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SECTION 1.
COKE IN THE BLAST FURNACE.

In the iron blast furnace coke serves three main purposes.
Pirgtly, it is the fuel of the furnace, providing the heat
necessary for the chemical and physicael reactions of the smelt-
ing process.
secondly it supplies the reducing agent by reaction with which
the oxides of iron are made to yield the metal.

Thirdly coke is generally considered to be very important in
maintaining high permeability of the burden to gases, it being
the only material charged which maintains its shape and size
down to the tuyeres. It mst also play an important part in
maintaining conditions of high permeability to slag in the bosh.

The behaviour of coke as a reducing agent need hardly be dis-
cugssed. A large part of the reduction of ores takes place through
the agency of carbon monoxide. Direct reactions between coke
carbon and oxide of iron will occur in the lower reaches of the
furnace where the oxide is present as a constituent of a slag at
very high temperature. These reactions will probably depend
rather on the nature and composition of the liquid melt and on
the temperature than on any property of the coke. Reaction rates
will probably be very high.

Work done by Perrot and Kinney (1) in U.S.A. about 1923
showed that combustion occurred in a zone extending to about

4o inches round the nose of each tuyere.
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The size of the zone seemed to be independent of the operating

conditions of blast pressure and (sbove a minimum size) furnace
diameter.,

| In general the pattern is the same as that found by Hiles
and Mott (2) in their studies of the combustion of coke in fuel
beds. The combustion zone may be considered to be in two parts
distinguished by gas composition and by the reactions taking
place. In the first or "oxidizing zone" there is free oxygen
over 1%, nitrogen, carbon dioxide and a small proportion of CO.
In the second or "reduction zone" the Oohas been almost all com=
bined, CO2 is reacting with carbon, and the gas composition
changes rapidly until it is almost entirely Npo and CO.

The details of the mechanism of the oxidation of carbon
are rather obscure. Early work has been reviewed by Hiles and
Mott (2) who showed how the conclusions reached usually depended
on the experimental conditions operating, the study of combustion
in beds appearing to be a particularly unsatisfactory approach
to the fundamental mechanism of the reactions.

Perhaps the most satisfactory contribution has been by
gtrickland-constable (3) who admitted oxygen at very low pressure
to an evacuated bulb containing a hot carbon filament. The low
pressufe reduced the probability of secondary reactions in the
gas which could be considered at low temperature. The gas was
analysed when time had been allowed for about three-quarters of
the oxygen to be used up. Accuracy of analysis was rather low
but it was established that the reaction was probhably of the

first order. He deduced that CO was the product of the primary
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reaction. This has recently been confirmed by Loon and Smeets
(4) who burned spheres of carbon in fast streams of oxygen, that
is, under more "normal'" conditions. COp must, then, be formed
by oxidation of the CO in the gas phase, though possibly very
close indeed to the carbon surface and Loon and Smeets suggest a
ndiffusion layer" enveloping the carbon in which oxygen must pass
through newly formed CO to reach the carbon surface.

The net effects of the primary and subsequent reactions is
observed as the two zones of combustion described above.

The work of Hiles and Mott covers the effects of different
fuels and conditions on the extent and definition of the two
zones of combustion and on the temperatures developed. Broadly
speaking "conditions of low reactivity" — large sized or un-
reactive fuel like beehive coke, and low gas velocities — pro-
duced a long well defined oxidation zone characterised by a very
high maximum temperature at its boundary. On the other hand
neconditions of high reactivity" caused by small or highly re-
active fuel such as charcoal, or high gas velocities producing
very turbulent flow conditions, gave a shorter oxidation zone
merging into the reduction zone, a much lower maximum temperature
being developed.

The type of combustion zone formed must depend upon the
relative rates at which the following reactions can proceed.

(1) 2 ¢0+02=2 CO — pPrimary reaction at ¢ surface.
(2) 2 C0+0p=2 COp — gecondary reaction in gas phase.

and (3) ¢+C02=2 CO — Secondary reaction at ¢ surface.
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At combustion temperatures and in the presence of free oxygen,
both (1) and (2) proceed rapidly to the right. Reaction (3)
would be expected to be ineffective until the oxygen was used up,
for the CO formed by it would immediately enter into reaction (2).
Under Hiles and MottSconditions of "high reactivity", however it
would gppear that (3) must proceed sufficiently fast that CO and
02 can exist together in the region where oxidation and reduction
zones merge Oor overlap., The independent variable controlling
the relative rates of these reactions seems to be the "reactivity"
of the carbon to 02 and CO2. This reactivity may depend on one
or both of two factors — firstly the chemical properties of the
surface as they affect the reactions, and secondly the extent of
the available carbon surface and its spatial distribution.

It is not clear that chemical properties are really important
Reactivity can be enhanced in coke for domestic purposes by add-
itions of soda ash which probably has some catalytic action but
whether there is any practical difference between the chemical
properties of the surfaces of metallurgical cokes of different
origin by the time they reach the tuyere zone of a blast furnace
seems doubtful. The extent of the surface at which the carbon
may be burned depends upon the porosity, and on the pore size
distribution in the coke. It is the main purpose of this fe—
search to find a method of determining pore size distribution as
a first step toward deciding its importance as a factor affecting

the utility of coke.
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The effect of these considerations on blast furnace operation
is difficult to assess. Consensus of opinion is that fuels of low
reactivity are most desirable because they suffer less solution
by CO, in the stack, and develop higher maximum tempperatures at
the tuyeres. High solution loss of carbon in the stack is of
course undesirable from the point of view of thermal efficