3 -1 me 7.3 3.8 3.0 . 5.6 3.0 k.9
1 =-0.5mm 6.7 10.1 6.7 4.9 5.2 5.3
0.5 - 0.2mm 5.7 L6 k.3 k.9 5.2 9.0

< 0.2 mm 3.2 | 3.3 3.0 3.8 k.3 6.1

Illustration No. 1. The Ratio R/I for the Coal Charge for
Granular Coking, Distributed According to Screen Size

Volatile Components of h
Rew Material in Weight %, 37.1 32.2 29.9 23.7 20.6 15.1
Water and Ash Free
5 -3 mm 100 100 100 100 100 oh
3 -1 m 98 100 100 100 100 95
1 -0.5m 98 100 100 100 100 78
0.5 - 0.2 m 62 gk 95 88 89 23
< 0,2 mn 23 k1 37 30 25 -

Illustration No. 2. Portion of Coked Screen Sizes in Particles With
Degassing Pores (fusite and mineral-free coking material)
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Volatile Components of o I _WT !
Rew Material in Welght %, 37.1 32.2 29.9 23.7 . 20.6 15.1
Water and Ash Free oL :
5 -~ 3 mm 1h T 5 9 10 10
3 -1 mm 7 7 3 3.7 3 b
i
1 - 0.5 mm 3 3 2 2 3 2
0.5 - 0.2 mm 2 2 1 1 1 1
< 0.2 mm 2 1 1 1 1 -
Illustration No. 4. Pore Freguency per Particle in
Particles With Degassing Pores
Volatile Components of [ : {
Raw Material in Weignt %, 37.1 p 32.2 l 29.9 23.7 20.6 | 15,1
Water and Ash Free . : |
, | |
5 -3 m ; 0.1 0.3 | 0.6 0.3 0.1 0.16
3 -1 m C 0,09 ' 0.2 1 0.3 0.2 0.2 ;i 0.1
f i ‘ - !
1 -0.5m L o0.05 S0l | ol 0.2 0.1 | o.2.
: | -
0.5 - 0.2 mm E 0.08 . 0.1 | 0.1 0.09 0.09 0.15
i . :
<0.2m } 0.06 | 0.05 0.06 0.05 0.06 -

Illustration No. 5.

Meen Pore Diameter in mm

e e il O i, e .
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'VARIATION OF THE MEAN GRAIN DIAMETER

4(mm) Sieve Size
| i
0.50 : :
- i !
0.45 —1 i
P it |
0.40 I’ - I (?ll I
T A I M 1-0.5 mm
6 bod ¢ 5
i .
0.35 t 0]
§ R
0.30 :
0.25
0.20
T
0.15 —g—}—g, gif Y : 8‘ 0.5-0.2 mm
0.1C
0.05 _
8’ 8’ 8’ e’g' @‘ <0.2mm-
0
1c 20 30 (%) ko

VOLATILE COMPONENTS OF VITRINITE, WATER AND ASH FREE

Bergbau-Forschung, 1962, TR 171l

Illustration No. 6. Particle Diameter of the Granular Coking Material
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Untersuchungen iiber den EinfluB von KorngréBe und Schittgewicht

auf die Koksbildung

Prof. Dr. M.-Th. Mackowsky, Bergbau-Forschung GmbH, Essen-Kray

In den vergangenen 30 Jguren hat es nicht an Versuchen gefenlt,
die 3Sedeutung der Konlenvetrographie fiir Verkokungssrobleme

herauszustellen. As sei hier nur sn die #4rbeiten von P. L.

wein, ¥, Hoffmann, . Hofiaznn, n. Blirstlein, C. Lbramski, D../.
van Xrevelen u.v.a. erinasrt (1, 3, ¢, 10, 18). In diesen irbei-
ten zelsgt sich immer wieder, daB es sehr schwierig ist, die.
Vielfalt der Zinflilsse insgesamt zu bverlicksichtigen und dennoch
zu klar iUberscnaubaren srgedbnissen zu kommen. Amosov, =Eremin,
Harrison, Schapiro, Grzy und Busner (2, 7, 16) habven nun den Ver-
such unternommen, auszehend von der Mazeralanalyse verschieden
hoch inkohltef Mldgiohlen das optimale VerhZltnis von reaktiven
zu inerten .estandteilen im Inkohlungsbereich zwischen etwa
40-16 % Flﬁchtigen Sestendteilen experimentell zu ermitteln und
anschilieRend Formeln aufzustellen, mit deren Hilfe auch bsi Vor-
liexen von Xohlemischun.en die Koksfestigkeit mit befriedigender

Genaulgizeit errechnet werden kann. Aufzrund dieser irbeiten ist

es moglich geworden, die rohstoffliche Zusammensetzung einer Xoks-—
kohle ohne Zus&tze zu veruvessern. Vorraussetzung fir derartige
Berechnun-.en ist ein konstanter Kdrnungsaufbau der Xonle, ein
konstantes Schittgewicht und selbstverstindlich konstante Ver-
kokungsbedingungen, also zleichbleibende deizzugstenperatur und
damit gleichbleibhender Verizokungsfortsciiritt, wenn in Kogstfen

gleicher susmessung, vor allenm

gleichier Kammerbreite vericokt wird.

Die von den russischen und caeriranischen futcren sufzezeigte

Woglichzeit hat in den ilen crofie vraktische :edeutuns, in is.ew

die :.i0glichkelt besteht, die Zusauensetzunz dexr Xoxsto:ls

18553

Yeridnaerung der drozentunlen

gn ihre:

veteiligten Flize oder .o:

Woglichyeedlt diegt jed




zahlreiche Floze mit recht verschiedenem Inkohlungsgrad auf einer

Schachtanlage zugleich in ¥Srderung sind. Ihr ¥drderanteil kann

aus betriebstechnischen und rohstofflichen Griinden nicht in weiten
Grenzen verindert werden, déa dann, auf lange Zicht gesehen, eine
gleichbleibende Koksqualitét nicht zu garantieren ist. 3ei einer
derartigen Situation gewiwnt die frage, wie bei sezebener rohstofi- i
licher Situétion, also zZegebener mazeralzusammensetzung und zege-

bener inkohlungsméﬁiger'busammensetzung der Xokskohle die Koks-

qualitdt durch Veridnderung des Kdrnungsaufbaus und des Schiittge- :
wichts beeinfluB8t werden kann. ihniiche Ideen wurden auch schon

von Warshall und Harrison zedulert (13). Aus diesem Grunde haben
wir in den letzten Jahren in verstidrkten :aBe den Binflul von
K6rnung und Schittgewicht auf die Koksbildung untersucht. Zu diesem
Zweck wurden verschiedene Siebstufen oder auch verscniedene Kor-
nungen von PFlozkohlen in unterschiedlicher Packungsdichte bei
annghernd gleichem Verkokungsfortschritt im Laboratoriumsmaistab
verkokt. Bei der sogenannten Granularverkoxung wurde uit einemn
Schiittgewicht von O gearbeitet, da praktisch jedes Korn, ohune das
andere zu berilhren, allein verkokt wurde. In einer zweiten Ver-
suchsserie wurde in dem von H. Ritter und 4. Juranek (14) entwickel- !
ten kleinen Verkokungsofen bei einem 3chiittgewicht von etwa 0,5 /
gearbeitet und in der dritten Versuchsreihe im Jilatoweter mit
hochverdichteten Xohlen, ceren Schiittiewicht etwa bei 1 laz.

In folgenden sollen nun kurz die Versuchserzebnisse besprocae

o

werden, um zu zeigen, das derartige Untersuchungen gegebenenfalls
eine wertvolle Erginzung der Arbeiten von Aimosov und Eremin (2)
einerseits und von Schapiro, 4ray, Eusner (15, 16) und Harrison (7)
andererseits darstéllen konnen. Plr die Granularverzokung wurden
die Siebstufen 5-3, 3-1, 1-0,5, 0,5-0,2 und unter 0,2 zun aus Fldzen
zwischen 37-~15 4 Flichtigen 3estandteilen untersucht. Aufzrund von
" Mazeralanalysen wurde der juotient reaktive zu inerten Bestandtei-
len errechnet, der fiir zlle untersuchten Proben in Abb.-Nr. 1
-gusammengestellt ist. Die Abb.-Wr. 1 zeigt, daB abgesehen von Probe
1 mit 37,1 % Flichtigen Sestandteilen i. waf. dar Quotient R/I in
den Siebstufen 5-3 mm und unter 0,2 annihernd gleich oder im
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feinkorn sogar groBer ist, so daR ein schlechteres Verkokungsver-

mOzen im Feinkorn sicher nicht durch die sazeralzusammensetzung

bewirkt wird, sondern nur durch die Korngrifle.

Die einzelnen Siebstufen der Flize verschiedenen Inkohlungsgrades
wurden nach der Granularverkokungz unter verschiedensten Gesichts-
punkten untersucht. ils 1. wurde der inteil an porenzeigenden

Kornern quantitativ ermittelt. sus der Abb.—-8r. 2 geht hervor, daB

in der 3jiebstufe 5-3 mm alle XKOrner unabhinglg vom Inkohlungsgrad
intgasungsporen zufweisen. uie §rdBe und Form dieser Entzasungs-
poren ist jedoch, wie ibb,-dr., 3 zeigt, in den verschiedenen Inkoh-
lungsbereichen verschieden. kit zunehmender Kornfeinheit wird der
Anteil an porenzeigenden XOrnern kleiner. Diese Abnahme ist beson-
ders stark bei den schlechter kokenden XKohlen(Probe 1 und 5), wih-—
rend sie sich bei den .gut verkokbaren Kohlen zwischen 30 und 20 <
Flichtigen Bestandteilen erst im Xorn unter 0,5 mm deutlich bemerk-
bzr macht. Oer urund fir diese verminderte Porenbildung wit sinien-
der XKoragrdle ist darin zu sehen, dafl eine Entgasungspore nur dani
entstehen kann, wenn im Zexzeraturvereich der plastischen Zone die
in der ZJeiteicheit durch Zersetzung freiwerdende uasmenge griler

ist als die in der zieichen Zeit von Korninnern durch Diffusion
entweichende. auf diese /eise komit es zu elnen verdruck im Xorn-.
lanern und zuzleich zu sinem IJruckyefille wn innen nach aufen. Ha
bei xleinen Kbrmern der Diffusionswes und damit auch der Diffusions-
widerstand kleinasr ist, entstehen in kleinen Kdrnern weniger ant-

gesun;sporen 2ls in rdferen. In weiveren Untersuchungsreihen wurde,

.4 zmeizt, die Porenzahl »ro Korn und der aittlere

wie
vorendurchassser in dexn verscaiedenen Siebstufen ermittelt (Abb.-dr.5)

vor allem der mittlere Porendurchmesser

ist, sondern vor allem abhingig vom
srwelchungsvermigen der Kohle. Aus

datf in den kleinen Siebstufen iamer

die groBten Porendurchmesser auf-
renzahl je Xorn. PorengréBe und

irekter Lezieliung zum Gehalt an

susgeiigskohle. Die 2orengrise ist




aller wahrscheinlichkeit nach in erster Linie von der in der pleas®ti-
schen Zone abgesvaltenen Gasmenge, der ViskositZt der erweicvrlen
Kohlen und vielleicht auch von der Permeabilitzt der xohlen i
plastischen Zustand abhingig. Sind diese Vermutungeq richtig, danun
miiRte eine niedrig viskose Schmelze eine schlechtere Gasdurchléssig-
keit haben als eine hochviskose. alerfiir liegen jedoch noch keine
experimentellen Argebnisse vor. Setrachtet man nun nicht nur die
kleinen Siebstufen fiir alle untersuchten Flozkollen sondern alle
Siebstufen einer einzelnen Kohle, so zeigt sich, daB vei den Xohlen
mit 37,1 und 20,6 -5 Flichtigen 2Bestandteilen der nittlere Foren-
durchuesser von der _ rShsten zur feinsten Siebstufe auf etwa den
halben Jert fallt. sei Zer wonle =it 15,1 4 Flﬁchtigen Bestandteilen
bleibt er praktisch konstant, &s dndert sich nur die Porenzahl je
Korn. Bei den gut kokenden Kohlen sinkt der mittlere Porendurchmesser
dagegen von 1/6 bis 1/10 des Sertes fiir die grobe Siebstufe. Eine
wrilirung dieses Phinomens ist'aufgrund der mikroskopischen Analyse
nicht méglich. Hierfir sind systematische physikalisch-chemische
Untersuchungen erforderlich. is ist jedoch denkbar, daB vei den gut
kokenden Kohlen, bvei denen eine verhdltinism8B8ig starke Entgasung

in der plastischen Zone statitfindet, sich das Verhdltnis von frei-
werdender zu iber Diffusion abtransportierter Gasmwenge stirker
verschiebt als bei den Xohlen wit geringer Entgasung in der _
plastischen Zone und zugleich verhiltnism&Big hoher Viskositdt der
erweichten i{ohle°

Als letztes wurde im Zusa.menhang mit der Granularverkokung noch

versucht, die Verinderung der mittleren Korndurchmesser durch die
Verkokung

Auftreten

prozell3 zu

zu ernitteln, um auf diese Weise eine srklirung fiir das
von unerwiinschten Preiberscheinungen bei dem Verkokuags-—
zeven. #fUr diese Untersuchungen konnten nur die Sievstufen
unter 1 mm
Anzahl von

stand. Die

herangezogen werden, da nur bel ihner eine ausreichende
Kornern fir die statistische auswertung zur Verfigunz

diesbezliglichen sriebnisse sind der Abb.-:r. 6 zZu ent-

nehmen. Zu Ihrem Versténdnis iwu3 vorausgeschickt werden, dsi oei dar

mikroskopischen 3estimwung der wittleren Xorndurchmesse

nes

stets i

Mittel zu kleine +erte er.ittelt werden, da die ¥3rcer nur seilten
in der Ebene des grolten Kc

rindurchiessers gescnnitisr werler

Y el cnate. e
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Dennoch sind die grgeonisse drauchbar, da aysg:

indprodukt mit der gleichen ..ethode untersucht wurden.

kamen nicht infrage, do einmal mit ihr kleine Verschieoun:en

mittleren Korndurchmesszr nicht erfait werden konnen, zum anferen

N

war die mechanische Jiderstandsfihigkeit des z.T. stark geblinten,

granularverkokten Materials so gering, daR bei einer Siebung it

einer unkontrollierbasren Zerileinerung serechnet werden mufte. Dis
Abb.-Nr. 6 zeigt die Verénderungen der mittleren Korndurchmesser Iir
3 Siebstufen in Abndngigikeit vom Inkohlungsgrod. Jenn von der 2robe
mit 32,5 % Fliichtigen sSestandteilen abgesehen wird, ist fir das
Xorn 1-0,5 mm festzustellen, 423 der mittlere Korndurchuesser der
verkokten Proben mit stei_.endem Inkohlungsgrad bis in den zereich
um 20 % Pliichtize Bestandteile deutlich zunimmt, um dgnn .wieder
abzunehumen. Zei den neiden r‘eineren siebstufen kann von einer '
deutlichen Zunahme des mittléren Korndurchmessers flir die verkokten
Proben nicht mehr gesprochen werden. Dieses unterschiedliche Ver-
halten der Siebstufen eluer Flfzkohle hat die gleiche Ursache

wie die Porenbildung. s wirkt sich also auch hier das Verhdltnis
von in der Zeiteinhelt freiwerdender zu abtransnortierter Gasmenge
aus. Das verschiedenarti-e 7Terhzlien einer kornung, Zz.2. der
Xornung 1-0,5 mm vel steizendem Inkohlungsgrad, ist dadurch zu
erkliren, dal in den vsrschiedenen Inkohlungsbereichen das durch
die Porenbildung bediwzte Slihen der lonle in unterschiedlichem
liaBe durch ein ebenfzils in der plastischen 7Zone einsetzendes
Schwinden kompensiert wird. In grooer Vereinfachung kenn gesagt
werden, daj das 3enwindvernd Jren elner Kohle mit stelgendem Tnkoh-
lungsgrad abnimmt. staries 31then, verkniinft mit einem nur gering-

flgigen 3cawinden, fihrt zu freloerscnelnungen, die elnen schweren

‘Ufengang vedingen kbnuien. Die Untersuchungsbefunde flikr dean=2ch

zu em nrgebais, da% das Irelben einer Kohle durch Zerzleineruansz

aufgefenien werden kann. Jie mit zunemender nornfeinueit stets

verbundene Verminderung des schitt.cewichts, aie vielfach uuer

ist, veeinfluft den reivdruck wenlser als vielfach angeno:

wurde. xs ist

T
ich, durch <lzuza .e das scaltis
die zur Terminderung des ‘r

der auf den aAusgansswart on



woglicherweise 142t sich-duas verminderte Schwinden einer Kohle
mit steigendém Inkohlungsgrad durch die Verinderungcen in der
Feinstruwitur in der Kolle erxléren. Zurch aie Uantersuchunsen von
dirsch (2)

Laufe der zweiten Phase der
Inkohlunz die ssezifische lonzentration und auch der Vrdnungs:irad
der in der Konle enthaltenen kondensierten Ringsvsteme erhsht. Das
bedeutet, dak mit steizendzm Inkchlunisgrad der Abstzand der
Aromatlamnellen voneinander Xleiner wird. Jird nun der Abstand der
Aromatlamellen voneina.ider dem theoretisch maximalen Schwindverudgen
gleichzesetzt, so ist es verstaadlich, daf Kohlen mit 20 % Pliichti-
gen sestandteilen schlechter schwinden 2ls solche mit 30 % Fliichti-
gen 3estandteilen oder mear. Daf wei Kohlen amit weniger als 20 %
Fliichtigen gdestandteilen die Volumenzunahme der Korner der 3ieb-
stufe 1-0,5 mn bel der i#ranularverkokung wieder abnimat, ist ohne
welteres so zu deuten, -dzfl beli diesen Kohlen dea schlechten Schwin-

den auch ein geringflizises sSliéhen gezeniiverstent.

Die starke VergrdSeruns des mittleren Korndurchmessers der 5ieb-
stufe 1-0,5 nm der Xchle wit 32,2 5 ¥lichtigen 3estandteilen 148t
sich aufgrund der diszutierten Zusz.uzenhinge nicht erkldren. Da in
dieser Siedstufe der Juotient B/I mit 10,1 besonders hoch liegt,
scheint es nicht mbglich zu sein, mit Hilfe der Hazeralzusammen-
setzung eine srildrunz fir die starike Volumenzunahme zu finden.
Die Veramutung, daid in dieser ¥ohle die Aromatlamellen obesser als
normal geordnet sind, wmaiiZte sich in einer normzl hohen Reflexions-
anisotropie Eulern, die jedoch nicht festgestellt werden konnte.
28 mufl deshald weiteren Intersuchungen vorbehalten bleiben, warum
der sonst feststellbzre Zusz.mienhang zwischen dem Inkohlungsgrad
~einerseits unl dex 3lihen andererseits, sofern gleiche Xorngrolden
miteinander ver:lichen werden, vel einigen Kohlen nicht festzu-
stellen ist.

in der zwelten
iazonlunssirades mit sinean Schiittgewicht von 0,5 in dem Versuchs-

verg<izunisotian von 2iftier und Juranek verkoki. Plir diese Versuchs-
serie wer die sinnaltun, eines koastanten Schiutigzewichtes erforder-

1 e =] = “* L1 o} cepe 9 =ty 3 3 3 ) TS
ici. ~us diesen srunde war es nicht wmoglich, die einzelnen Sieb-

Jersuchssarie wurden wiederum Flozkohlen verschiedenen
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stufen etr =8 wurde vielushr eine
a

chstehender Zusasucnsetzuns: eingesetzt:

Jiebstufe 5 - 3 mm 20 %
" 5 - 1 mm 30
" 1 - 0,5 ma 30 4
" D,5 = 0,2 um 10 4
" untar 0,2 mn oot

100 %

=ls

auch in diesser Versuchssarie

Da die vergokte r£robe angeschlifien werden kann, werden

das untzrschiedliche

Vernalten der einzelnen, verschieden grofen Xdrmer mdglich.

Jqualitativ wurden in dieser Versuchsserie die zZrgebnisse aus der

Granularvers Luaatitetiv lassen sich jedoch einige

bemnerkenswerte Untersc de Teststellen. Durch die deutlich

gungsdichte der woirner verkitten diese wmiteinander, da wihrend
der rorewnbildung die aufblsben. Durch die Terxittung sind
die X{3rner in inrer
3ind deutlich

vel den feineren

jzlichkeit benindert. Die Folge

sorendurcnmesser und vor allen

eine vsrminderite Forenzanl je Korn.
Jiese vzritinderte it kean sich filr das Ver-
n81tymis von Slidhen 2uswirken, fihrt aber

peil der Graaularverxokung

setdhriich erkavinte XKohlen nun
Direkte tessunien der Ireibkraft

allerdirgs in der kleinen Versuchsappa-

einer extrem hohen

veltet. Auch in dieser

didzionlen untersucht wurden,

snularverkokung. .usntitativ waren

oc™ unterschiedlicher zu den Irgebnissen

o}
als zu denen der Kleinverxokung. Dureh die
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sehr hohe Packungsdicnte der HKdrner verkitten diegse miteinsader

unmittelvar nach dem .rweichungsiveginn. Die Porenbilduvng setzt in

der Regzel erst nach .der Veriittung ein., Jie war wiederum in den

groben Kdrnern stdrker als in den kleinen. Der mittlere Forendurch-
messer und auch die Porenzahl je Xorn waren jedoch im Yergleich zu
denen der ersten beiden Versuchsserien deutlich reduziert, sc daf
eigentlich nicht mehr von einem normalen Koksgefilge gesprochen wer-
den konnte, insbesondere dann, wenn Kohlen geringen oder nhohen
Inkohlungsgrades ein.csetzt wurden. Dies ist darauf zurlickzufilhren,
dall bel einer so hohen 3chiittdichte die mit einer Volumenvergrofe—
rung verbundene Porenbildung in den X3rnern nur dsnn mdglich ist,
wenn der ganze fLokskuchen deformiert wird. Dafiir ist ein wesent-
lich hdherer Gasinnendruck erforderlich als filir die Deformation
eines einzelnen Kornes (&ranularverkokung) oder fiir die Deformation
der Korner in relativ loser Schiittung (Kleinverkokungsofen, Schiitt—
gewicht 0,5), bel der selbst nach dem Verkitten der Korner unter-
einander die #dglichkeit einer Deformation in das verh&linismiBig
groBle Llckenvolumen verovleibt. In der Abb.-Hr. 7 sind 3 Kokse aus

3 Versuchsserien einander gegenlibergestellt. Die Abbildung zeigt
deutlich die Unterschiede im wittleren Porendurchmesser und der
Porenzahl je Korn. .ian sieht weiter, daf bei zu loser Schiittung

und zu hoher Schiittung sich kein normeles Koksgefiige ausbildet.

serien nun aus den drei Versuchsserien flr die Praxis verwertbare
SchluBdfolgerungen gezogen, so komut man zu dem Ergebnis, daB eine
zu feine Aufmahlung der :lcuskohle zu einer Verminderung der Koks-
gualitdt fihrt, da bei =sut kokenden Kohlea im forn unter 0,2 =m,

el schlechter kokenden {ohlen schon im iorn unter 0,5 mu die zur
Loksbildung uncedingt erfceraeriicne Forvenviliung sterz vermindert,

wenn nicht so

r unadzlich  seworden ist. Zum anderen zeigten vor

ESe

allew die tdrgebnisse wsr :ronularverkokung, dal ein zu hoher Jﬂteil_

an zrobem Korn (Korn G)

mz) vor allem vei sehr sut kokeadsn
Kohlen zu einew sehr schauxnizen Zoks fiilhrt, dessen Festigkeit nicht
befriedigt. Auf der anderen seite kann sus den drei Versuchsserien

abgeleitet werden, dai eine hohe Packungsdichte nicht zwangsliufi:

~
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Zu einer Festigkeltsst

Schiittzewicht von etwa

5

Kdrner kein zutes Koks:

Interessanterveise wurden ganz unzbhingig von diesen Versu

c
von EBchterhoff und Simenis (%) aufzrund von halbtechnischen Ver-

sucinsveriokung

und verschiedenem 3chiid

Uberlegunsen die gleichen Peststellungen

bewiesen sein, dafl die
drzevonisse sich fir die

nicht nur fiir Plézkohlen sondern such fir Lilschungen verschied

Konlearten miteinander

Die Ausfilihrungen sollt
kohlenkdrnung und Ver

der koksgualitét oei

nait ¢
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Lok f'h en muﬁ, de bei sirz:
1
o

ausoildsn zxann.

oksizonlenmischunxen veﬁconaﬂener Lérnung
tgewicht, als auch aufgrund theoretischer
zenmacht. Hierdurch dirfte

se an Mldzkohlen iam iaboratorium erarbeite
Fraxis nutzbar aschen lassen und 28 sie
en

verwendber sind.

en zeigen, daf durch Verinderung der £oks-—
derung der rackungsdichte Verbesserungen

leicholeibendenm rchstofflichem Verhdltnis

mézlich sind, so das die neinung vertreten wird, dafB diese Unter-

suchungsergebnisse eine wertvolle Lrginzung der arbeiten von

Amosov und fEremin (2,

(18) und darrison (7)

Zum SchluB mdchte ich

speziell PFriulein ©.-I1

Desgleichen gilt mein

Physikalisch-Jhemische

fiir ihre Unterstiitzung

3) einerseits, und Schapiro, Gray, Susner

andererseits darstellt.

nicht versdumen, meinen uiitarbeitern,

. Jollf, fir ihre iiterbeit zu danken.
Denx einigen rKollegen. der Abteilung
Terfanrenstechnik der .ierzbau-Forschung

el der vorliegenden arveiten,
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Proben 1 2 3 | 4 5 | 6

Fliicht. Best.

d.
i.

Binsatzkonle |- 37,1 32,2 29,9 23,7 20,6 15,1
Gew.~% waf )

5~-3 m 6,1 5,0 | 2,8 3,2 | 2,1 3,8
3-1 ma | 7,5 38 | 30| 56 | 3,0/ 4,9
1- 0,5 mn 6,7 | 10,1 | 67 | 49 | 52| 5,3
0,5 -0,2mm | 5,7 4,6 | 4,3 4,9 | 5,2 9,0
02m | 32| 33 | 30 | 3,8 | 43| 651

Abbildung-Hr. 1: Das Verh#ltnis R/I fiir die Einsatzkohlen Zur

Granularverkokung, aufgeteilt nach Siebstufen.
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PETROGRAPHIC COMPOSITION AND THE
PLASTIC PROPERTIES OF COAL

by
James L. Bayer, George H. Denton, and Melvin C. Chang

The Youngstown Sheet & Tube Co.
Research & Development Dept.
Youngstown, Ohio

Abstract*

This investigation was initiiated to determine the effects of coal
petrographic composition on its plastic properties as determined by dialatometric
and plastometric measurements. In addition, the effects of crucible design of
the Gieseler plastometer were investigated in terms of their effect on the
resultant readings. The optical changes and reflectance of the semi-coke
residues were determined in order to evaluate the effects of temperature on
the petrographic components as the coal 1s being carbonized. A wide range of
metallurgical coking coals were evaluated in these studies. The results show
that: (1) Modifications of the Gieseler crucible and testing procedures improved
the results of the tests; (2) The petrographic composition of the coal correlates
well with the plastic properties as determined by the modified techniques; (3)
Normal ASTM Gieseler data do not measure the actual plastic properties of coals
or coal blends; (4) Heating rate drastically affects the behavior of the
petrographic entities during plasticity tests; and (5) Petrographic and
reflectance studies of the semi-coke residues proved to be useful in explain-
ing certain phenomena taking place during carbonization.

* Complete manuscript not received in time for inclusion in Divisional
Preprints. Single copies of the complete paper will be available at the

Sessions in New York for those who desire one. Others may write the
authors for a copy.
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MECHANICAL AND RELATED PROPERTIES OF SOME EASTERN COALS

A. A. Terchick, R. W. Shoenberger,
‘B. Perlic, and L. F. DeRusha

U. S. Steel Corporation
Applied Research Laboratory
Monroeville, Pa.

In the mining, preparation, handling, and utilization of, coal, the .
mechanical characteristics of the coal influence both its breakage and the operation
of the equipment used. Numerous methods have been %eveloped to measure the hardness,
strength, and grindability properties of coal.ls2, . One of these methods, the
Hardgrove grindability test, has been widely used to determine the relative ease
of grinding coals. This grindabiliE* index measures the hardness, strength, and
fracture characteristics of coel.ls Further evidence %Sat this empirical 1ndex
measures a physical coal property was proposed by Brown. Consequently, the
Applied Research ILaboratory of U. S. Steel determined the Hardgrove grindability
indexes of channel samples from mines in the Pittsburgh seam in the Pocahontas
seam, and 1n eastern Kentucky seams (High Splint seam, Winifrede seam, and C seam).
These data were obtained to provide information for the selection of face equipment
in mining and of facilities for the greparation of coal. In addition, the relative
abrasiveness, microtumbler strengthf and Brabender hardness (power required in
grinding) of each coal were determined, because these characteristics should also
have an important bearing on the selection of equipment.

This paper presents the data obtained from the four types of tests; the
results of each test are related to the chemical and petrographic properties of
the coals and also compared with one another. In addition, the paper presents a
brief discussion of the application of mechanical properties to the coal industry.

Thé sources of the coal samples used in this investigation are listed
in Table I. All samples were full-length channel samples. The Mine No. A, B, C,
and D samples from the Pittsburgh seam represent four channel samples that were

" blended without crushing. The other channel samples were treated as single samples.

The samples, which weighed about 200 pounds each, were processed by the method

_ shown schematically in Figure 1. All samples were air-dried to about 1 percent

moisture content. The proximate and sulfur analyses, listed in Table II, were
determined by AST™ procedures. The petrographic analyses, 3bble III, were conducted
according to the standard method developed by U. S. Steel.6 )

The Hardgrove grindability test was conducted according to ASTM standard
D409-51. The Hardgrove apparatus has eight l-inch balls that roll.on a stationary
ring and are driven by a rotating ring above. The index represents the weight
of material passing 200-mesh sieve after 60 revolutions in the machine. The repro-
ducibility of the index obteained on a sample should check within 2 percent.

The Brabender hardness test was con%ugsed in the Brabender Plastogzraph
adapted for operation as the hardness tester. '’ This instrument has a cone mill
and an electrodynameter to rotate the grinding element. A 200-gram sample of minus
4 mesh or 16- by 30-mesh coal was fed into the crusher. The power required by the
crusher in grinding the coal was. recorded in respect to time by the electrodynameter

* See references. ' :
** Also known as microstrength index.
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in the form of a diagram. The area drawn in this diagram is used as the hardness
injex, which is expressed in kilogrammeters. The standard deviation for the entire
range was found to be + 6.5 index points.

The microtumbler test (resistance to degradation by abrasion and impact)
was conducted in an apparatus consistlgg of 2 stainless steel tubes, 1 inch in
internal diameter and 12 inches long The two tubes are mounted on a frame that
can be rotated at a constant speed. Duplicate 2-gram samples of llh- by 28-mesh coal
were placed in the tubes with twelve 5/16-inch diameter steel balls and tumbled for
800 revolutions. The breakage was then determined by a sieve analysis and the
amount of plus 100-mesh material was recorded as the microtumbler strength. In
this test using coal, the standard deviation was + 1.3 index points.

The abrasion test was conducted on an apparatus consisting of a mortar
that holds the charge of coal, a shaft 3n arm assembly to hold the wearing blades,
and a drill press to provide rotation. The test consists of rotating the four
removable blades at 1500 rpm for 12,000 revolutions in a 4-kilogram sample of minus
4-mesh air-dried coal. After each test the wearing blades are thoroughly cleaned
and weighed. The weight loss sustained by the blades in milligrams is used as the
index of abrasion. The standard deviation was + 1.7 index points over the range
tested.

Mechanical Tests

The results obtained from each of the four tests used to measure the
mechanical properties of the coal are presented in Table IV and compared with one
another in the following discussion.

In the Hardgrove grindability test the Pittsburgh-seam coals showed
indexes from 59 to 63, the eastern Kentucky coals from 41 to 51, and the Pocahontas-
seam coals from 90 to 105. Note that the lower the index, the more difficult i1t is
to grind tae coal., These data are in good agreement with those reported by the
Bureau of Mines. )

The Brabender hardness test gives a measure of the power requirement in
grinding the coals; thus, the index represents the work done in grinding the sample.
The higher the number the more power is required to grind the sample. As expected,
an inverse relationship exists between the Brabender hardness index and the Hardgrove
grindability index (Figure 2, Table IV). The correlation with the values obtained
from the minus 4-mesh coal was much better than with those from the 16~ by 30-mesh
coal, even though the Hardgrove grindability test requires 16- by 30-mesh coal.

This test showed the differences amongz the coals from three different locations,

as well as considerable variability within each location (Figure 2). This variability
may be significant since the extreme values ranged more than would be expected by

the standard deviation.

Since the microtumbler strengths of coal indicate the resistance to degrada-
tion by abrasion and impact, the natures of this test and the Hardgrove test are very
similar. This simllarity is clearly shown in the excellent correlation obtained
between the results of these two tests (Figure 3). Hence, this test can be used to
czlculate the Hardgrove grindability index, or vice versa.

The results Sb)the abrasion test are also presented in Table IV. Comparison
wita the previous work is limited since that. investigation included only one coal,
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a Pittsburgh-seam coal, in common with the present study. However, the indexes for
coking coals were similar. The relationship between the index oi abrasion and
srindability is shown in Figure 4. From this relationship, these tests must be
measuring different properties of the sample. The comparison of these resalts will
be Jiscussed further hereafter.

factors Affecting the Hardness,
Abrasion, and Grindability of Coal

Because ot the similarity oi the Hardgrove grindability, Brabender hardness,
and microtumbler-strength tests, only the results relating the grindabllity index
with the chemical and petrographic analyses of the coals are presented. The relation-
ships of the index of abrasion and the chemical and petrographlic analyses are discussed
separately.

Hardgrove Grindability

Fizure 5 shows the relationship of coal rank (expressidl+ y volatile-matter
content) to the grindability index. Confirming published data,™’ the index increased
as the volatile-matter content decreased. The trend is then reversed with coals having
volatile-matter contents of less than 23 percent. Since tgi average reflectance of
the vitrinoids correlate with the volatile-matter content, a similar relationship
was obtained in Figure 6 between the average reflectance and the grindability index.
This relationship of r%nk ﬁ?d grindability index may be assoclated with the porosity
and elastic properties 3,1 of the various rank coals.

12,13)

The effect of ash content on grindability is shown in Figure 7. The low-
volatile coals tended to become more difficult to grind when the ash content increased.
However, ash content had no apparent effect on the grindability oif" the high-volatile
coals. The low-volatile coals are much softer or more friable than the high-volatile
coals and relatively easy to grind; therefore, an increase in hard ash material would
make the low-volatile coals harder to grind. 1In contrast, a higher percentage of
ash in the high=volatile coals would have little influence on the grindability, since
the coal substance is apparently harder than the ash. Other investigators reported
that additions of ash to coals having indexes from 60 to 110 tended to increase or
decrease the index to 75.15? However, ash content per se does not exert a primary
effect on the resistance to grinding, because the type of mineral matter is the main
determining factor.

. The effect of petrographic constituents on the hardness or strength of
N R - ; 58 or Streng:

coal has been known for some time.™’ In a more recent investigation darréﬁon
liscussed the effects of petrographic composition in the breakage of coal.t
At the ARL,17 the total tough coal was related with the microtumbler strength,
woich has been shown to correlate well with the grindability index. Therefore,
the summation of the micrinoids, resinoids, and exinoids (previously termed total
tough coal) was correlated with the Hardgrove grindability indexes. The relationship
is shown in Figure o. A good correlation was obtained vith the high-volatile coals
from tie Pittsburgh seam and eestern Kentucky, where the grindability index decreased
as the amount of mierinoids, exlnoids, and resinoids increased. In the low-volatile
cozl samples from the Pocahontas seam, the grindability index increased as these
macarals increased. An examination of the data of these low-volatile coals (Tables
IZ and III) indicates that those samples with the least amount of micrinoids,
sxirciis, 2nd resinoids are associated with the highest rank (Figure 5) and highest
as: coatents (Figure 7) of these low-volatile coals; whereas those with the greatest
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amount Of micrinoids, exinoids, and resinoids are associated with the lowest rank
(Figure 5) and lowest ash contents (Figure 7). Therefore, the correlation citsined
for the high-rank coals is doubtful, particularly when the small range (approximately
8 to 14 percent) of the amounts of these entities are considered.

Index of Abrasion

The test results indicated that the rank or the petrographic composition
of.the coal did not show significant relationships with the index of abrasion, the
ash or foreign material in the coal being mainly responsible for the abrasion. The
relationship of ash content and index of abrasion is shown in Figure 9. Other !
investigators have reported similar conclusions.l;10 However, the difference at the
same ash content level for coal of similar characteristics are significant, as
indicated by the standard deviation of the test. Additional studies are required
to determine the causes for this variation.

Referring to Figure 4, the relationship of these two indexes can most q
likely be associated with rank for the grindabllity index and ash content or mineral
matter for the index of abrasion. For example, the eastern Kentucky samples possessed
the lowest grindability index with the highest volatile matter and tough coal, while
the index of abrasion of these samples was low because of thelr very low ash contents.

Application of Mechanical Properties

At the ARL the power required by a mining machine to rip coal was
qualitetively related to Eg&rographic properties of the Pittsburgh-seam coal and
microtumbler strength.l7’ Because of the excellent correlation between the {
grindablility index and the microtumbler strength, the Hardgrove grindability index J
should also show the power required for mining coal with a continuous miner. Since i
the petrographic analyses showed only a good relationship with the grindability index ‘
of high-volatile A coals, additional studies would be required on higher rank coals
t0 determine the influence that their petrographic composition has on the strength !
of coal or the power requirements for mining this type of coal.

It is interesting to note that the British have been studying the
rheological behavior of coal to provide basic data in the design of coal-winning |
machinery. ?ome fundamental studies have related coal Blgwing force,l9 dust :
formation, and the penetration resistance to a wedge 1) to the strength properties |
of the coal. Evans came to the conclusion that friable coal fails in shear and hard |
coal falls in tension. His results indicate that blades should be kept very sharp \ {
* to efficiently plow hard coal, sharp blades not being so necessary for friable coals-22/ i
In another study, the friction Bg&ween coal and metal surfaces was found to be f
influenced by the rank of coal. The relationship to rank was similar to that .
obtained with heat of wetting, Knoop hardness, compressive strength, tensile strength
in bending and impact strength. Brown and Hiorns have summarized this British work.2

This investigation as well as others2h) indicate that the basic information
on the strength properties should be useful in the design, selection, and operation
of equipment used in the mining, preparation, handling, and utilization of coal. .
Of particular interest in $he last-named field has been the study of the breakage |
or comminution of coal.2’5
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Summary

The test results showed that the Hardgrove grindability indexes ¢l ths
low-volatile coals {rom the Pocahontas seam were from 90 to 105, those <f the -
volatile coals from the Pittsburgh seam from 59 to 63, and those oi the cuals <
eastern Kentucky from 41 to 51. The Brabender hardness indexes and the microtumtlier
strengths of these coals correlated with the grindability indexes. However, the
Brabender hardness index did show considerable variability between samples from the
same seam or location. The index of abrasion appeared to measure diiferent properties
of the samples and did not show a significant relationship with the other indexes.

The rank of the coal influenced the grindability index as shown in the
published data. The index increased as rank decreased; but the trend was reversed
with coals having volatile-matter contents {dry ash-free basis) of less then 23
percent. The ash content appeared to decrease the index of the low-volatile coals
but did not have an effect on the index of high-volatile coals. In contrast, the
amount of micrinoids, exinoids, and resinoids correlated well with the grindability
index of these high-volatile coals, but their influence on the index of low-volatile
coal is doubtful.

In the index of abrasion, the coal substance apparently contributed little
to the abrasion, the ash or foreign material in the coal being malnly responsible
for the abrasion.

Previous work at the ARL had shown qualitatively that the petrographic
composition and microtumbler strength could be related to the power required by
a continuous miner. In this investigation the grindability index has been correlated
with both microtumbler strength and petrographic composition, so that this index
could also be used. Additional study would be necessary for relating the indexes
of high-rank coals to actual practice in the mine.

These results and those of other investigators have indicated that basic
information on the mechanical properties of coal should be useful in the design,
selection, and operation of equlpment in the mining, preparation, handling, and
utilization of coal.
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Table II

Proximate Analysis of Mine Channel Samples
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Table III

Vitrinoid Type

Petrographic Analysis* of Mine Channel Samples
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EFFECT OF IGNEQUS INTRUSIVES ON THE CHEMICAL, PHYSICAL,
AND OPTICAL PROPERTIES OF SOMERSET COAL

V. H. Johnson, R. J. Gray, and N. Schapiro

U. S. Steel Corporation
Applied Research Laboratory
Monroeville, Pa.

Introduction

Examination of exploratory drill cores taken from a limited area near
Somerset, Colorado, disclosed some coal beds associated with sills, or horizontal
bodies, of monzonite and diorite rock. These sills, or igneous intrusions, were
formed when the rock, in a molten state, invaded the coal-bearing strata. The
coals range in rank from high-volatile bituminous through anthracite to natural
coke. The material transformation of coal to coke produces chemical, physical,
and petrographic changes. This investigation was conducted to determine to what
extent variations in the chemical, physical, and petrographic data can be used to
assess the deleterious effect of the intrusives on the coking quality of the coal.

Materials and Experimental Work

Samples of coals and natural coke were selected from three 6-inch cores
from exploratory diamond-drill holes near Somerset, Colorado. A map of the
Somerset area of Delta County, Colorado, Flgure 1, shows the location of the
holes from which the cores were obtained. The B-1 coal was sampled from holes 1
and 2, the B-2 and C coals were sampled from hole 3. A thin coal between the B-1
and A coals was sampled in hole 1. The 35 core segments sampled were chosen to
include similar material and to accent major changes in the coal seams.

Proximate and ultimate chemical analyses and reflectance, and resistivity
measurements were performed for each sample. Since these chemical and physical
properties of coal change by thermal treatment, these properties are used as indica-
tions of the degree of thermal metamorphism. Ordinarily, chemical data alone should
suffice to indicate the degree of thermal alteration; however, the coal samples
frequently proved to be of high ash yleld and not suitable for routine coal-chemical
tests. 4

To relate the temperature involved in the thermal alteration of coal by
igneous intrusions, samples of unaltered coal from the seams were thermally treated
in the laboratory. Ten 15-gram samples of minus 8-mesh Somerset coal were carbonized
in covered crucibles in an electric box furnace at a heating rate of 5.4 F per
minute to predetermined temperatures ranging from 212 F to 1832 F. A portion of
each carbonized sample was then analyzed for reflectance, resistivity, and hydrogen
content.

The followlng analytical procedures were followed in analyzing both the
drill-core and laboratory-carbonized samples. The average reflectance in oil was
based on 50 reflectance determinations per sample. The resistivity values were
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determined for half-gram, minus 65-mesh samples dried for 24 hours at 212 F arnd
tested at 20,000 psi. All chemical data were determined by stendard laboratory
procedures.

Equations were developed and correlation coefficients were determined

for the relationships of temperature with reflectance, resistivity, and hydrogen
content of the coals, Table I. ’

Results and Discussion

When coal And/or associated rocks in place in the earth are invaded by
molten rock, the resulting alteration of the coal is similar to the thermal
alteration produced in commercial carbonization processes. For this reason
chemlcal and physical changes produced in laboratory-carbonized coals can be
compared with similar changes in coals that have been thermslly altered by igneous
intrusions. In addition, the thickness of the intrusion and its distance from
the coal seam have been related to the degree of coal alteration so that the damage
sustained by the coal or coals can be approximated with a minimum of analytical
test data.

In the following discussion the physical and chemical properties of the
drill-core samples are compared with thoge of coals carbonized in the Laboratory
at varlous temperatures. Following this, the relation of the degree of coal
alteration to the source of heat is discussed.

Physical and Chemical Changes in Thermally Altered Coal

The optical reflectance, electrical resistivity, and hydrogen content
were determined for Somerset high-volatile coal carbonized at different temperatures
in the laboratory. The reflectance increases and the resistivity and the hydrogen
content decrease as the carbonization temperature increases, as shown in Figure 2.
The Somerset high-volatile rank coal, which has not been altered thermally, has a
reflectance of about 0.7 percent, a resistivity of about 4.2 x 1011 ohm-cm, and a
hydrogen content of about 5.9 percent. When coal has been altered to a reflectance
greater than 2.0 percent, a resistivity of 6.5 x 10/ or more, and a hydrogen content
of less than 4.0 percent, it can be considered as non-coking. In the laboratory
samples the variations in the reflectance, resistivity properties, and hydrogen
content have been related to the temperature of carbonization because temperature
was the variable in the sample preparation. The correlation coefficients for the
relation of temperature to both reflectance and hydrogen is R = 0.99 and for the
temperature-to-hydrogen relation is RR = 0.96. The reflectance, resistivity,
and hydrogen measurements on the drill specimens from the cores were used to
estimate the temperature to which the coal had previously been heated, Figure 3.
Equations expressing the relationships of temperature with reflectance, resistivity,
and hydrogen content, Table I, developed for coal carbonized in the laboratory were
used in calculating temperature involved in the thermal altering of the cocal and coke
in the core samples. The core samples range from virtually unaltered coal to coke
that has been thermally altered at a maximum temperature of not less than 158? F or
more than 2200 F. Indirectly determined temperatures in and near intrusionsl *
and directly determined temperatures for lava?) are within this range. Tt appears
that coal may be used as a maximal geothermometer. However, the temperatures
calculated from reflectance are higher than those calculated from resistivity and
these in turn are higher than those calculated from the hydrogen content, Figure 3.

* See references.
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Part of this discrepancy is due to the large percentage of ash-forming materials,
which affect the resistivity and hydrogen measurements. Reflectance 13 considered
as the most accurate indicator of rank changes resulting from thermal alteration
since it is not affected by ash-forming minerals in the samples. However, when
coals of different rank are carbonized under the same conditions, the highest-rank
coal will produce coke with the highest reflectance. In this study, the coal
carbonized in the laboratory is the same rank as the unaltered coal recovered in
the drill core.

The visible changes that occur in the transformation of coal to coke are
shown in Figure 4. The reflectance, resistivity, and hydrogen data are also shown
to assoclate these changes with the visible changes in the coal and coke structure.
The photomicrographs shown in Figure 5 1llustrate altered and unaltered coal in a
single sample of coal, pyrolytic carbon (carbon from cracked hydrocarbon gases) and
mineral matter intruded into the coal.

Relation of the Thermal Alteration of Coal
To the Position and Thickness of the Intrusive

The changes in reflectance, hydrogen and volatile-matter content with
distance from the intrusions in the samples taken from different depths in the four
drill holes are shown in Figures 6, 7, 8, and 9. In hole 1, B-1 seam (Figure 6)
is intruded near the top by two sills of nearly equal thickness for a total of 1.5
feet. The heat from the sills was sufficient to bring 8.0 feet of the lk-foot seam
to a reflectance of 2 percent or more. In the middle of the coal column the

reflectance drops abruptly (in only 0.8 foot) from more than 5 to less than 2 percent.

The base of the seam, consisting of about 6.0 feet of coal, was only slightly
altered by metamorphism and can be considered as coking coal.

In hole 3, B-2 seam (Figure 7) is in contact near the top with an 8.5-
foot sill overlaid by 2.8 feet of shale and 3.7 feet of coke, which is in turn
overlaid by 11.2 feet of intrusive rock. In this coal column, the entire 7.8
feet of coal has coked completely. The reflectance decreases as the distance
from the sill increases.

In hole 3, C-seam (Figure 8) is thermally metamorphosed in the bottom
third of an 1l.6-foot coal column. Comparison of the sample intervals with the’
driller's log shows that 1.2 feet is unaccounted for at the base of the column.
It was assumed that the intrusive occurs in this position. Approximately 3.6
feet of the basal portion of the column exceeds 2 percent reflectance. The
remzining 8.0 feet of coal is only slightly altered and should be considered
coking coal. The reflectance drops from 5 to less than 2 percent in an Interval
of about 2.0 feet. Thus the change from coke to coal is abrupt.

In hole 2, B-1 seam (Figure 9) is not in direct contact with an intrusion
but is separated from an overlaying sill by 38.6 feet of shale. The intrusion
totals 26.9 feet; however, a 7.5-foot unit of natural coke splits the sills and
only 15.9 feet of sill was considered effective in the thermal metamorphism of the
coal. The entire 1l.4-foot column has been altered to anthracite and is non-coking.
There are virtually no vesicles developed in this coal. This coal has probably
been subjected to less rapld heating or greater pressures than the coals in which
the coke structure developed. ’
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The graphic presentations show that intense changes in a coal by contact
with intrusions extend only a short distance from the contact. However, the amount
of coal alteration, while undoubtedly related to the temperature of the intrusion,
i1s also related to the thickness of the intrusion and its distance from the coal.
Blignault,3 in his investigation of the dolerite intrusions in the Natal Coalfields,
found that as the ratio of the distance (D) from the coal to the thickness of the
intrusive (T) decreases, the volatile matter (daf)* of the coal decreases from the
unaltered coal. For these relationships to hold true, the intrusive temperature
must have been nearly constant. Data from the present investigation were used to
test the applicability of Blignault's findings, but reflectance was used as the
rank parsmeter in preference to volatile matter.

The relation of D/T to the reflectance is shown in Figure 10. Distance
is taken from contact of the intrusion to the center of the individual coal units.
The following sill thicknesses were used in the calculation: 1.5 feet for B-1
seam in hole 1, 8.5 feet for B-2 seam, and 1.2 feet for C seam in hole 3, and
15.9 feet for B-1 seam in hole 2. The data shown in Figure 10 indicate that the
ratio of the distance of the intrusive from the coal to the thickness of the
intrusion increases as reflectance decreases.

Coal alteration in coal-bearing strata associated with intrusions should
be useful in establishing distance from intrusive centers and the direction of
the leading edge of an intrusive body as well as in establishing the deleterious
effects sustalned by the individual coals in.a coalfield. ’

Summary

Examination of coal-bearing strata obtalned from drill-core samples taken
from the Somerset area indicated that portions of the coal have been thermally altered
as a result of exposure at some time to molten rock (igneous intrusion). The degree
of alteration of the coal was such that the coking properties of the coal have been
affected. In the investigation, 1t was found that measurements of reflectance,
electrical resistivity, and hydrogen content could be used to determine the degree
of alteration of the coal. The data indicate the alteration of the coal was related
to thickness and distance of the Intrusive from the coal bed. In addition it was
found that, within limits, coal may be used as a maximal geothermometer.
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* dry, ash free.
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Table I

Equations Used to Express the Relationships
of Temperature with Reflectance, Resistivity,
and Hydrogen Content

1. Temperature, F = 222.651L4 + 641.1268 Ry - 147.9204 RoS + 12.612k R,y3
Ro = maximum reflectance in oil

2. Temperature, F = 1497.4304 - 75.951T R - 5.9162 R2 - 0.5102 R3
R = electrical resistivity in ochm-cm

3. Temperature, F = 2279.1012 - T49.1191 H + 178.4985 H2 - 17.0855 H3

H = hydrogen content, weight percent (daf)
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Reflectance, Resistivity, Hydrogen, R
percent ohm cm wt percent Description

L 0.7 3.0 x 10" 6.2 Coal is unaltered

Coal increases in
0.9 8.4 x 1010 5.5 reflectance but

vacuole development

has not occurred.

3.0 2.1 x 107 3.6 Small pinpoint
vacuoles develop.

4.5 2.0 x th 2.8 Vacuples increase
in size.

Vacuoles continue

5.6 1.3 x 10 2.5 to increase in
’ size.
7.5 2.9 x 107 1.3 Anisotropic coke

structure develops.

Figure 4. As the Thermal Metamorphism of Coal Increases, the Extent of
Vacuole Development Increases and the Reflectance Increases,
Wbile Resistivity and Hydrogen Decrease. Reflected light,
X300.
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Particles of coal showing wide
variation in reflectance in a
single sample representing a
1l.7-foot coal interval. This is
evidence of abrupt changes in the
degree of thermal metsmorphism.

Coke -(pyrolytic carbon) produced
from cracking of hydrocarbons or
incomplete combustion of gas.

Mineral matter derived from the
diorite intruded into the coal.

Figure 5. FPhotomicrographs Show Thermally Metamorphosed Coal, Pyrolytic
i Carbon, and Intruded Mineral Matter. Reflected light, X300.
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Volatile Matter for Indicated Coal Units, B-2 Seam, Hole G-16.
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THE EFFECT OF MACERAL COMPOSITION ON THE
BINDERLESS BRIQUETTING OF HOT CHAR

M. F. WOODs
G, M, HABBERJAM
K. ELSWORTH
S. BENNETT

NATIONAL COAL BOARD
COAL RESEARCH ESTABLISHMENT
STOKE ORCHARD CHELTENHAM
ENGLAND

1. INTRODUCTION

The process of hot char briquetting now being developed and exploited by the
National Coal Board consists of the direct briquetting of hot fluid-bed carbonised
char, The principal process variables have already been discussed by Habberjam and
Gregory (1), and this paper concerns an extension of their work.

The coal seams so far considered for the hot char briquetting of low rank coal
have been of similar petrographic composition, i.e, about 60% vitrinite, 17¥% exinite,
and the remainder composed of micrinite 1 and 2, fusinite, shale and pyrite. There
is no reason why other coal seams should not be examined, particularly since certain

" coal preparative treatments, e.g. selective froth flotation and dense medium separa-

tions,have the effect of concentrating one particular maceral or group of macerals at
the expense of the others. It was considered that coals of unusual maceral composition

might exhibit a new range of briquetting properties.

Although work has been published on the thermal changes occurring in individual
coel macerals, no systematic survey has been made using British low rank coals heated

in fluid-bed conditions.

Many workers, notably KrBger (2) and Fitzgerald (3) have shown the pyrolysis
behaviour of the individual coal macerals to be different. They, as well as
Permitina (4) and Amnosov (5), were working under coke oven conditions; Permitina,
using polished microscope sections of Russian coking coal chars, showed that only
vitrain, and vitrainised masses and spores, contributed significantly to caking
behaviour, Permitina also showed that fusainised micro-components, xylene and
minerals, made no contribution, whilst xylo-vitrain and partially fusainised attrition
particles had low ceking properties. Ergun (6), working with a microscope hot-stage,
has confirmed that vitrinites and exinites undergo visible changes during carbonisa-
tion, and that the other constituents remain comparatively inert. Taylor (7) studied
the thermal properties of the Stopes concentrates during carbonlsatlon, and lists a
considerable quantity of relevant literature.

In this work the maceral system of coal'component classification will be used.
The components analysed will be:

vitrinite, exinite, total 1nert1n1te, shale and pyrite.

The inertinite will be further divided into micrimite 1, micrinite 2, and fusinite.

*  The word "xylene" is taken directly from & translation of Permitina's
paper. It probably implies xylo-fusain.
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The detailed cbjects of the present study were:

(a) to devise a method for estimating volume chenges in the macerals
of low rank coal chars heated in a fluid bed;

(b) to show whether variations in the maceral compositions of the coal
feed would affect the clkar briquetting process;

(c) to followoany chagges occurring in the macerals of chars in the
range 380" to 500 C.

2. EXPERIMENTAL

2+7. Coal sample preparation

Samples of four low rank, high volatile coals were used. An analysis of these
coals is given in Table 1,

TABLE 1

Analyses of coals used

I . !
: Commercial | Moisture Ash ' Volatile
; Colliery Seam ; grade % as % as ' matter
! . received received d.a.f.
5 Colverton | High Main Washed 759 11.68 - 3,83
smalls
Denby Hall Mixed Washed 5.25 16.50 . 37.80
smalls
Birch Mixed Washed 5.53 11.11 41,19
Coppice ! smalls .
Dexter \ Mixed Washed 6.18 . 1.66 38,03
special

i beans l

Samples of one coal, namely Calverton CRC.902, weré used to prepare maceral con-
centrates, Hards, brights and fusinised materials were manually selected, and further
refined by flotation and crushing,followed by selection under a low-power lens. Three
basic samples were prepared in this way, the proximate analyses being given in
Table 2.

TABLE 2

Proximate analyses of basic samples

1

i .
‘Durain | Vitrain Fusain
!
Moisture " 5.9% i 12.47% k,55%
Ash (dry basis) 7.67% | 1.07%  10.29%

Volatile matter (d.a.f) 38.49% 35.61% 24, 80%
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Ten mixes were prepared from the three basic samples, the v1tra:u1, durain and
fusain samples being listed as Sample Nos. 1, 8 and 10 respectively (Table 3).

TABLE 3

Analyses of Calverton coal
maceral concentrate blends

. 1

Semple No. ‘ 1| 2|3 4% |5 |6 |72 |8 |9 10
Vitrinite Vol. % [97.9 |74.7 [51.4 [67.4 |50.9 [33.3 | 35,7 | 1445 |16.7 [23.9
Exinite " 1.7 | 9.8 [28.6 | 5.7 |21.0 |33.2 | 14,8 [51.1 | 344 | 5.4
Total ' _ . .

inertinite " Ot 115,5 |19.3 |26.9 |27.7 |33.0 | 49.3 | 3h.h [ 48,5 170.3 |
Micrinite 1 v | 0.3 | 7.5 [12.7 14,7 |18.6 |17.9 |27.2 |26.8 | 31.0 |33.7
Micrinite 2 " 0.1 | 4.8 | 6.5 | 7.8 | 7.4 {12.2 {15.2 | 7.3 |12.1 [24.3 |
Fusinite " C 32| 0.1 | b | 1.7 | 2.9 | 6.9 | 0.3 | 5.k [12.3
Shale " ' | 0.7 0.3 | 0.5 | 0.2 0.k | 0.1
Pyrite " 0.1 _ : 0.3

2 . 2; Apparatus

Two systems of fluid-bed carbonisation were used:

(1) A 2-inch laboratory-scale. fluid-bed of the design described by
Habberjam arnd Gregory (1). This apparatus was used for the study of
the pyrolysis of macerals. Two carbonisation periods were used in
this fluid bed, i.e. 8 and 30 min., the first 4 min. of each period
being the heating time. Nitrogen was used as the fluidising gas.

(2) A miniature fluid-bed and briquetting mould. This apparatus consisted
of a 0.5-inch diameter tapered mould and hardened steel plunger mounted
in the jaws of a hydraulic jack. A tightly fitting funnel was placed
in the top of the mould, so that the mould and funnel together acted
as a fluid-bed, the funnel being removed from the mould for briquette
production. Air and nitrogen were used as the fluidising gases.

One .carbonisation period was used in the uu.mature bed, 1.e. 5 min., including -
a 2 min. heat:.ng period.

2.3 Testing and analysis of samples

The briquettes prepared at 6 tons/sq;in. were tested for their bu].k density and
mechanical strength by the method described by Habberjam and Gregory (1).

The samples for macerel analysis were ground as coal to -10 B.S.S. and reduced
to 30 gm. using an Otto Microsplitter (8). These samples were then carbonised in
the 2-inch fluid-bed, the chars being further reduced to approximately 1 gm. samples
before impregnation and mounting in blocks with cold-setting polyester resin. A
flat surface was ground on the blocks, uslng several grades of carborundum powder
on glass plates, a.nd a high pohsh was obtained with fine alumins powder on a Bolting
aillk lap. .
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A statistical method of analysis, based on a technique first described by
Delesse (9) was used to determine the relative volume of macerals in the coals and
chars. This was based on the fact that, in a cross-section of rock, the ratio cf the

area occupied by one mineral to the total cross-sectional area is a reliable estimate
of the total volume percentage of that mineral.

Several methods of measuring the relative areas of minerals in cross-section
have been proposed, but the most reliable was taken as the 'point counter' technique
described by Glagolev (10). In theory, the cross-section is covered with a grid and
the mineral occurring under each intersection is recorded. The ratio of the number
of points at which the particular mineral occurs to the total number of points of
the grid may be reliably taken as the ratio of the area of the mineral to the total

measured area, A mathematical proof of these statements is given by Chayes (11).
" In practice, instead of moving from point to point on a grid, the polished coal
section is moved in successive steps along a number of traverses, and the mineral
under the crosswires is recorded at each step. In order to limit the error to * %%
at 7% and to * 1% at 5%, a total of 1,000 points is analysed on each sample.

In order to estimate the changes in the volumes of the macerals with respect to
the original coal, it is necessary to have some body or bodies present which remain
inert during carbonisation. &Since their volume does not change, comparison is
possible with the changing maceral volumes. Where a natural inert material is
present in reasonable percentages, this may be used. More than 10% must be present,
however, to ensure that the errors are less than the probable error in the maceral

analysis.

For the coals Calverton, Denby Hall and Birch Coppice, micrinite 2, fusinite and
minerals were regarded as standard inerts. In the case of Dexter, a percentage of gas
coke ground to -10 B.8.S, was added to the original coal charge. The porosities, also
found by a 'point counter' method, are a derived figure (see section 3, Discussion).
Sections of briquettes were also mounted in resin, and photomicrographs of sample chars
were made with a Vickers projection microscope. (See photos. 1 through 12.)

3; RESULTS AND DISCUSSION

The experimental conditioms for briquetting and for maceral analysis were un-
avoidably different. The briquetting trials using the very small quantities of sample
available were carried out using a miniature fluid bed which allowed for heating rates
of approximately 200 C/min. Three minutes after the attainment of carbonisation
temperature, i.e. 5 min. after sample introduction, the briquettes were formed. In
the maceral analysis larger samples were available, and a more convenient and conven-
tiogal fluid bed was employed. The rate of heating in this bed was approximately
100°C/min. and samples were analysed 4 min. and 26 min. after they had attained
carbonisation temperature, i.e.. total residence times of 8 and 30 min. respectively.
Previous work had shown that briquettes formed in the miniature fluid bed after
heating for 5 min. had a similar performance to those after 8 - 10 min. in the more
conventional bed.

The results of the briquetting of maceral concentrates are given in Figures 1 to
3. Calverton coal (C.R,C. 902, V.M. 37% d.a.f.) was used and the three methods of
briquette assessment -employed, i.e. shatter index, abrasion index and bulk density,
gave similar results. Maceral concentrates rich in inertinite produced poor
briquettes, whilst both exinite and vitrinite rich mixtures produced good briquettes.
Exinite rich mixtures containing over 25% micrinite 1 produced good briquettes,
whereas inertinite rich mixtureswith the same concentration of micrinite 1 produced
poor briquettes. It was therefore unlikely that micrinite 1 contributed to the
production of strong briquettes. An interaction between exinite and micrinite was
possible and this was not ruled out by the microscopic study of the macersls (Fig. 4).
Micrinite 1 underwent some swelling between 375° and 400° C, the swelling being
greater after 30 min. carbonisation than after 8 min. This swelling occurred for all
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the coals considered (Figs. 5 and 7).

Samples containing practically pure vitrinite (97.9% by volume) produced strong
compacts throughout the range of temperatures at the short carbonisation time
studied, the shatter and abrasion strengths falling slightly at the higher tempera-
tures. A photomicrograph of a 97.0%"pure" vitrinite briquette (Photo.11) illustrates
the way in which the vitrinite grains appear to 'jig-saw' into one another. The
maceral analyses show a series of expansions and contractions throughout the range
which are only qualitatively followed by the other coals studied.

The exinite rich mixtures (up to 51% volume) did not produce strong briquettes
before 410° C, but above this temperature the exinite played an important role in
briquetting, either alone or in combination with vitrinite or mlcrlnlte 1. The
thWofﬂmnenwcmmﬂsm%toammmm&aMMh%Cathnmu
gradually. A photomicrograph (Photo.12) of a 'whole' coal briquette (exinite 17%,
vitrinite 66%, micrinite 17%, and micrinite 2 plus fusinite 10%) shows definite
bridging of. coal grains by melted exinite. As a maceral the exinite appeared to be
lost, both with respect to increasing temperature and carbonisation time. Its dis-
appearance as a recognisable maceral would not preclude its impregnation into the
microstructure of remaining coal substance. The changes in the maceral structure
were coincident with porosity changes. There was no significent difference for
nitrogern and air fluidisation.

The porosities of the chars (Fig. 8) rose steeply with temperature and
increased with period of carbonisation. In determining the porosities of chars,

. three separate types of pores were measured: rounded holes, angular holes and

natural holes. It was probable that the rounded holes were formed as the gases
resulting from the decomposition of exinite and vitrinite attempted to escape
through the plastic cr semi-plastic vitrinite, and that the angular holes were
cracks formed after carbonisation when the material contracted on cooling. The
third classification of holes, natural holes, occurred in fusinite and semi-fusinite
grains. The porosities shown in Fig. 8 are 'rounded hole' porosities.

Table 4 below illustrates the relative importance of the rounded, angular and
natural holes in Calverton coal.

TABLE 4
Porosity Analyses of Calverton Chars

Calverton Rounded % Angular 4{ Natural Total
8 min. N, holes ' holes i holes porosity :
350°C oo R Y- B R b
375°C 1. ;' 1.6 i 1.8 ' L8
LooSc 0.7 Coo2.2 1 2.3 5.2
425°C 21.6 3.9 3.0 8.5
t+5oo 434 3.2 1.1 Lo.7
L}?)o 51.7 ' 2.5 1.1 . 56.3 )
500°C ' 60.5 2.6 1.0 i 64,1 :
30 min. N,
2 ; ;
3500 0.4 2.0 1.1 3.5 :
3750 0.h4 ! 1.9 1.3 : 3.6
uooo 10.2 i 3.8 2.0 . 16.0
4250 32.3 . 40 1.9 ©38.1
450 C b7.3 © 35 1.2 52,0 .
4750 52.8 3.k i 0.3 56.5 ¢
500°C 59.4 2.6 1.2 63.2 '
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Photomicrographs of chars heated in air and in nitrogen illustrate the forme-

tions of these holes and the relative changes in the macerals. (See photos. 1 through 10!

On a2 commercial scsle, the results of these investigations illustrated the
danger of highly selective coal preparative treatments. Changes of the maceral
composition of the cosl feed to a char briquetting plant might well affect the
operation of the process, e.g. the addition of froth flotation fines would lower
overall quality and a change of exinite/vitrinite ratio might well affect the optlmum
temperature of cperation.

On the laboratory scale, the work has illustrated that changes in the vclume cf
individual macerals can be estimated by comparison with naturally inert material in
coal, and that results using this method are similar to those using an artificial
inert additive.

L4,  CONCLUSIONS

(i) The maceral volume changes in coal chars cen be estimated by the use of
naturally occurring inert material where over 10% is present in the
original coal. Where this naturally inert material is not present, an
artificial additive, e.g. high temperature coke, may be used.

(ii) On a commercial sczle, sudden or gradual changes of the maceral composition
of coal feed to a char briguetting plant may well affect the operation of
the process. High inertinite content raw material will lower overall
strength, and any change in exinite/vitrinite ratio may affect the optimum
operational temperature.

(iii) For a non-coking high volatile coal, exinite, yitrinite and micrinite 1
were shown to undergo changes in the range 350°C to 500 C. The vitrinite,
and to a lesser extent, micrinite 1, swell and contract in this range,
whilst the exinite is lost completely as a recognisable maceral.
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CAPTIONS TO PHOTOMICROGRAPHS OF CHAR GRAINS

Photomicrographs of 30 minute Calverton Chars C.P.S.1855/16

(Magnification approximately X 120)

350°C N Fluidisation

2

The exinite appears unaltered at this temperature. The vitrinite shows cracking
around the inert fusinite mass, which indicates that there may be contraction.

250°¢ Air Fluidisation

The exinite appears unaltered except where it lies on the margins of grains and
has been oxidised. The vitrinite is cracked, and has fairly wide oxidised
margins extending up the open cracks.
Lo

00" C N2
The exinite is disappearing, leaving irregular holes in the micrinite and
vitrinite. The megaspore in the larger durain grain has become liquid and some
of it has migrated to the edge of the grain, cementing a triangular vitrinite
grain to it. The micrinite and fusinite are unaltered, and the vitrinite
remains angular, with fine cracks,

400°C Air

A large megaspore has become oxidised and has cracked away from the durain grain
which contains it. Within this megaspore there is a small area of unoxidised
volatile matter which is boiling off. There is unoxidised exinite boiling off

in both durain grains. In the triangular grain the megaspores have been partially
oxidised and the transition between volatile and non-volatile exinite is shown,
The vitrinite is just beginning to become plastic enough for rounded bubbles to
develop in some of the grains.

425°% N,

Most of the exinite has disappeared. The vitrinite grains are becoming plastic,
and some grains are filled with gas bubbles. The inertinites are still unaffec-
ted, except by escaping from enclosed vitrinite and exinite.

425°¢ pir

The vitrinite appears to be considerably more plastic than in N_ at this tempera-
ture.. The grains are considerably swollen and their margins are rounded. There
is still some exinite present in the durain grain. The inertinites remain as in
the 400°C sample. It can be seen that the margins of the vitrinite grains are
still sealed, since the bubbles have no oxidation rims, indicating that the
margins must still be quite plastic. .

o
4s5o~¢ N2
The large durain grain has remained inert, except for a vitrinite band which is
boiling out. The microspores and megaspores have gone, leaving a skeleton of
micrinite, which has not even collapsed into the space left by a megaspore. The
pure vitrinite grains are swollen, but the ones shown in this micrograph still
have fairly thick walls., i :
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8. 450% air

Aga%n the decomposition of vitrinite appears to be in a later stage than in the
450°C N., chars. Some of the bubbles contain oxidised margins, and some are

unoxidisSed, being still enclosed.

9. 500°% N,
The vitrinite grains have become quite rounded, consisting of a network of thin-
walled bubbles. Bands of micrinite 2 have remained with their original
structure.

10, 500°C Air

The stage reached is very similar to that of the Ny char at this temperature,
except for the oxidation of the grain and pore margins. Again, the micrinite 2
and fusinite appear to have its original structure. Most of the bubbles have
been oxidised, showing that the surface of the grains has been broken, and
that the oxidised vitrinite has become brittle at this temperature.
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Selective Chemical Reactions'for the Study of Coal Macerals
by C. R. Binder, L. J. Duffy and P. H. Given

Department of Fuel Technology

Pennsylvania State University
University Park, Pa.

That the petrological classification of coal components in four main groups,
known as vitrinite, exinite, micrinite and fusinite, has chemical and physical sig-
nificance, as well as practical importance, is already established. There is
petrographic¢ and palaeobotanic evidence indicating that each of these groups is
complex and that several varieties of each exist, but little chemical work has been
carried out to supplement and consolidate this evidence. Such work is in progress
in this laboratory; so far, attention has been paid mostly to the development of
experimental techniques, but a start has been made in applying them to the study of
vitrinite structure.

It is obvious that structural differences between two or more "vitrinoids"1
found in the same coal will be more subtle than the differences between, say, vitri-

"nite and exinite. A comparison of vitrinoids from different coals but of similar

rank will also require subtle distinctions. If these distinctions can be established
and understood, our understanding of the concepts of rank and metamorphosis should be
strengthened considerably, and knowledge of the relation of constitution to behavior
increcased. Research of this kind clearly requires particularly sensitive techniques,
and any chemical reactions used must be as selective and as informative as possible.
In this paper the extension and improvement of two such chemical reaction techniques
are described, together with their application to some purified vitrinitic materials.

Samples Studied.

In some of the preliminary experiments designed to elucidate the mechanism of
the dehydrogenation reaction, a sample of vitrain from the Bruceton mine of the
Pittsburgh seam was used, The elementary analysis is shown in Table 1; the petro-
graphic analysis of a block from the same batch of coal is: wvitrinite, 85%; semi-
fusinite, 6%; fusinite, 2%; exinite, 4%; micrinite, 2%; and pyrite, 1%.

The other samples were pure vitrinites separated by float-and-sink techniques
from the bright bands in selected vitrains. Their properties are collected in
Table 1. Samples MP 10a and 10b were taken from different levels in one pillar
section of the same seam, but differ appreciably in reflectance, and represent dif-
ferent vitrinoids in the classification of Schapiro and Gray.2 Samples MP 11 and 17
have similar reflectances and represent the same  vitrinoid V 9 according to Schapiro
and Gray; they are, however, of quite different geological age and derived from dif-
ferent types of plant material, since MP 11 is an Appalachian coal laid down in the
Pennsylvanian period of the Palaeozoic and MP 17 is younger, have been laid down in
the Cretaceous period of the Mesozoic (ages approximately 300 and 120 x 10° years
respectively).

The hydroxyl contents of the samples are included in Tablé-1 for completeness;
they are repeated from an earlier publication.3 It seems clear'that ‘samples MP 11
and 17 do differ somewhat in elementary analysis, but the carbon content of MP- 17
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*
may be somewhat too high .

The infra-red spectra of all four vitrinites have been obtained. The spectra
of MP 10a and 10b do not differ significantly, except that a difference of the
intensity of the hydroxyl band at 3400 R is observed, paralleling the hydroxyl
contents determined chemically. The spectra of MP 11 and 17 also resemble one an-
other closely; here again the hydroxyl bands differ in intensity, and the distri-
bution of hydrogen between aromatic and aliphatic structures is evidently somewhat
different (see Table 3 below).

Table 1. Analyses of Samples Studied

Sample Source seam Av, Reflec- Per cent d.a.f.
No. and location tance in oil, % C H . N S 0* 0 as OB
MP 10a Lower Freeport
West Sunbury, Pa. 0.743 82.6 5.4 1.6 1.4 9.0 5.6
MP 10b Lower Freeport
West Sunbury, Pa. 0.630 83.8 5.3 1.6 1.1 8.2 3.9
MP 11 Upper Freeport, 0.995 8.9 5.2 1.5 0.8 7.6 3.2
Maysville, Pa.
MP 17 Frederick, Valdez, g g4, 86.6 5.5 1.9 0.8 5.2 2.0
Colo.
- Pittsburgh - 83.6 5.6 1.7 2.0 7.3 -

Bruceton Vitrain
* .
by difference

Reduction with Lithium.

Lithium in aliphatic amines is a powerful reducing agent for aromatic systems,
naphthalene, for example, being reduced to the octa- or deca-hydro derivative. The
reaction proceeds, depending on the solvent, at 18 or 100°, and breakage of carbon-
carbon bonds, such as occurs in catalytic hydrogenation, is not found. Both ethyl-
amine® and ethylene diamine-2:°® have been used as the amine component in the appli-

cation of the reaction to coals; the latter causes somewhat more extensive reduction

of the coal, but is much more toxic and is impossible to remove completely from the
coal after reaction. The extent of reduction varies strongly with rank, passing

through a sharp maximum with vitrains of about 89% carbon content.4:3 The solubility
of the coal in pyridine is always increased by the reaction, and the magnitude of the

increase varies with rank in a manner closely parallel to the extent of reduction.
The marked variation with rank of the effects of reaction suggest that here we have

one suitable technique for investigating close distinctions among vitrinitic mate-
rials. )

Hitherto in the study of the reduction of coals, attention has been chiefly
concentrated on the variation of extent of reaction with rank, and little work has
been done on the chemistry of the products. One interesting possibility is the

*  The analyses quoted were made by United Analysts Ltd., East Boldon, Co. Durham,

England, a laboratory experienced in coal analysis, and they are believed to be the
most reliable data available. The samples have also been analysed in two other
laboratories, with results that do not altogether agree with those quoted; however,
these laboratories did not observe certain precautions now believed important (see
Appendix), which were observed by United Analysts.
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study of hydrogen distribution in the product by nuclear magnetic resonance spectro-
scopy. To get the maximum advantage from this technique, the material must be in
solution, preferably in a solvent that contains no hydrogen. Deuteropyridine has
been used for this purpose with solvent extracts of untreated vitrinites? and reduced
products.8 However, it is extremely expensive and the small proportion of isotopic
impurities found in all commercial samples interferes with estimation of aromatic
hydrogen in the solute. We have now found that 40-75% of that part of the reduction
products of four vitrinites soluble in.pyridine is also soluble in chloroform. A
large number of solvents have been tested, most of which dissolved very little;
piperidine, chloroform, dimethylformamide and dimethylsulfoxide dissolved significant
quantities of product., Deuterochloroform is relatively inexpensive, and since .any
isotopic impurity interferes little with the coal spectra, it is an excellent solvent
for n.m.r. studies. So far we have only been able to run one spectrum in the solvent;

the result is discussed later.

Four pure vitrinites have been reduced by the lithium-ethylamine technique.
The amount of hydrogen added and the solubilities of the products in pyridine and
chloroform are shown in Table 2. All the samples are of lower rank than that at which
maximum reduction occurs; it will be seen that the pyridine solubilities are higher
for the two samples of higher carbon content. Moreover the two samples MP 10a and ]
10b, taken from different levels in a single pillar section of a seam, behave differ-
ently; so also do the pair of vitrinites of the same reflectance but from different
seams. The nitrogen contents of the products and the weak methyl absorption band at
1375 cm™! in the infrared spectra show that the ethylamine is not retained by the
products. Good oxygen balances were also obtained, showing that oxidation did not
occur, Some pick-up of oxygen did occur, however, in some of the solvent extract-

ions.
Table 2. Reduction of Vitrinites with Lithium

Reduced Vitrinites
MP 10a MP 10b MP 11 MP 17

g atoms per 100 C atoms 115 87 107 91
in product

H atoms added per 100 C a7 11 a1 15

atoms : 7

Pyridine solubility, % 37 41 61 53

Chloroform solubility, % 27 18 45 16*

* .
Low solubility may in part be due to exposure to air.

The infrared spectra of the untreated vitrinite MP 11, the chloroform-and
pyridine-soluble and -insoluble parts of the reduced products are shown in Fig. 2.
It will be seen that all fractions of the product show increased aliphatic C-H
absorption at about 2920 em™l and 1450 cm™> (3.450 and 6.91), the chloroform-soluble
part showing the greatest increase. The extinction coefficients of the absorption
at 2920 cm™' calculated from the per cent transmission and the concentration in the
potassium bromide discs (gm./gm.), are shown in Table 3, together with the H, /H;;
ratios for the raw coals calculated from the absorptions at 3030 em~l and 2920 cm-l.
and an assumed €,,./€,] = 0.44 (see refs. 9-11). The extinction coefficients for the
products from different coal samples are approximately consistent with the extent of
reduction derived analytically. The use of the extinction coefficient ratios must
not be pushed too far as the value of the extinction coefficients is dependent not
only on the concentration but also on structural factors. . .

In the spectra of all the reduced products,.the absorption in the arométic
carbon-hydrogen bending region, 650-950 em-l (11-151) was considerably weaker than
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Table 3. Spectral Studies of Hydrogen Distribution

Vitrinite

Sample MP 10a MP 10b MP 11 MP 17

W _/H Raw Coal 1 0.32 0.36 0.41 0.34

62920cm‘1 Raw Coal 0.11 0.12 0.12 0.16

€920 (Product) ¢, e Reduction Product 3.2 2.1 3.5 1.6
€2920 (Raw Coal)

" Pyridine Extract 3.6 1.5 3.6 1.3

" Pyridine Insolubles 1.2 0.5 1.2 0.6

" Chloroform Extract 3.6 2.7 3.5 2.2

" Chloroform Insolubles 1.8 1.6 --- 1.2

that in the untreated coals, and the C-H stretching vibration at 3030 em™l could not
be distinguished at all in the spectra of any of the products but MP 17. A broad band

centered at 1250 cm™' and a broad shoulder and 1050 cm~l were noticeable in the spectra

of all the products, Similar but not identical spectra have been shown previously by

Reggel et al.” for the reduced products; these authors do not report spectra of solvent

extracts of the products,

The n.m.r. spectrum of the chloroform-soluble part of the product of reduction
of sample MP 10b is shown in Fig. 1. Owing to instrumental difficulties, it has not
been possible to re-run this spectrum nor to run other samples or a solvent blank.
However, the infrared spectrum of the solvent showed very high isotopic purity and
little sign of the presence of hydrogen. The most striking feature of the spectrum
is the extremely sharp doublet at chemical shifts of 2,87 and 2,95 p.p.m. (referred
to tetramethylsilane). These peaks are in the position expected for hydrogen atoms
on carbon in the Q-position to an aromatic ring or double bond. Absorption in this
region has been previously reported for certain coal derivatives, and so its presence
here is not surprising. However the sharpness and the fact that the area under the
peak is 50% of the total area under all peaks is surprising. As already noted, this
result still awaits checking, but it is very difficult to imagine any possible im-
purity that could give a large sharp peak here but no similar sharp peaks elsewhere.
Other peaks were observed corresponding to methyl and other aliphatic hydrogen (0.87,
1.25 and 1.45-2.0 p.p.m.) and aromatic and phenolic hydrogen (8.06 p.p.m.).

Dehydrogenation

It is already established that much of the aliYhatic hydrogen in vitrinites and
spore exinites is present in hydroaromatic rings.lz; 3 1t has been argued that these
rings play an important part in the structural make-up of these maceralsl# and that
they govern much of the maceral chemistry, The study of hydroaromatic structures by
dehydrogenation is therefore important in any detailed study of macerals, but no
fully satisfactory method has yet been reported. Peoverl? has described the use of
benzoquinone as a dehydrogenating agent; it is efficient, but in a side-reaction,
which Peover believed to be addition by a Diels-Alder reaction, a considerable pro-
portion of quinone combines with the coal and cannot be removed. Peover mentions

the use of triphenylmethyl perchlorate, but gives few details. Raymond et 21.13
report catalytic dehydrogenation with palladium on calcium carbonate and other cata-
lysts, in high boiling solvents such as phenanthridine. This method permits direct
and accurate determination of the hydrogen removed, but it requires a rather high
temperature (over 300°C) and there is apparently some difficulty in removing catalyst
and solvent if the products are wanted for further study.
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We have used 3,5,3',5"'-tetramethyldiphenoquinone as a dehydrogenating agent for
the Bruceton vitrain under the same conditions as Peover used for benzoquinone,
thinking that this bulky molecule would not readily undergo Diels-Alder addition to
the coal. The spectrum of the product showed little change from the untreated coal,
except that a band at 1190 em”! (8.4)1) appeared. This band is in the region expect-
ed for either ether oxygen or carbonyl vibrations, and suggest some addition of the
quinone to the coal; however, no carbonyl stretching absorption at 1660-1700 em™1
was observed, in contradistinction to the situation when benzoquinone was used.

We have also used the free radical diphenylpicrylhydrazyl, (C6H5)2 "NHN-CgH,
(N02)3i which is reported to be an effective dehydrogenating agent for hydroaromatic
rings. The infrared spectrum of the product indicated that some dehydrogenation
probably occurred, but in most cases some addition of the hydrazyl to the coal took
place. 1In one experiment a relatively small amount of the hydrazyl was used; it was
found that in the ultra-violet gspectrum of the filtered reagent solution after re-
action the strong band at 3330 A characteristic of the hydrazyl had been completely
replaced by a band at 3200 A characteristic of its reduction product, the hydrazine,
We conclude that the reagent does dehydrogenate coal, but not very effectively.

It is believed that in dehydrogenation with the quinones, the hydrazyl and
triphenylmethyl perchlorate, the first step in all cases is a transfer of hydride
ion, H™, from the hydroaromatic system to the reagent. This step would leave a
carbonium ion, and the first stage of reaction must then be completed by loss of a
proton, H+, so that the net result is elimination of a hydrogen molecule, Further
hydrogen molecules are removed in the same way until the ring has become aromatic,
Now some carbonium ions are known to be stable, 'and so it is possible that in the
reaction of coals a proportion of the H™ loss is not followed by elimination of
The carbonium ions in the coal could then react with some species derived from the
reagent, in an addition reation. For example, if a quinone takes up H™, the hydro-
quinone mono-anion is formed, and if this reacted with a carbonium ion, a covalently-
bonded ether would result. If triphenylmethyl perchlorate is the reagent, then a
coal carbonium perchlorate would result, in which the bonding is essentially ionic.
We have, therefore, a possible explanation of why all four reagents add to the coal
to some extent, which in the case of quinones would replace the Diels-Alder hypothe-
sis. 1In the case of the perchlorate reaction, it should be possible on the above
hypothesis to remove the perchlorate ion and a proton from the coal, thus completing
the dehydrogenation step, by treatment of the product with a suitable base, We have
investigated the use of triethylamine for this purpose.

Peoverlz, and Cunningham, Given and Wyss (unpublished observations) found that
the products of dehydrogenating some British vitrains with triphenylmethyl perchlorate
weighed 30-50% more than the coal originally taken. J. K. Brown (unpublished) found
absorption in the infrared spectra of the products characteristic of the perchlorate
ion, but could find no sign of the presence of the triphenylmethyl group. We have
dehydrogenated the Bruceton vitrain and the vitrinites MP 10a and-10b with the re-
agent, washed the product thoroughly with acetone, and find the weight increases
shown in Table 4. The products were refluxed with triethylamine (b.p. 89.5°C) and
suffered the losses in weight shown in the Table. It will be seen that with the two
vitrinites the addition of reagent was relatively small, but nearly the whole of it
was apparently eliminated by amine treatment.

In the infrared spectra of all the dehydrogenated products, the aliphatic C-H
bands at 2920 and 1420 cm”™ (3 45 and 6.90y) were decreased in intensity. All the
spectra showed a broad region of absorption between 1030 and 1120 cm~l (8.9 to 9.7u),
that is, in the position where the perchlorate ion absorbs strongly. This absorption
was completely removed by the amine treatment. The products also showed well-defined
absorption in the aromatic C-H bending region at 698 and 745 cm~l, which was not re-
moved by amine treatment. The triphenylmethyl group in the perchlorate and the alcohol
absorbs strongly at 698 and 753-760 cm-l; in spite of the fact that the second fre-
quency is somewhat higher than that in the spectrum of the coal products, this suggests
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that some triphenylmethyl anion or triphenyl methane is retained by the coal, On the
other hand, dehydrogenation will increase the aromaticity of the coal, and this should
cause increased absorption in this general region.

Table 4. Weight Changes in Dehydrogenations with Triphenylmethyl Perchlorate

Bruceton vitrain Vitrinite 10a Vitrinite 10b

Wt. gain in reaction, % 36 16 18

Wt. loss on amine treatment,
% of wt. of untreated coal 12 14 17

There were indications in the spectra that v1tr1n1te MP 10b was somewhat more
extensively dehydrogenated than 10a.

There is therefore some support for the suggestion that the perchlorate ion
at least is retained in the coal products on carbonium ions which are intermediate
products of the dehydrogenation, though perhaps it should not yet be regarded as
proved. Amine treatment is fairly effective in removing the ion. The matter is
under further investigation.

. . . 14

As an alternative approach to the study of dehydrogenation, we are using C" -
labelled benzoquinone, in the hope that a radiochemical determination of quinone
retained will permit us to correct elementary analyses of the products to a quinone-
free basis. The method will also facilitate study of the removal of the quinone.

General Discussion and Conclusions

We believe that the introduction of chloroform as a solvent for vitrinites
reduced with lithium in an amine represents a significant advance, which should
facilitate further study of the chemistry of the reaction and the application of
n.m.r. techniques. It should prove particularly useful with vitrinites of higher
rank than those used here, where higher solubility is to be expected, and on the
present evidence the study of the reaction and its products does provide a semsitive
means of distinguishing between closely related macerals. The single n.m.r. spectrum
of a reduced product so far obtained suggests a number of detailed interpretations
with most interesting implication for coal structure, but these will not be discussed
until more data are available.

Some contribution to the understanding of the mechanism of dehydrogenation
reactions has been made, but it cannot be claimed that a fully satisfactory procedure
has yet been found. Information merely about the amount of hydrogen removable, with
out any further study of the products, would be useful in the study of macerals, and
of the methods available at present for obtaining it, the catalytic method is
perhaps the best.

There is now available a fairly detailed set of data on two pairs of highly
purified vitrinitic materials. It has been established that between the members of
each pair there are significant differences in elementary composition, in distri-
bution of hydrogen and of oxygen functional groups, and in response to lithium
reduction. In the case of the pairs from the same pillar section, the chemical di:-
ferences are matched by a difference in reflectance, The reflectances of the two
coals of different geological age do not differ much, but we must conclude that ir
spite of this the samples are of somewhat different rank in a chemical sense. This
apparent discrepancy between petrographic and chem1ca1 rank may be associated with
the difference in age and origin.

The results throw some light on the problem of the heterogeneity of the
vitrinite group of macerals, but more data are obviously required before firm c.-
clusions can be stated,
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Experimerital

Spectra. All infra-red spectra were run in a Perkin-Elmer Model 21 Spectrophotometer;
the samples were dispersed in KBr pellets, a blank KBr window being placed in the
reference beam. In order to obtain reliable optical densities, the weight of samples
was taken to the nearest 0.01 mg. on a micro-balance, and the window thickness was
measuted with a micrometer. Peak heights were measured by the base-line technique.

The n.m.r. spectrum was run on an approximately 2% solution of material in
deuterochloroform. A Varian A-60 spectrometet was used.

Lithiim Reductions. The procedure previously described4 was followed; approximately

1 gm. coal samples were taken in each experiment, and 8 hrs, reaction time was allowed.
The extractions of the products were run on 0.1 - 0.2 gm,.samples, which wete shaken
mechafically with 4-6 ml. solvent at room temperature for 24 hours. To recover the
extracts; solutions were evaporated slowly under nitfogen and the residues dried in
vacuum at 100°.

Dehydrogenations. 3,5,3',5'-Tetramethyldiphenoquinone was prepared by the oxidation
of 2,6-xylenol with benzoyl peroxide in chloroform.® In the dehydrogenation reactions,
0.3 gm. coal was refluxed with 1.2 gm. of the quinone in 30 ml. dimethylformamide
under nitrogen for 5-1/2 hours.

In the use'of diphenylpicryl hydrazyl, 0.1 gm. coal was refluxed with 0,3 gm.
hydrazyl in 30 ml. of either pyridine or chloroform for various lengths of time up
to 24 hours.

The above méthods were applied only to the Bruceton vitrain.

The reactions with triphenylmethyl perchlorate were run as follows. About 1 gm.
coal was refluxed with 10 gms, perchlorate in 50 ml. glacial acetic acid for 30-35
minutes. After cooling the liquid was poured into acetone (to dissolve the triphenyl-
methane formed and any unchanged perchlorate) and filtered. The residue on the filter
was shaken mechanically in a further 100 ml. acetone for 5-8 hours, filtered, washed
on the filter with more acetone, and dried. A portionof the product (about 0.2 gm.)
was refluxed with triethylamine for 2 hours; the liquid was cooled, and filtered,
and the product was washed thoroughly with methanol and dried.
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Appendix:- Elementary Analysis of Coal Samples

As a result of experience accumulated during the research reported here,

we have reached certain conclusions about the preparation of samples for analysis
and about analytical procedure, which we wish to place on record.

1. Samples should be submitted for analysis and analysed in an undried

condition. The moisture content should be determined carefully at the same time as
the other determinations, and the hydrogen and oxygen contents corrected appropri-
ately.

) In conditions of medium to high humidity and relatively low temperature,
well dried coals are very hygroscopic and can absorb moisture from the air while being

handled and weighed.

2. Freshly mined samples and samples that have been separated by float-and-
_sink in organic solvents should be thoroughly dried, and then allowed to come to equi-
librium with moist nitrogen at a suitably controlled humidity.
solvents, etc. being determined as moisture.

so that any change of weight on exposure to moist air is slow.

3. Ash should be determined separately, as in a proximate analysis; weigh-

ing the residue after the combustion for the C and H determination is not reliable,

4, Wherever possible, oxygen should be determined directly; by comparing
the sum of the various determinations with 1007 a valuable check on the correctness

of the whole analysis is obtained.

This prevents methane,
The controlled humidity can be chosen
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HEATING OF COAL WITH LIGHT PULSES
E. Rau and L. Seglin

FMC Corp.. Central Research & Development Center, Princeton, N. J.

Introduction

The carbonization of coal is normally carried out under conditions
of relatively slow heating, the process taking many hours. During the past
decaii/e, interest has arisen in faster heating rates. Thus, the use of fluidized
bedsl, circulating heated pebbles? , and hot-gasl/ carbonization treatment
has reduced the heating periods into the time range of seconds or less.
Investigators have 31/‘eported in detail carbonizations in time ranges as low
as 60 milliseconds Nelson reportethhe use of flash heating on coal
samples but did not detail his findings His technique resulted in one
to three milliseconds exposure. The present work was undertaken to ob-
tain further information on the effect of flash-heating on coal using even
shorter exposures.

Experimental

The flash unit consisted of a flashtube holder, four 100pF capacitators,
and a 4000V power supply. A GE FT524-Xenon-filled quartz helix flashtube
was used. The flash unit was incorporated into a gas-handling system as
shown in Figure 1.

The duration of flash is a function of the electrical circuit, particularly
the capacitance and the resistance of the flashtube. By definition, the flash
duration is considered to be the time from the initial 1/3-peak power to the
final 1/3-peak. With a given tube, the length of the flash varies with the
capacitance. E}‘he flash duration was determined from data supplied by the
manufacturer Table 1.

P S S S

LTV VY g

— e

D S




R SN N = VN S

At e e n

-

e A e

155

TABLE !

Flash Characteristics

Time above 1/3 power, . sec.

"

- = -

Capacity Max. - Min. Input, joﬁle Output, j/sq.cm.
100pF 230 195 800 3.7

200 - 305 1600 o 7.5

300 - : 415 2400 - 11,2
400 800. 520 3200 15

*The internal surface of the helix is 62 s$q.cm.

The input energy dissipated in the flash was computed from the
formula E = 1/2 CV?, where E is the energy in joules. C is capacitance in
microfarads, and V is voltage in kilovolts. Thus, the FT524 tube emits 15
optical joules/sq.cm. for an energy input of 3200 joules. But, as seen above,
the light energy output is considerably less than the input energy. Approxi-
mately 30 percent of the input energy was radiated into the test cylinder,

The experimental system used is shown in Figure 1. Usually 10
mg. of pulverized coal {less than 10 microns in size) were transferred
into the quartz reactor and suspended on the walls by rotating the reactor.
The reactor was then carefully placed into the helix of the flashtube, con-
nected to the manifold, and evacuated. After flashing at the desired energy
level, the pressure rise was measured and a gas sample was taken. The
residual solids were sampled or weighed when necessary.

As the characteristics of both the lamp and the quartz reactor
tended to change with time, test series designed to achieve specific goals
were run closely together.

Results

A series of coals having increasing volatile matter content were
studied. Their compositions and proximate analysis are shown in Table II.
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TABLE 11

Composition of Coals Used

Coal Elkol! Federal No. 1> Kopperston No. 22 Colver?
Proximate Analysis, :
%, dry basis

Volatile Matter 40.7 37.7 31.6 25.3
Fixed Carbon 54.6 56.8 63.9 68.5
Ash (dry) 4.7 5.5 4.5 6.2

Ultimate Analysis,
%, dry basis

Carbon 70.6 78.4 85.1 80.6
Hydrogen 5.4 4.9 6.2 5.3
Sulfur 1.0 1.9 0.7 0.8
Nitrogen 1.2 1.5 1.5 1.5
Oxygen ’ 17.1 7.8 2.0 5.6
Ach 4.7 5.5 4.5 6.2

lKemmerer Coal Co., Frontier, Wyoming

Eastern Gas and Fuel Associates, Pittsburgh, Pa.

The composition of the evolved gases from the last three coals is
shown in Figure 2 through 4. As the energy of the flash is increased, the
gas composition changes. Hydrogen increases, the volume percentage of
C,H, remains nearly constant, while the more saturated hydrocarbons de-
crease. CO, decreases, while CO increases.

The gas-composition trends are consistent with increased cracking
of the evolved gases with the higher temperatures associated with the in-
creased energy. Thus, the more saturated ethane and ethylene are replaced
by acetylene. Also, methane may crack to acetylene. However, the acetylene
may decompose to carbon and hydrogen.

1t is of interest to relate the product concentration to the volatile
matter of the coal. The younger coals show less hydrogen and methane in
the product gas. However, increasing the energy input increases the concen-
tration of both of these gases, Figure 5.
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Tests were also run to determine the effect of various atmospheres
on the product distribution. As stated previously, most of the experiments
were run in vacuum. lIn a departure from this usual practice, nitrogen was:
added to serve as an absorber for the high energy believed existent in the
products. It is seen in Table IiI that 10 mm. of N; had no significant effect,

when compared with the vacuum runs.
TABLE III

Effect of Increased Pressure

200- x, 325-mesh Elkol particles, 3200 joules input

Gas
Composition, mol % 10 mm N, . Control (vacuum 0.1 mm)
H, 44.5 , 42.4
CH, 0.9 0.7 -
C,H, 20 : 20.7
cO ' ’ 24.5 25

The effect of hydrogen in repressing the decomposition reactions
was investigated next.. Two pressure levels were investigated. It is seen
in Table 1V that increasing the H; pressure decreases the C,H, while in-
creasing the CH,. This is consistent with inhibiting the reaction.

2CH, — C,H, + 3H,

Some saturation of the C;H;, could alsc have occurred. Increasing the
pressure increased the effect. Two sets of control runs are quoted
because the tests were run at different times and the physical conditions

of the reactor, light, etc. had changed.
TABLE IV

Effect of Hydrogen

Elkel. 5-10u, 3200 jcules energy input
Mole % (on H,-free basis)

Higher pressure comparison Lower pressure comparison
control (0.1 mm 10 mm H, control (0.1 mm

Gas Composition 160 mm H,

vacuum) ) vacuum)
CH, 4.8 0.8 0.4 0.4
C;H; 9.5 25.0 25 37.8
cO 85 65.5 71 49
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The effect of steam on the reaction was studied by adding a drop

obtained with H;.

the energy input.

TABLE V

Effect of Water

As shown in Table V results are similar to those

Elkol, 3200 joules energy input

Gas Composition.

mol % With H,O
H, 48
CHgy 2.6
C,H, - 8.2
CO 30.1
C,'s 4.9

Without H,0
59
1.0
14.7
21.4
2.7

In the above results, all changes were attributed to variation of

However. the exposure time varied concurrently. With

the available set-up, it was not practical to vary the electrical circuitry.
Mechanical screening of the coal proved most practical as a means of ’
varying the energy at constant exposure time.
of using a double quartz reactor and interposing three layers of 18- x 14-
mesh metal screen between to cut down the adsorbed energy without af-

fecting the time, Table VI.

impinging energy, reduces cracking reactions.

The technique consisted

It is seen that the screen, by reducing the

TABLE V1

Effect of Energy Variation on Yield

Double Quartz Walls

Elkol ceal, average particle size 5-10u

With Screen

Wirhout Screen Without Screen

Electrical Energy
input 32005

Gas

Composition.
mol %

H, 1
co 5
CO;

Cz! S

Cy's

CH,

O N O~ WA O

O NN

[\9)

3200;

59

1.
14.
21,

N ok O

~

800j

44

12.0
18

O o~ O~
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Mass balances around the reactor show recoveries of 74 to 110
percent. The weight of gas was determined from the pressure rise. The
solid residue was washed into a Celite filter-aid bed for weighing. In none
of the tests was there any evidence of tar formation. As seen in Table VI1I,
the amount of gas produced varied randomly, reflecting poor reproducibility
in exposing all of the coal to the flash. Some of the coal invariably fell to
the bottomn of the reactor during handling. Also, some coal obviously was
blown from the reactor wall during the volatile-matter release.

TABLE VII

Mass Balances

All runs at 3200 joules energy input

Recovery, mg.

Coal Wt. Charged, mg. Wt. Solid Wt. Gas % Recovered
Elkol 10.6 5.4 3.2 81
Elkol (N, run) 10.2 5.5 6.2 115
Elkol (H, run) ' 10.4 6.9 4.0 105
Elkol (H, run) -11.3 8.6 3.8 108
Johnstown 9.7 8.5 1.7 105
Johnstown 10.7 6.7 1.8 80
Johnstown 10.1 8.5 2.5 . 110
Powhattan . 10.1 6.3 2.9 92
Powhattan 10.0 7.6 2.8 104
Illinois No. 6 10.4 8.8 1.4 98
West Virginia 10.3 4.8 2.8 74
West Virginia 9.7 6.0 2.6 89

Since the distribution of solids and gas did not give a realistic
estimate of the percentage of coal volatilized, various other techniques
for obtaining this parameter were investigated, but none were successful.

Microscopic examination of the residues showed the presence of
carbon-black particles. The presence of these particles could be interpreted
as being the residue of almost completely vaporized coal particles or the
final product of a hydrocarbon-cracking sequence. A variety of tests were
therefore devised to clarify this point.

1) In order to preserve as much of the hydrocarbons as. possible.
an even faster quench was attempted. A special reactor vessel with a central
cooling thimble was constructed by suspending a small 4-inch test tube within
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a larger one. Thé thimble was filled with either a dry ice-acetone mixture
or liquid nitrcgen. At first, the cold thimble was placed above the top of
the flash tube. Black scoty material was found all over the condenser indi-
cating that gas-phase decomposition could hae occurred. ,The thimble was
lowered until it was finally completely within the flash zone. When liquid
nitrogen was used, the thermal shock shattered the glass apparatus. How-
ever, the socty appearance of the condensed particles persisted.

2} Attempts were made to distinguish microscopically between
unreacted ccal, char and acetylene black. The fineness of the starting
materiz] made direct decision among *he pessibilities impossible. Attempts
to produce very uniformly sized cozl were essenrially unsuccessful. It was
finally decided rc attempt direct compariscn by phetographing specific areas
of slides before and after flashing. The results are shown in Figure 6. The
A designation indicates that the picture was taken before flashing. the B,
after flashing. The grid was superimposed on the slides during printing
and serves to locate points of interest. it can be seen that large clumps
of coal were blewn cff the slide by the flash. For ex2mple, compare Figure
6A - B areas 7D. 2F. Some glass was blistered as in Figure 6B, areas
8D, 9F. Importan’ obser—aticns can be made in Figure 6A - B. 2reas 8D.
8E - F. Here particles can be identified before znd after exposure (note in
particular the part:cle shaped like the state of New Jersey in the upper
center of 8D}. The particles are essentially similar in shipe before and
after the flash, thus indicating that complete decompesition oi the coal has
not occurred. Obvicusly these coals were not screened from the flash, as
any particle which could be seen by the camera should also have been ex-
posed to the flash. The conclusion therefore must be that only partial
vaporizaticn ¢r decompcsition of the ceal particies occurred. Howewer,
the exact magr:tude cannct be determined since the ccal particles expind
during the coking prccess.

Conclusions

‘Flash heating is a practical technique tc preduce shert perieds
of h:gh temperature in coal particles. The percertage ci ccal <cla-ilized
could nct be determined, but microscopic examin2‘ocn suggesrs that total
vaporization did nct take place. Nc liquids were recovered. hu* the gases,
whether produced directly or indirectly by crack:ng of precursor rars.
contained many valuable constituents.
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FIGURE 6A:

Before flash Each scale division = 2 microns

Energy of flash 3200 joules.

Elkol, powdered, then twice elutriated to separate out
the fines; average particle size about 5 microns.




FIGURE 6B:

After flash Each scale division = 2 microns
Energy of flash 3200 joules.

Elkol, powdered, then twice elutriated to separate out
the fines; average particle size about 5 microns.
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Extensive Reduction of Coal by a New Electrochemical Method

Raymond E. Markby, Heinz W. Sternberg, and Irving Wender

U. S. Bureau of Mines
4800 Forbes Avenue, Pittsburgh 13, Pennsylvania

In recent years electrolytic methods have been employed in the reduction and struc-
tural elucidation of coal (1, 2). The usefulness of these methods is limited by
the fact that the benzene ring (that is, the isolated benzene ring as in benzene or
tetralin) which may represent a large portion of the coal structure, has not
previously been reduced electrolytically. Work in this laboratory has showm that
reduction of benzene can be achieved by electrolysis in ethylenediamine saturated
with lithium chloride (3). The same method has now been successfully applied to
the reduction of a high rank coal and has resulted in the addition of 36 hydrogens
per 100 carbon atoms. The best electrochemical reduction achieved (2) prior to
this amounted to the addition of 14 hydrogens.

EXPERIMENTAL

Six grams of the coal (Pocahontas vitrain ground to pass 325 mesh) suspended in
100 milliliters of ethylenediamine containing 1.4 grams of lithium chloride was
electrolyzed at 33° between carbon electrodes at 0.5 amperes and 115 volts.
Apparatus and technique of electrolysis (3) and recovery of the reduced coal (4)
vere the same as described previously, Current efficiency at the beginning of the
electrolysis was 46 percent and dropped to 10 percent after 16 hours. The elec-
trolysis was continued for an additional 15 hours during which time the current
efficiency remained practically comstant. The reduced coal was recovered from the
solution, analyzed and subjected to a second electrolytic reduction., The current.
efficiency at the beginning of the second electrolytic reduction was 20 percemt
and dropped to 8 percent after 16 hours. The electrolytis was continued for 15
hours during which time the current efficiency remained at 8 percent. Recovery

of the reduced coal was 95 percent. The reduced coal was tan-gray in color and
73 percent soluble in pyridine; the solubility of the unreduced coal was only 3
percent. The analyses of the original and reduced samples are shown in Table 1,
The ratio of total hydrogen taken up by the coal to lithium chloride used was
about 2:1,

DISCUSSION

Perhaps the most interesting result is the fact that the solubility of the
electrolytically reduced coal in pyridine at room temperature (73 percent) is
higher than that of the same coal reduced chemically (4) with excess lithium in
ethylenediamine at 90-100°. 1In the latter case, 45 hydrogens were added but the
solubility was only 63 percent, It is conceivable that chemical reduction at
elevated temperature, in contrast to electrolytic reduction at room temperature,
is accompanied by polymerization resulting in a decrease in solubility.
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TABLE 1. - Electrochemical reduction of Pocahontas vitrain
H atoms added?
per 100 C atoms in
Substance c ] N ) Ash starting material
Original vitrain 87.94 4.53 1.12 1.01 3.10
88.09 4.58 1.15 0.97 2,98
Pirst reduction 81.82 6.29 2.93 1.12 3.97 21.1
81.77 6.15 3.29 1.21 3.76
Second reduction 80.81 7.21 3.82 0.31 3.85 36.1
80,73 7.19 3.80 0.51 3.21
Method of calculation as described in reference 4.
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Destruction of the Ceking Quality of Bituminous
Coal in a Fixed Bed

8. J. Gasior, A. J. Forney, and J. H. Field.

U. S. Bureau of Mines, 4800 Forbes Avenue -
Pittsburgh 13, Pennsylvania

INTRODUCTION

Production of a high-Btu pipeline gas fram coal appears to have great
potential for consuming coal in large quantities. Fixed-bed pressure gasifi-
cation wvith steam and oxygen is hizhly etiroctive for the production of high-Dtu
gas beceuse 2 gas with 2 high methane content is mede withi camparatively low
oxygen requirements. Hovever, strongly caking coals cannot be pocified effic-
iently in a fixed bed becouse they agglomerate and fuse vhen beated througl:
their plastic rznge. This would render & Tixed-bed zesifier inopersble. ilost
st and Midwest, wvhere the lormest markets for pipeline

coking.

cozls found in the
sas exist, are high

ave produced o noncalking Tuel Trom

1
Immerous commercial processes
specific

bituminous coal for many years; however, cach waz developed for
purpose- ocher than for fixed-bed gasification, and wmz not
as a preliminary to zasification. Consecuently en
arogiren was initiateld by <he Bureau of ifines to develop e process for pre-
treating a caking bituminous coal specificelly for fixed-ted gasifisation.
e

Bazed upon the peneral knovledge thet themal or oxidetive treatment or a

(2]

combination of the two destroys the caking property of coal, & process was
envisioned which -rould utilize the above. An integrated pretieatment and

zasification scheme apreared advantageous vhercvy all or part of the feed pasec
to be fed to the gasifier, or the hot, raw product gas could be used in the -
pretreatnent, and the wolatile matter evolved during pretreatment could be

retuined as fuel to the gasifier.

Use of thermal pretreatment in an oxidizing atmosphere for treating a
highly caking coel of ygrenuler or gmall lunp size in a fixed bed presented
difficult problems. To make particles of this size nonagglamerating, the
tredtment would have to be drastic enough not only to afféct the surface, but
also the interior. Furthemore, because the coal expands on heating, com-
paetion in a fi:ed bed would be difficult to avoid. .

Therefore, the purpose of this invectigation was first to. determine
vhether the caking properties could be destroyed sufficlently in a fixed bed,
and secondly to determine the conditions requiring the minimum time and
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effecting the minirmum loss of coal. The criterion of successZul jretreatment
would be that the pretreatment could be ccrupleted without aggcicnmewrotion, snd
that after pretreatment the coal would not agglomerate in a hydrogen-ricit
etnosphere at conditions of temperature and pressure similar to those in =
fixed-bed gasifier. :

EXPERDENTAL EQUIPMENT AND PROCEDURE

Description of Apparatus

Tne schematic flow diapgram of the pilot plant for coal rreireatment zZiven
in figure 1 consists primarily of a gas heater and & vessel in which the coal
cen be heated and exposed to various estmospheres at controlled rates. The
vessel is a L-foot long, 3-1/2-inch diameter schedule 80 pipe made from 347
stainless steel. It 15 shown in figure 2. A ring joint blind {lange served
as a. charge port and closure at the topr ol the vessel. The bed of coal was
supported by 2 pexrforated stainless steel plate located £ inches ebove the
bottom of the vessel as shovm in fipure 3. iny all pretreatment tests
the coal wes alweys heated externally by electric heaters and internally by
the pretreating ges. The gas wes heoled by passing it throush a coiled tube
locatzed in ap electric furnace.

Gases Tlow normelly up throush the coal and out of the toy of the vessel;
ho v .

ever, several tests were perifomed with gases flowing dovm through the bed.
Zither nitrogen, carbon dionride, or sieam, or a mixture of these zases vas
satlsinctdry for pratreatment. In the renmainder of *his report the tern

"inert sas" is usad Lo vepresent uny of these rases. In some steps onygen
ves 2loo required, and this is specified in the procedure.

e e .

tures of the bed were meesured by thein
e 2

weouples inserted in
thermoirells located 1n the cente

v and at the perivthery of ths jretreater
:ahle and noinelly meocuvred the teupersture
t cente The bed. The thermowells entered the boiitonm
i ; el and thin one foot of the %oy flange. A differential
precouns instrument messured and recorded the preszure drop across the ©

xed

35

'_i
bed ef coal., en 2, prescure, and flov control are provided for at
the penel shoim in figure b,

ey

rrocedur

The following stepc of pretrestment cesivroyed “he s

e
bituminous coal in a fi:ed bed,

ung property of o

Coal, from 1/8- %o 1-1/2-inch size, was hested {rom embient terpe:
0 its initial coftening tenperaiure as wapidly o5 possible wwith an

1is tomperature varies with the type or rank of cozl, and usuelly is highes
then the softening temperature indicated by the CGiesler Plastoneter Test
(ASTi Dp-1822-50T).

1.
5

e e
nere 2e.

H

-

2. Coml wes held at softening tengereture for cbout 1 to 3 hours
an inert Zas containing aboul one volume percent of ogreen. About 17
of the volatile natter was removed during this step.

oLl

Percent

— kB
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3. Coal was heated through its plastic range in about 1/2 to 1 hour
with a superficial linear gas velocity that varied from 0.6 to 12 fest per’
second, depending upon the pressure and the oxygen content of <the inert
gas. An additional 33 percent of the volatile matter was removed, leaving .
about 50 percent of the original volatiles in the pre*reated char.

As an alternate %o steps 2 and 3, the coal could be ef‘fectively pre-
treated by gradually heating through its plastic range in about I hours.
A oretreatment vwas considered successiul after the coal was heated through
its plastic range without agglomeration in a fixed bed. The char 50 produced
flowed es freely as the original coal.

Testing of Chars and Coals

An arbitrary test vas devised in vhich chars produced by pretreatment
vere exposed in a firxed bed to hydrogen or hydrogen-rich atmospheres for 1
hour at 400 psiy and 600° C. The hydrogen-rich atmospheres contained nigrogen,
steam, carbon dioxide, and carhbon monoxide. These tests simulated gas com-
positions and conditions vhiich would be found in a coal gasifier. Chars
produced from coals heated through their plastic range without ceking in a
fixed bed never caked during these tests, indicating a strong probability that
a char so produced would not cake in an actuel gasifier. Coals not heated
through their plastic range invariably caked during the hydrogen test.

Free svelling index (FSI) ASTM Test D-720-57 values of about 1.5 or less,
vitich is usually indicative of a noncaking coal, were recorded for all chars
made from coals pretreated throuch their plastic range. Chars with FSI -
values were used as a guide in estimating the caking property of chars produced
during pretrestment. The ultimate and proximate analyses of coals tested and
chars produced were performed according to ASTM procedure D-271-L48.

laterial

High-volatile A bituminous (hveb) coal from the Pittsburgh seam, one of
the most strongly caking coels, was used in most of the pretreatment tests.
Hvab cozls from Sewickley, Upper Freeport, and Tagygart seams, in addition
4o a high-voletile (hvbb) coal from the Illinois No. 6 seam and a low-
volatile bituminous (1vb) coal from the Pocahontas No. Lt seam, were also -
tected and successfully pretreated. Anaiyses of coels tested are shovm in
teble 1. ’ :

RESULTS
Ar exanple describing a successTul pretreatment is as follows: A

Pittsburgh seam coal was heated with steam, at atmospheric pressure, con-
taining about 1 percent ogypen and flowing at a superficiasl veloedty of

3 feet per second, to its initial softening tenperature of 350°-370° C ond
maintained at that temperature for 3 hours. It was then heated through its
plastic range of 370° to L30° C in about 1/2 hour with the same zas at the
came velocity and pressure. The treatment s terminated vith nitrogen
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cooling the char to less than 100° C in sbout 1/2 hour. An inert gas con-

- taining nitrogen and carbon dioxide was also used to cool the pretreated coel

during other tests. A free flowing char was produced with a FSI indicative
of nonceking coal. The treated coal expanded about 50 percent-above its
original volume.

Heating coal with this same gas through its plastic range in 3 hours
also produced free flowing char. Replacing steam with nitrogen or nitrogen
plus carbon dioxide or a cambination of all three gases plus a small cmount
of oxygen destroyed the caking property of coal in a fixed bed as effectively
as the steam-oxygen mixture.

Heating coal, as described previously, vwith a gas conteining 0.2 percent
oxygen plus 11 to 4O percent hydrogen and the remainder nitrogen, carbon
dioxide, and steam produced a solid mass of char with no evidence .of pre-
treatment. This was an attempt to pretreat coal with a gas similar in
camposition to a gas produced in a coal gasifier.

The pretreatment technique developed in a 6-inch bed depth at atmospheric
pressure with gas flowing up through the bed also proved effective in an
18-inch bed depth with the gas flowing up or down. The bed expanded less
during the tests vith the gas flowing down; however, the char produced was
free flowing and showed no evidence of fusion.

Pretreatment at pressures of 50, 150, and 300 psig in a 6-inch bed depth
also was effective. Char produced at elevated pressures normally exhibited
less expansion than that made at atmospheric pressure.

The caking quality of hvab cosl from the Sewickley, Upper Freeport, and
Tag@art seams was as effectively destroyed as the Pittsburpgh ceam coal. OF

“the four hvab coals tested, Pittshurgh and Ugper Freeport seams required ebout

180 minutes of treatment at 360° to L430° C as compared to about 190 and 200
minutes, respectively, for the Taggart and Sewickley seams. The volatile
matter of all hveb coclg decreased duiring pretreatment from about 374 to 20
percent. Pretreatment of the hvbh corl from the Illinoic No. 5 sean: with a
high inherent moisture content of about 8 perecent ves relatively eacy,
requiring only 80 mimutes at 350° to 430° C, A low-volatile bituninous
(1vb) coal from the Pocshontas No. U seam containing about 15 percent volatile
matter was successfully pretrected at its plastic ranse of 470° to 510° C in
about 2 hours with otEd.'l Plus oxyren. The volatile natier content decreasad
fram 15 to @ percent during pretreatment. Analyses of chars produced fTrom
these coals during typical pretreatment are chovm in table 2.

Expansion of coal during pretreatment vas related to gas velocity and
pressure. Low velocities or high pressures produced less expansion. Coals
with high volatile metter content appeered to expand more. Preireaiment
appeared more difficult for hvab coals wiith a low o:yien con'bent.

Pretreatment at gas velocities approaching fluidization velocities of
about 13 feet per second appeared easier and required about 2 hours at 350°
to 430° C as conpared to 3 hours at a velocity of 3 feet per seconﬁ. At high
gas velocities, the oxygen concentrations in the pretreating gas were varied
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TABIE 2.~ Analysis, free sielli index and heating value of charc prod
2

during pretreatment with steam containing 1 to 3
volume percent oxygen at atmospheric pressure

a9

Char pre- : Proximate, percent Ultimate, percent
pared fram Volatile Fixed

bed Moisture matter carbon Ash H C N o]
Illinois #6 0.7 23.3 66 L 9.6 L.3 75.2 1.9 8.1 0.9
Pittsburgh .3 20.9 1.9 6.9 h.1 78.9 1.7 T.h 1.0
Upper Freeport .5 22.6 66 8 10.1 h.2 76.0 1.7 6.6 1.4
Taggart .2 23.1 73.2 3.5 L. 836 1.6 6.3 0.6
Pocahontas #4 .8 8.9 81.8 8.5 3.1 82.8 1.3 3.8 .5
Sewickley .6 22.1 62.9 1h.L 4.0 71.8 1.6 6.4 1.8
Char pre- Heating Free Max imum
pared from value, Btu swelling pretreatment,

Jed {dry basis) index temp., °C
Illinois #6 13,220 Ncy 430
Pittsburgh 13,580 NC 430
Upper Freeport 13,300 1.0 430
Taggart 14,560 1.5 430 -
Pocahontas #4 13,830 NC © 510
Sewickley 12,460 1.5 430

1/ N = Noncaking.

P
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fram 0.5 to 4.0 percent with good results, vhereas at gas velocities of 3.0
feet per second, oxygen content was limited to a range of about 1.0 to 3.0
percent. Low cxygen concentration in the gas is desirable because it allows
for close control of.the temperature. In tests with oxygen concentrations
above 5 percent, temperature control was difficult because of excessive
localized cambustion.

Figure 5 shows a typical raw coal used plus a char fram a successful
Pretreatment, and the same char after exposing it to a hydrogen f£low at 40O
psig and 600° C for 1 hour in a fixed bed. There was no evidence of fusion
and the char flowed as freely as raw coal. All chars produced dquring success-
ful pretreatment and subjected to this test did not fuse, or show any evidence
of fusion.

-Char produced in the manner described fram a Pittsburgh seam coal was
successfully gasified in a bench-scale, fixed-bed reactor with steam at
800° C and atmospheric pressure at the Bureau of Mines Coal Research Center
in Morgantown, W. Va. There was no evidence of caking during gasification,
and the results indicate that the char is quite reactive. Even mildly caking
coals agglamerated in similar tests.

Tests performed by the Direct Coal-Conversion group at the Bureau of
Mines Coal Research Center in Bruceton, Pa., in bench-scale equipment show
that the same char as above could be hydrogenated at 3,000 psig and 750° C
in free-falling bed without agglomerating. The char was crushed to a
30 x 50 U.S. Tyler mesh size for the hydrogenation tests.

DISCUSSION OF RESULTS

Results from tests performed at conditions other than those outlined in
the procedure for successful pretreatment indicate the need for close adherence
to the procedure. Several of these tests are described: Coal particles
heated directly through their plastic range with inert gas in a fixed bed
fused into a solid mass as shown in figure 6. Coal particles heated slowly
through their plastic range with a gas containing 11 to 4O percent hydrogen
plus 0.2 percent oxygen and the remasinder nitrogen, carbon dioxide, and steam,
also fused into a solid mass similar to the one shown in figure 6. This test
was an attempt to pretreat coal with a gas which was similar in composition
to a gas produced in a coal gasifier. '

Coal heated at its softening temperature of 360° to 370° C with inert
gas plus oxygen for 3 to 8 hours, and not heated through the plastic range,
also fused upon subsequent exposure to hydrogen at 40O psig and 600° C;
however, as shown in figure 7, there was some evidence of pretreatment since
discrete coal-char particles were discernible in the fused mass.

Investigators—L-/ha"e shown that oxygen was necessary for the reduction
or destruction of the caking quality of coal in fluidized or moving fixed
beds; however, evidence of camplete and relatively rapid destruction of the
caking property of coal in a statlonary fixed bed was lacking, Consequently,
the techniques as previously described were developed using small amounts of
oxygen and a controlled heating cycle to destroy the caking quality of coal
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in a fixed bed. The role that oxygen plays in helping to destroy the caking
property of coal in a fixed bed is not precisely known. However, it is
theorized that the "sticky" matter which is normally formed when coal is
heated through its softening and plastic renge is oxidized to a "nonsticky”
material.

The apparent differences in pretreatment time for f%? coal tested can .
also be attributed to oxidation. According to Radmacher®/the rate of
oxidation; that is, 'the rate of decaking", is genera]l¥ pendent on the

" oxygen content of the coal. On the other hahd, Schmidt!/reports that a 1vb
coal with & low axygen content was &lso relatively sensitive to oxidation.
This appears o confim our finaings since the hvbb coal fram the Illinois

. No. 6 seam, having the highest oxygen content of about 9.0 perceat, required
a minimm pretreatment time of about 80 minutes.. A pretreatment time of
sbout 120 minutes was required for the lvb coal fram the Pocshontas No. L
seam, vwhich contained about 2.4 percent oxygen.

Pretreatment time for the hvab coals generally was related to the oxygen
content. The Pittsburgh and Upper Freeport coals, having an oxygen content
of about 7.0 percent, required about 160 mimutes of pretreatment, followed
by about 190 minutes for the Taggart seam and 200 minutes for the Sewickley
seam. Both Teggart and Sewickley seams had a slightly lower oxygen content
of sbout 6.0 percent. The slight difference in pretreatment time for these
two coals could be attributed to the differences in volatile metter content,
since the Tageart seam had a volatile matter content of about 35 percent
compared to 42 percent for the Sewickley seam.

Chars produced fram hvab and hvbb coals containing a volatile matter

content of 20 percent or less always hed a FSI indicative of a noncaking coal.

On the other hand, even after it was heated at temperatures that destroyed
the caking quality of hvab coals, a 1lvb coal wvith a volatile matter content

of about 16 percent maintained a FSI of about 5.0 that is indicetive of a good

caking coal. This would indicate that the caking guality of a coal or char
wes not directly dependent upon the quantity of volatile matter it contained.

To get an insight into what was occurring to the volatile matter content
and FSI of a coal during pretreatment, a series of tests was performed at
different meximum temperatures. Each test of the series was performed with
a 600-gram batch of Pittsburgh seam coal treated with steam plus 1 percent
oxygen at atmospheric pressure at a gas velocity of 3 feet per second. Each
batch was heated directly to 360° C in 25 minutes. After reaching 360° C,
each individual batch of coal was heated to a designated temperature at
10° C intervals fram 360° to 430° C. The coal was heated at & rate of 10° C
per 25 minutes. Each test was concluded by rapid cooling with nitrogen as
Ireviously described. :

. ‘Analysis of char taken at 10° C intervals during the gradual heating of
a Pittsburgh seam coal through its plastic range indicates little change in
the FSI from 360° to 400° C. Heating to 410°, 420°, and 430° C effected a
rapid ‘decline in the FSI of the coal-char to 4.5, 2.5, and 1.5, respectively.
As shown in figure 8, the volatile matter content of the coal rapidly
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decreased, following the seme pattern as the FSI for every 10° C increase
above 400° C. Each 10° C increase was accompanied by an increase in pre-
treatment time of 25 minutes; thus devolatilization was a function of both

-temperature and time.

The pretreatment technique developed offers promise, fram an econamic
standpoint, as part of an integrated coal pretreatment and high pressure
steam-oxygen-coal gasification process. The pretreatment can be performed

‘at gasification pressure and part or all of the steam and a small part of the

oxygen fed to the gasifier can be used as in the pretreatment. Furthermore,
the gases and tars produced in pretreatment can be fed directly to the
gasifier as fuel. Not only would this conserve energy, it would solve the
effluent or off-gas problem from the pretreater. It is also conceivable
that the pretreater vessels could serve as feed lock-hoppers for the pressure
gasifiers, thus decreasing the net capital investment of the pretreatment.

CONC IIJS IONS
A pilot plant study has shown that the caking prorerty of a bituminous

coal can be eliminated by pretreatment in a fixed bed. The caking quality
of hvab, hvbb, and 1lvb coals was destroyed either by prolonged heating at

. the softening temperature followed by rapid heating through the plastic range
" with en inert ges containing a small amount of oxysen or by repid initial

heating followed by prolonged heating through the plastic range.

There was some variation in the conditions required for treating each
coal, but generally hvab coals required about 130 minutes of pretreatment
as compared to about 80 minutes for the hvbb coals. The chars produced did
not cake when exposed to a hydrogen atmosphere at 500° C and 400 psig,
indicating their suitability for use in fixed-bed gasification. The FSI
served as a guide to indicate that the cocal was no longer zgglomerating.
For most chars there wes no agglomeration when the FSI declined To about

1.5 or lower.
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RAW COAL H, EXPOSED CHAR ) PRETﬁEATED CHAR

yd 1]
Scale,inches

Figure 5. Raw coal used plus char from a typical pretreatment at 430 C
and the same char exposed to hydrogen for -1 hour at 600 C and
L0O psig.

o | 2 3 4 5 s
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Figure 6.. Solid mass of char made from ccal with no pretreatment.
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from coal with some pretreatment.
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Figure 8.=7Effect of temperature and pretreatment time on the free’
swelling index and volotile motter content of o
Pittsburgh seom caal.
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The Destruciion of the Cakin, Froperties of Coal
By Pretreatment in & Fluidized Bed

A. J. Forney, R. F. Kenny, S. J. Gasior, and J. H. Field

U. S. Bureau of Mines, 4000 Forbes Avenue,
Pittsburgh 13, Pennsylvania

INTRODUCTION

Gasification of coal to make a synthesis gas that can be converted

to fluid fuels is a means of suprplementing the country's liguid and gaseous

fuel supplies while at the same time increasing the merket for coal. i
lerge market for these fuels exists near the eastern coal-fields, but,
unfortunately, castern cosals do not readily yield to gasification in
comlercial filed-bed and fluidized-bed  asiflers. They become plastic
and sgglomerate hen heated to the pasification temperature, the
rermesbility of the bed Lo gas iz reduced, and objecticnable chonneling
oceurs., The Bureavw »f Minec is ilnvestigating methods of pretreating
coalcs to destroy ir caking properiiec in Oider “o Qrcraone theee
obstaclas to La Lo1r, The ultin j is to develor a lov
cost procezs. 7The Tirst phase of the -rorlt zonsisted of pretreatment
studies in a fluidized bed using vericus fluidizing geses and operating
conditions. The stuldies were conducted with strongly caking coels,
typical of those in the East. The results of the study and the operating
requirements necessary to destroy the caking properties of the selected
coals are reported.

2 objecti

Other research has been done on methods to destroy the caking
properties of these coals. Chansbasappa and Linden}_/ pretreated coal to
make & char for hydrogasification. They operated at 400® to 700° F
using a steam feed of 4-5 standard cubic feet per ,pound bituminous coal.
The time of treatment was 60-75 minutes. Nathanglpatented‘a fluidized
process for pretreating coal at a temperature of 316° to Lkl° C, re-
quiring 10-60 minutes and using 0.02-0.08 pound of oxygen per pound
coal feed. Char was recycled for temperature control. Kerl3/preheated
bituminous coel to less than 4%00° C with a gas containing oxygen.
Sylvander_lf/ also preheated coal, to a temperature below the plastic range,
using oxygen. Welinskyé operated a fluidized cerbonizer, the first siage
at temperatures within the plastic range of the coal (725° to 825° F).
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Recygle char from the second stage is added to the feed in the first.
Foch‘_’}car‘bonized coal in a three-stage sysitem. He dried and rrehectec
coal to 570° to T50° F in.the first stage using gases resulting from
partial combustion of pyrolysis gases from the second stege. The pre-
heated coal in the second stage is cerbonized using preheated zir. The -
char is cooled in the third stage.

When a caking coal is heated it becomes viscous and plastic at a-
given temperature range that is characteristic of the coal. This property
nakes caking coals nonusable in fluidized-bed and fixed-bed gasifiers
because the coal sticks to the walls and the particles agglamerate. The
Bureau investigated a cambined thermal and mild oxidation treatment to
destroy in a fluidized bed the caking properties of typical coals found in
the eastern United States. Although the method described in this paper was
successful it is not known definitely why the pretreatment mokes the coal
nonagglamerating. It cannot be attributed entirely to oxidation of the
surface of the particles, because the resultant char contains less oxygen
than the original coal. (See table 1.) Rapid thermosetting of the liquid
phuse as it forms may be an explanation, but this needs to be confirmed by
experimental studies that are beyond the objectives of the investigation.

A variable study was made to determine operable conditions for pre-
treating the coal to a nonagglomerating state in the minimum time with the
least loss of valuable components. ’

APPARATUS AND EXPERIMENTATION

i flowsheet of thc bench-scale unit is shown in figure 1 and a photo-
graph of the unit is shown in figure 2. The reactor is & l-inch diameter
stainless steel tube with an effective length of 18 inches. It is surrounded
by electric heaters capable of heating the reactor to 900° C. Thermocouples
are inserted both from the bottam and the topr of the reactor. The usual
nethod of operation is ‘o heat the reactor while setting the proper gas
velocivy to give fluidization. This 7elocity was determined by experi-
nentation in a glass tube at atmospheric temperature and pressure and then
was corrected for the operational conditions. A4fter the desired temperature
is, reached, the coal is charged to the reactor. The gases are collected
aiter leaving the reactor and passing through a condenser and flask to
remove the tars. When inert gas is used for treating the coal, the exit
gas is not collected because the gss originating from the coal is too
hignly diluted oy the inert gas to give significant results.,

Different conditions of operation were tried in the develoyment of
the process. The follewing fluidizing gases were used:
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Steam

Steam plus air

Inert gas (N2 + COp + 0.1-1.0 percent Op)
Nitrogen (contains 0,1-0.3 percent 0p)
Prepurified nitrogen (essentially Oz-free)
Helium (essentially Oz-free).

Heat was transferred to the coal through the reactor wall (gas entering
cold) and fram the preheated gas (reactor wall maintained at the same
temperature as the bed). '

Pittsburgh seam coal from the Bruceton mine was used principally,
but Pocahontas, Illinois, Sewickley, and Taggart coals also were treated.
The rank and analyses of the coals are shown in teble 1. The free swelling
indices of these coals range fram 4.5 to 8.5. The free swelling index is
indicative of the caking quulities of the coals. If the index is reduced
below 2 by pretreatment, the residue is usually noncaking.

‘To supplement the indicated results from the free swelling inde:: .,y
another test was devised to verify that the char was noncgzlomerating
sample of the char was placed in a cersmic boat and the boat placed in a
quertz tube in an electric furnace. The char was heated to 600° C while
pure hydrogen was passed thirough the tube. The char wvas considered noncaking
if after hydrogen treatment it flowed freely out of tne boat. ILater, to
test it more severely, the char vas exposed to hydrogen at 900° C. Usually
if the free svelling index was less than 2, the hydroge:n test indicated
noncaking also.

Because tnis pretrcatment process was developed pirimarily to make s
nomagglomerating fuel for o pasification process, thz hydrogen test is more
pertinent than the free swelliny index test. As the chor is fed into tle
gasification unit, it will come in contact with hot hyd.ogen-containing wro-
duct zmses of the gasifier, & conditicn simlated by the h,drosen test ab
500° or 7007 C.

DISCUSSION OF RESULTS

Initially Pittsburgh seam coal, 10-1k mesh, vas uced vith inert g
or nitrogen as the treating gas. The gas velocity for fluidizing at
atmospheric pressure was about 2.5 feet per second, and the expansion of
the bed was about 100 percent. Early tests showed that the individual coal
particles expanded 100 percent or greater at temperatures of 400° to 450° C.
Because-of the expansion of the treated particles and the fluidized bed, the
size of the charge was limited to 35 grams (60 cc). Vhen the fluidized bed
of coal was heated indirectly by transfer through the reactor well, the
coal particles agglamerated and adhered to the wall, making the unit in-
operable. However, vwhen the heat was supplied by direct transfer from the
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gas vhile the reactor wall was maintained at a temperature for adiabatic
conditions, the coal's caking properties were destroyed by the treatment
and the unit was operable. The coal particles swelled and became globular.
Pretreatment was successful vhen inert gas, steam plus air, or nitrogen
wvas used, whereas sgglameration occurred at the same operating conditions
whén helium, steam, or prepurified nitrogen was the treating gas. This
difference in results was traced to the presence of a small quantity of
oxygen (0.1-0.3 percent) in the inert gas and nitrogen, and the s.b.,ence of
a measura‘ble quantity of oxygen in the other gases. ;

The effect of temperature on the caking progerties of Pittsburgh seam
coal is shown in fipgure 3. [our mesh sizes of coal were fluidized with an
inert gas containing 0.8-1.0 percent oxygen. Plotted are the increase in
volwume, the weight loss of the coal, and the free swelling index of the
resultant char -rith voriation in treatment temperature. . These results are
more relative than ebsolute, but the trends of the aifferent sizes are
realistic. The lorger particlec were exposed to more o:ygen than the smaller
ones because the linear velocity was higher for the fluidization of the
lerger particles. The coal was maintained at the test temperauure for 30
ninutes in all tests. Poor fluidization o"*mred in all tests &t kso° ¢,
and with the 8-10 and 10-1k mesh sizes at L25° ¢. The 28-48 and 48-100 me
were successfully pretreated at 425° C, as were all sizes at 400° C. While
the fluidization of the coals was setisfactory in the reactor at 375° C,
the chars caked vhen they were tested at 600° { with hydrogen, indicating
insufficient treatment. The free swelling index test corroborates the
hydrogen tests because the index wes highex th._n 2 at 375° C and no higher
than 2 for all tests at L00° C, and below 2 =t 425° and 150° C. As the
temperature of treatment increased, the vem,hu loss increased as more of
the volatiles were removed. There was & greater increase il bulk volume
with increasing temperature. These tests chowed that the caking gquality
of Pittsburgh sean coal of 28-43 and 48-100 mesh wes destroyed at 400° to
425° ¢ in 30 minutes.

The effect of pressure on the caking properties of Pittsburgh coal is
shown in figure L. During these tests a 48-100 mesh size coal was fluid-
ized with an inert gas conteining 0.8 to 1 percent oxygen for 30 minutes
at L0O° C. Chars made at all pressures were noncaking. The volumetric
expansion became less as the pressure increased from O to 300 psig..

The weight loss decreased as the pressure was increased from O tb“75'psig, )
then did not change with further increase in pressure. A lihear gas velocity
of about 0.k foot per second was necessary for fluidization of 1#8 100 mesh
coal at all the pressures, so that at the higher pressures a larger quantity
of gas flowed through the coal. Generally, there was no significant change
due to pressure. The only novel effect occurred when the pressure was re-
leased when the char vas removed fram the reactor. Some of the particles
seemed to explode, probably because trapped gas was released due to de-
pressurization. This effect was observed at all pressures above atmospheric.
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Varying the time of pretreatment of Pittsburgh seam coal of 18-100
mesh produced the results shown in figure 5. Nitrogen containing 0.2 per-
cent oxygen was the treating grs, and operating temperatures were 400°
and 425° C. As shown in this figure, the char made by treating at 425° C
for five minutes could be subjected to a hydrogen atmosphere at 900° C
without caking. The free swelling index of this char was 1.5. The weight
loss of the coal was 10 percent. Pretreatment for only 1 minute at L25° C
was enough to produce a char that did not agglomerate at 600° C with
hydrogen. However, the free swelling index of the char was 6-1/2, still
indicative of a caking coal. Apparently the test with hydrogen at 600° C
is not severe enough to determine if the.coal has been rendered noncaking
throughout. Same difference between the free swelling index and hydrogen
exposure tests can be expected because the char is ground for the free
swvelling index test but is used in its original state in the hydrogen
tests. The weight loss in the l-minute test was 8 percent. When the
coal was treated at 400° C, the minimm pretreatment time was ‘20 minutes
for the char to remain nonagglomerating in the hydrogen test at either
600° or 900° C. The free swelling index was 2, indicative of noncaking.
The weight loss vas 10 percent. Since the weight loss at both 400° and
425° C vas about 10 percent, the higher temperature is more desirable
because less time is required for treatment.

The effect of temperature on the volume and composition of the gas
made during coal treatment with pure steem for 30 minutes at 375°, 400°,
and 425° C is shown in figure 6. As the temperature increesed, the hydrogen
yield increased fram about 5 to 2 cubic centimeters of gas per gram of coal
charged. The methane yield increased from about 1 to 5 cubic centimeters
per gram, and the Cz yield increased also. The yields of carbon dioxide,
nitrogen, carbon monoxide, and oxygen remained relatively constant. A gas
of higher heating value was made at the higher temperature of operation.

The effect of varying the temperature of pretreatment of Pocahontas
No. 4 (1vb), Taggart (hvedb), Illinois No. 6 (hvbt), and Sewickley (hvab)
coals is shown in figure 7. Nitrogen containing ibout 0.2 percent oxysen
was used at & linear velocity of about 0.8 foot per second to fluidize the
28-48 mesh perticles. Chars, made fram Pocahontas or Illinois coal that
had been treated at 375°, 400°, or 425° C, did not cake when subjected
to a hydrogen test at 900° C. Taggart coal required treatment at 425° C
to be satisfactory, while Sewickley could be treated at LOO® only, as it
agglomerated during pretreatment at 425° C and was ineffectively pre-
treated at 375° C. Taggart and Sewickley coals are similar in rank to
Pittsburgh seam, all being hveb, ’
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Pocehontas No. 4 and Illinois No. 6 require less drastic treatment
than the hvab coals. This is not surprising for the lower rank Illinois
coal, vhich has a free swelling index of 4.5 compared to 8-8.5 for the
hvab coals. While the Pocahontas coal has the highest rank, it may
respond to milder pretreatment because of its low volatile content.
Taggart coal required treatment at L25° C. This coal also showed a drastic
change in expansion as plotted in figure 7, having O percent volume in-
crease at 375° C and 100 percent at L25° C.

These tests showed that the technique of pretreatment utilizing
fluidization with gases containing small quantities of oxygen is applicable

"to several caking coals. However, conditions of pretreatment cannot be

fixed exactly by the rank of coal; each coal must be tested to determine
the most satisfactory temperature for pretreatment.

CONCIUS IONS

The caking properties of coals tested could be destroyed by fluidizing
the coal with a gas such as nitrogen, nitrogen plus carbon dioxide, or
steam, containing at least 0.2 percent oxygen at 400° or 425° C. In a
batch system, a thoroughly nonagglomerating char could be produced at
L425° ¢ in a S-minute treatment using 18-100 mesh size coal. The caking
property cannot be destroyed by the treatment described if oxygen is
absent. It is desirable and may be necessary to heat the coal internally
by the itreating gas to prevent the particles from adhering to the wall of
the reactor. :

To obtain deta that vwill permit 2 more exact evaluation of the process
and estimate of the cost of this method of pretreatment, a study of a con-

_tinuous system is needed. We plan to modify the bench-scale equipment for

continuous feed of coal and remcvel of char. This will allow a -realistic
determination of the optimum feed gas-to-coal ratio and minimum average
residence time required for pretreastment. In a fluidized bed all the coal
is not pretreated for e uniform length of time because of the repid mixing
of thce raw coal and treated char. The discharged solids will contain
particles treated to different degrees because the residence time of the
individuel periicles varies., The regults of the batch study will be used
es & guide for the contimious studies, but the optimum solids residence
time and conditions of oreration uay be different frcm those cobtained in
the present invectigation. :
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The treated or processed coal is designated as char in this repors.
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of Pittsburgh seom coal (i8-100 mesh)
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FLAMMABILITY CHARACTERISTICS OF METHYLACETYLENE,
PROPADIENE AND PROPYLENE MIXTURESL/

Joseph M. Kuchta, Irving Spolan, and Michael G, Zabetakis

Bureau of Mines, U, S. Department of the Interior
Pittsburgh, Pennsylvania

INTRODUCTION

Methylacetylene and propadiene are used as welding and cutting fuels, as inter-
mediates in chemical production, and as rocket fuels, Mixtures containing these com-
bustibles in the gas phase are potentially hazardous because their vapors can decompose
exothermally and propagate flame in the absence of oxygen. Heat from surroundings
may be sufficient to effect their decomposition and ignition., With increasing tem~

. perature and pressure their thermal stability may be expected to decrease. The

present investigation was conducted to determiné the flammability characteristics of
gas or liquefied gas mixtures containing these materials together with a hydrocarbon
diluent, such as propylene or propane.

The fundamental properties of the methylacetylene deco?yosition flame at elevated
pressures have been studied recently. Hall and Straker (1)=/ report that its burning
velocity is about 2 cm/sec between 10 and 40 atmospheres - a relatively low value in
comparison to most known flames., They report a critical pressure for flame propaga=-
tion of 43 psig (lower pressure limit) at about 20° C, in a 4~inch diameter tube.

This may be compared with the critical pressure limit of 50 psig, in a 2-inch diameter
tube, reported by Fitzgerald (2). Methylacetylene is more stable than acetylene
which also forms a decomposition flame, The low pressure limit of acetylene in a
2-inch tube is only about 6 psig (3). Although little information is available on

the stability of propadiene, recent experiments indicate that the energy requirements
for the ignition of propadiene~methylacetylene mixtures are comparable to those re-
quired for the ignition of methylacetylene alone (4).

Like acetylene, methylacetylene and propadiene can be stabilized in a system at
a specified temperature and pressure by adding inert gases or hydrocarbons that do not
decompose under the given conditions, Fitzgerald (2) reports ethane to be a much
better stabilizer than either methane or nitrogen. In the present study, the use of
propylene and propane as diluents is examined because of the current interest in these
hydrocarbons as stabilizers for methylacetylene and for methylacetylene-propadiene
mixtures, The flammability characteristics of such mixtures (vapors) are shown to be
sensitive to temperature and pressure, as well as to the size of the reaction chamber,

1/ The work upon which this report is based was done under a cooperative agreement
between the Bureau of Mines, U, S, Department of the Interior and The Dow

Chemical Company,
2/ Numbers in parentheses indicate references at end of paper.
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EXPERIMENTAL APPARATUS AND PROCEDURE

Limit of Flammability Measurements

Flammability limits of the methylacetylene-propadiene-propylene system were de-
termined at elevated temperatures and pressures in cylindrical stainless steel bombs
measuring l=, 2-, 4= and l2=inches in diameter, respectively, and in a spherical
bomb of 24=inch diameter. The cylinders were about 42 inches long, except for the
12-inch diameter ome which was 17 inches long. All of the bombs were insulated
with asbestos and heated externally with Nichromez ribbon elements (see figure 1),
Chromel-~Alumel thermocouples (22-gage), located near the top and bottom of each bomb,
were used to follow the heating of the test mixtures introduced into the vessels;
thermocouple outputs were measured by a potentiometer, The partial pressure of each
mixture component was measured by a mercury manometer or a Bourdon gage which also
served to indicate if ignition occurred. A continuous pressure record was obtained
during each experiment with an SIM Kistler transducer system whose output was fed
to an oscilloscope equipped with a camera, In most determinations, the ignition
source consisted of about 1 inch of 38-gage platinum wire located at the bottom of
the test vessel,

In preparing for an experiment, a vapor mixture from the liquefied gases was
made up in an explosion bomb which had previously been evacuated. To facilitate
transfer of the gases from their supply cylinders, the latter were immersed in a
water bath maintained at a selected temperature between 20° and 45° C; the explosion
bomb was kept at the same temperature, Generally, at least one of the gases was
introduced in two increments and alternmately with the other gas or gases., To effect
mixing, a thermal gradient of about 60 C° was maintained for at least one hour be-
tween the top and bottom of the bomb, Calculated mixture compositions, corrected
for compressibility, were in close agreement with mass spectrometric analyses made
for a few sample mixtures.

After the gases were mixed, the bomb was heated to the desired temperature and
the platinum wire was fused, Ignition and extent of flame propagation was deter=
mined from the pressure measurements and from the amount of carbon formed. In some
instances, complete analyses of the cooled product gases were made, Most of the
experiments were performed at 120° C and at pressures of 50 and 100 psig,

The flammability of commercial mixtures (vapor) of liquefied gases was deter-
mined in much the same way, However, many of the flammability experiments were con-
ducted at pressures greater than 100 psig and necessitated the transfer of appre-~

ciable quantities of the sample mixture to the bomb as a liquid, This was accomplished

by first transferring a measured volume of liquid from the supply cylinder to an
evacuated stainless steel sphere (523 cc); both were precooled with dry ice, The
small sphere was then heated to force the liquid mixture into the bomb where the
initial test pressure was controlled by varying the sample volume and bomb tempera-
ture. The subsequent procedure was similar to that in the previous experiments,

Two representative commercial mixtures were examined; their compositions are
glven in table 1, According to the manufacturer's analyses, mixture No, 1 contained
about 41 volume~percent diluents, (mostly propane and propylene); mixture No, 2
contained about 32 volume-percent diluents (mostly propane), Mass spectrometric
analyses of mixture No. 2 by the Bureau of Mines gave a diluent content of 43 volume-
percent for the vapor sample and 29 volume=-percent for the liquid sample, This vari-
ation can be attributed to the preferential distillation of the lighter diluent
components,

3/ Reference to specific brands, and make or models of equipment is made to facilitate
understanding and does not imply indorsement of such items by the Bureau of Mines,

|
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TABIE 1, - Composition of representative commercial mixtures
of liquefied gases (volume-percen:)l/

Mixture No, 1 Mixture No., 2
Mfg.'s analysis Mfg.'s analysis BuMines analysisg/_—
(Liquid) (Liquid) (Liquid) (Vapor)

Methylacetylene 36.1 27 (71 (57
Propadiene 23,3 41 ( (
Propane 22,5 28 . 22 37
Propylene 10,8 - -- 2
C4~Carbon cpds. 7.3 4 7 4

1/ Supplied by The Dow Chemical Company.
2/ Mass spectrometric analyses.

The methylacetylene used in this work had a minimum purity of 95 percent and
could contain as much as 4 percent nitrogen according to the vendor's specifications;
mass spectrometer analysis of our sample showed about 2 percent nitrogen present,

The propadiene and propylene were about 97.5 and 99 percent pure, respectively;
propylene was the main impurity in the propadiene.

RESULTS AND DISCUSSION

Flammability Limits of the Methylacetylene-Propadiene-Propylene System

Mixtures of methylacetylene and propadiene vapors were found to be flammable
(in the absence of air) in all proportions at 120° C and 50 psig. Addition of propyl-
ene to either of these components produced limit mixture compositions which were de-
pendent upon the temperature and pressure as well as on the vessel diameter. Limit
compositions found at 120° C and at 50 or 100 psig are given in table 2 for vessel
diameters of 1 to 24 inches. The data in table 2 were used to make up the ternary
diagram shown in figure 2, This figure shows the approximate range of flammable mix~-
tures for the methylacetylene-propadiene-propylene system under the experimental
conditions noted, In any given vessel, the range of flammable mixture compositions
is greatest with high concentrations of propadiene, For example, propadiene-propylene
mixtures containing up to 31.3 percent propylene are flammable in the 12-inch diame-
ter bomb at 100 psig; 21,9 percent is the limiting propylene concentration for
methylacetylene-propylene mixtures,

The propadiene used in this investigation propagated flame at pressures in ex=-
cess of 16 psig at 120° C in a 2-inch diameter bomb; the methylacetylene required
pressures greater than 39 psig, Other investigators have reported similar pressure
limits of 31 psig at 120° C and about 45 psig at 150° C for methylacetylene in 2-inch
and 1-1/4-inch diameter bombs, respectively (2,4). It is not altogether surprising
that methylacetylene should be more stable than propadiene, because the former con=-
tains a methyl group that provides increased resistance to thermal degradation.
Pyrolysis experiments (400-650° C) by Meinert and Hurd (5) indicate the same order
of stability for these liquefied gases. They also obtained evidence that methyl~-
acetylene first converts to propadiene, which then polymerizes and eventually decom-
poses,



196

TABLE 2, - Flammability limits of methylacetylene-propylene-propa=
diene mixtures at 120° C in various size vessels.k

Initial
Pressure Methylacetylene Propylene Propadiene
psig Vol.~% Vol.-% Vol.-%
l-inch ID Bomb (0,47 liter)
100 92,8 7.2 -
100 - . 19.8 80.2
. 2-~inch ID Bomb (2,03 liters)
50 94,7 ‘5.3 -
50 e 15.3 84,7
100 90.4 9.6 -
100 - 23,8 76,2
100 39.4 21.5 39.1
4~inch ID Bomb (7.86 liters)
100 84.5 15.5 -
100 - 28.7 71.3
12-inch ID Bomb (31,0 liters)
100 78.1 21.9 -
100 - 31.3 68.7
24~inch ID Bomb (118.7 liters)
100 >76 <24 -
100 -- 32.5 67.5

1/ 1Ignition source consisted of l-inch of 38-gage platinum fuse wire.

The flammable range of the mixtures was noticeably greater at 100 psig than at
50 psig (figure 2). In view of the lower explosion pressure limits given above for
methylacetylene and propadiene, it was to be expected that the flammability of the
mixtures would be pressure~sensitive under the experimental conditions; even propyl-
ene will propagate flame at sufficiently high temperatures and pressures. It was
also to be expected that an increase in temperature would widen the limits of flame
propagation. In some preliminary experiments at 60° C and 50 psig, mixtures of
methylacetylene and propylene failed to ignite in the 2=inch diameter bomb with the
ignition source used (1 inch of 38-gage platinum wire); these mixtures ignited
readily at 120° C and 50 psig in the same bomb., It is possible that with other igni~-
tion sources these mixtures would ignite and propagate flame at the lower temperature
(60° C) since ignition energy requirements become most critical near the limiting
pressure condition for flame propagation.

The effects of initial pressure, vessel diameter, and mixture composition were
also reflected in the pressure measurements, Pressure-time records from experiments
in the 1=, 2- and 4~inch diameter bombs with near-limit mixtures of propadiene-
propyleme and methylacetylene~propylene are shown in figure 3 (A and B); pertinent
data from these records are given in table 3, The rates of pressure rise and the
maximum explosion pressures developed decrease markedly with a decrease in bomb
diameter, For example, the initial rates of pressure rise for the propadiene-propylene
mixtures were 60.and 250 psi/sec in 1 and 4~inch diameter bombs, respectively; the

o
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corresponding ratios of maximum explosion pressure to initial pressure were 2,15 and
5.82, Comparable data were obtained with methylacetylene~propylene mixtures, It
was evident from these andother results that the heat losses were greatest for the
smallest vessel, The quenching diameter for methylacetylene flames is reported to
be less than 0,3 cm at 15 psia and 120° C (1); with propylene as diluent, the quench-
ing diameter should be greater under the same conditions.

Explosion pressure-time histories for the flammability determinations conducted
in the 2=inch diameter bomb with propadiene and methylacetylene at various initial
pressures are also shown in figure 3 (C and D). Maximum explosion pressures were
attained more rapidly with propadiene than with methylacetylene, at a given initial
pressure., At the explosion pressure limit for propadiene (16 psig), the initial and
maximum rates of pressure rise were only 25 and 55 psi/sec, respectively (table 3).
These rates, and those obtained for mixtures of these gases with propylene,. increased
noticeably as the initial pressure and the diameter of the vessel were increased,
Because of the relatively low rates of pressure rise observed in most of these deter-
minations, the times required to reach a given pressure were long, as compared to
those that are generally observed with combustible=oxidant mixtures in similar bombs,
As noted in table 3, the times required to attain maximum pressures were greater than
1 second except in experiments conducted in the 4=-inch diameter bomb; these data indi-
cate the slow development and propagation of flame that can be expected in the decom-
position of these materials.

The effect of vessel size on the flammability limits of methylacetylene-propylene
mixtures at 120° C and 100 psig 1is illustrated in figure 4. The concentration of
diluent (propylene) required to produce limit mixtures increased with an increase in
vessel diameter from 1 to 12 inches; above 12 inches the diameter had little effect,
The following equations were found to fit the experimental data by the method of
least squares for the range of vessel diameters, d, indicated:

Methylacetylene-propylene mixtures:

Vol.-% propylene = 4,1 + 3,2 d - 0,14 d2; 1" <d <12" )
Propadiene-propylene mixtures:
Vol,-% propylene = 18,3 + 3,0 d - 0,16 d2; 1" <d <12 )

The volume percent of propylene is the amount required to obtain a limit mixture.

The vessel diameter effect observed for these mixtures can be attributed largely
to the slow flame propagation obtained with these materials. During most of the burn~
ing period, the burning velocities probably did not exceed about 2 cm/sec, the value
reported by Hall and Straker (1) for pure methylacetylene at 10 atmospheres, With
such a low burning velocity, the total heat losses to the walls by conduction and
radiation can be significant enough to cause flame extinction. It is to be expected
that such effects would be most evident, as is the case here, for the smallest diame~
ter vessels or those with the greatest contact area-to=volume ratio, Judging from
the burning velocities and flame temperatures, heat losses due to radiation appear
to be very important in the propagation of decomposition flames through methylacetylene
and acetylene; observed flame temperatures are much less than values calculated assum-
ing no radiation losses (6,7). However, it has not been established whether such
heat losses alone determine the explosion pressure limits of these flames,

The main (cooled) decomposition products from methylacetylene and propadiene
were found to be carbon, hydrogen and methane (table 4); small or trace quantities
of ethane, ethylene and unreacted gas were also present, Similar results have been
obtained with methylacetylene and with acetylene by other investigators (1,2).
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propadiene mixtures at 120° C and at various pressures

Initial Bomb Initial Gaseous Products (Vol.-%) Carbon

Propylene Diam~ Pres-  Carbon Nitrogen Unre~ Hydrogen - Carbon Conver=
Content, eter, sure, Formed, Hydro- Ethyl- & Carbon acted Mole Ratio sionl/
Vol.=% inches psig _gms gen  Methane Ethane ene Monoxide Gas Input Output %

Methylacetylene
None -2 42 6,61 71,0 25.4 0.3 0.2 1.8 1.3 1.33 1,44 71
" " 45 6.92 - e - - - - - - 71
" " 60 . 9,19 - -- - - - - -- - 74
" " 100 13,89 73.4 19.0 0.1 0.1 1.8 - 5.6 1,33 1.48 73
: Propadiene 2/
None 2 16.5 2,89 61,5 29,8 0.6 2.3 0,7= 5.1 1.33 1.36 .58
" " 18,5 3,48 —-- - o - - - - - 67
" " 50 7.65 72,7 20.9 0.3 0,3 2.3 3.5 1.33 1,40 74
" " 100 15,69 81,7 16,3 0.1 0.1 - 1.8 1.33 1.42 82
Methvylacetylene + Propylene
6.9 1 82 1.52 - - - - - - - - 40
7.9 2 90 12,28 - - - - - - - - 70
15,0 4 100 60,68 79.1 18.2 - - 1.7 1.0 1.43 1.75 82
Propadiene + Propylene
19.3 1 100 1.80 - - - — - - - - 42
23,3 2 n 13,90 - - - - - - - - 75
27.9 4 " 56,81 - - -- - - -- -- - - 80
Methvylacetylene (50%) + Propadiene (50%)
None 2 50 7.58 -- - - -- -- -- -- -- 74
Methylacetylene (40.1%) + Propadiene (39,7%) + Propylene (20.2%)
20.2 2 100 13.55 o -- - -- - - - - 74

1/ Mole percent of available carbon converted to free carbon.
2/ Benzene, . .

U P W ™ 4§ _\m\ ., .. - PR G N e P g ~
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However, acetylene generally undergoes more complete decomposition to the elements,
(carbon and hydrogen) at thé temperatures and pressures employed here, Hydrogen pro=-
duction increased with an increase in initial pressure whereas the methane content
decreased, Ethane and ethylene were barely detectable in the products formed at the
maximum pressure (100 psig), but they were present in significant amounts (0.6 per=-
cent ethane and 2.3 percent ethylene) in the experiment with propadiene at a pressure
of 16,5 psig; benzene (0.7 percent) was also found at this low pressure, The same
gases form as products of the explosive decomposition of ethylene at elevated tempera-
tures and pressures (8). Hurd and Meinert also report similar products from the
pyrolysis of propylene between 600° and 955° C (9); however, they did not find any
evidence of aromatic hydrocarbons in the pyrolysis of methylacetylene or propadiene
between 400° and 650° C (5).

Figure 5 shows that the amount of free carbon formed was nearly insensitive to
mixture composition and increased linearly with initial pressure; these data were ob=-
tained at 120° ¢ in the 2=inch diameter bomb., The experimental carbon yield is com-
pared to that which would be expected from the assumed reactions that identify the
three curves given in this figure, It is seen that the experimental data fall essen-
tially between the bottom and middle curves which correspond to carbon yields of 2 and
2-1/2 woles, respectively, per mole of methylacetylene (HC = C-CH3) or propadiene
(HpC=C=CH2). However, the gas compositions of the cooled combustion products were not
altogether consistent with those of the reactions assumed here,

Material balances based on the complete analyses of the combustion products from
methylacetylene and propadiene are given in table 5, As the decomposition products
were largely carbon, hydrogen and methane, small quantities of ethane, ethylene, etc,
were neglected, Best material balances were obtained in the experiments at 100 psig.

TABLE 5, - Products formed by the explosive decomposition of methyl-
‘acetylene, propadiene, and methylacetylene-propylene
mixtures at 120° C and various initial pressures

Initial Bomb
Pressure Diameter Reactants Carbon Hydrogen Methane
psig inches (molegll/ moles moles moles
42 2 (1)HC=C-CHy 2,16 1,08 0,39
100 " " 2,34 1.34 0.35
16.5 " (1)HyC=C=CH, 1,86 0.75 0.36
50 " " 2,36 1.19 0.34
100 " " 2,54 1,44 0.29
100 - 4 (1)HC=C-CH3 + 2,96 2.00 0.46

(0.175)Hy0=CH~CHj

1/ Numbers in parentheses indicate moles of reactant,

essentially, only .small amounts of additional carbon are needed to obtain agreement be-
tween the input and output materials at this pressure. The mole ratio of total hydro-
gen to carbon was 1.33 for both reactants; it was between 1,36 and 1,48 for their

reaction products,. including minor constituents such as ethane, ethylene, etc. (table 4),

The apparent shortage of carbon may be ascribed-to the fact that all of the carbon
formed in the reaction vessel was not removed and weighed. The amount of hydrogen and
other gaseous products combined or adsorbed in the carbon probably did not introduce a
serious error.

fi
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The combustion products from an ignition in the 4~inch diameter bomb with 85 per-
cent methylacetylene and 15 percent propylene at 100 psig and 120° C were also analyzed
(table 4). The products were again chiefly carbon, hydrogen and methane, and the
material balance was much like that observed with methylacetylene or propadiene alone
(table 5).

The relative concentrations of hydrogen and methane that were found in the decompo-
sition products may be explained partly by consideration of the decomposition of methane
as follows: : .

2 CH, —> CHy + 3Hp (3)
Co2Hy —— > 2C + Hy . (4

According to thermodynamic data, little methane should exist at about 1500° C (10); there~
fore, maximm conversion of methane to carbon and hydrogen should occur at temperatures
equal to or greater than this value, Since the observed flame temperatures for the decom-
position of methylacetylene are about 1300° C (6), noticeable methane concentrations
should then be expected in the end products. With decreasing pressure and vessel size,
the heat losses increase and the ratio of methane to hydrogen should increase, as it
actually did. In comparison, the decomposition of acetylene is associated with higher
flame temperatures which account in part for the small amount of methane that is generally
found in the decomposition of this material.

Flammability Characteristics of Representative Comhercial
Mixtures of Liquefied Gases

Vapors of commercial mixture No. 1 (41% diluents) did not propagate flame without
air in the 2-inch diameter explosion bomb at temperatures extending from 18° to 187° C
and at corresponding pressures of 80 to 390 psig; the only evidence of reaction was the
presence of small quantities of liquid products and of carbonaceous soot near the ignition

.element., In most of these experiments, the ignition element consisted of two platinum

wires (38-gage and l-inch long) and 50 mg of guncotton.

Commercial mixture No. 2 (32% diluents) showed little evidence of reaction in flamma-
bility tests conducted in the 24~inch spherical bomb at 126° C and pressures up to 116
psig. However, at about 215° C and 285 psig, the mixture decomposed explosively in the
4=inch diameter cylindrical bomb, and the maximum pressure developed was greater than
1000 psig. Ignition occurred without fusion of the ignition source indicating that the
mixture temperature (215° C) was sufficient to ignite the guncotton; spontaneous igni-
tion of the mixture was unlikely in the absence of air at the above temperature and
pressure,

According to the data obtained for various mixtures of methylacetylene, propadiene
and propylene, commercial mixture No. 1 should not be flammable under the experimental
conditions used here because of its high diluent content (22.5% propane, 10,87 propylene,
and 7,3% 4~carbon atom hydrocarbons), Figure 2 shows that this mixture composition does
not fall in the flammable range, assuming that the diluents are as stable as propylene.
However, a moderate increase of the methylacetylene or propadiene concentration would
tend to make the mixture flammable, Moreover, the mixtures will tend to be more unstable
at higher temperatures and pressures, As the composition of commercial mixture No, 2
falls close to the range of flammable methylacetylene-propadiene-propylene mixtures
(figure 2), its behavior at high temperatures and pressures is not surprising.



The ability of paraffin hydrocarbon diluents to stabilize liguefied gases appears
to depend partly upon the heat of formation of the diluent, For example, the stabil-
ity of methylacetylene (2) and acetylene (3) increases with the addition of paraffins
of increased molecular weight and decreased heat of formation (negative). The effec-
tiveness of these diluents and of nitrogen decreases in the following order:

Butane > propane > ethane > methane > nitrogen .

Thus, butane and propane should be preferred as stabilizers for these commercial mix-
tures; they should also be favored over propylene which has a positive heat of forma-
tion. The ability of the diluents to absorb heat can also be an important factor here
and probably accounts to a large extent for the greater effectiveness observed with
hydrocarbons than with nitrogen.

CONCLUSIONS

Mixtures of methylacetylene and propadiene vapors are flammable in all proportions
at an initial temperature of 120° C and a pressure of 50 psig. Nonflammable mixtures
are formed by adding propylene and are dependent on such variables as temperature,
pressure, vessel diameter, and ignition energy. The range of flammable mixtures in=~
creases when the initial pressure is increased from 50 to 100 psig. It increases also
when the diameter of the reaction vessel is increased from 1 to 12 inches; above 12
inches the diameter has little effect,

The low pressure (explosion) limite are about 16 psig for propadiene, and 39 psig
for methylacetylene at 120° C in a 2-inch diameter bomb, Initial rates of pressure
rise following ignition of the test materials are very low and are indicative of un~
usually low burning velocities., These rates increase with an increase in vessel
diameter and pressure.

The end products formed by explosive decomposition of methylacetylene between 42
- and 100 psig and of propadiene between 16 and 100 psig are chiefly carbon, hydrogen
and methane; methylacetylene-propylene mixtures give similar products. An increase in
pressure increases the percentage of hydrogen and decreases the percentage of methane,
Decomposition of these liquefied gases to their elements was less complete than that
of acetylene at the same conditions.
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Figure 1, - Experimental setup for flammability determinations.
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20
16 1
12 -
Flammable mixtures
mﬁ i
Fys _
0 i i 1 1 ! i 1
2 4 6 8 10 12 14 24
VESSEL DIAMETER, inches
Figure 4, - Effect of vessel diameter on limits of

flammability of methylacetylene-propy-
lene and propadiene~propylene mixtures
at 120° C and 100 psig.

FREE CARBON, moles

e SR N T - . T - — —~ B
1.8 T 1 - I 1 g
Mixture composition, volume-percent
CaC-C c=C-C C=C=C
o 100 - -
16 m 921 79 - 7
[ - - 100
A - 233 76.7
A 50 - 50
v 191 - 89.9
14 DO 401 20.2 39.7 N
1.2 -1
1.0 4
81 .
Assumed reactions
C3Hg—=3C+2H;
6k C3Hg—~25 CHH+ 3 CHy _
C3Hq—~2C+CH,
A —
2 1 1 1 L 1
15 35 55 75 95 115 135
INITIAL PRESSURE, psia vr e

Figure 5. =

Free carbon formed in explosive decom-
position of methylacetylene, propadiene
and propylene mixtures at 120° C and
various initial pressures (2-inch
diameter bomb).



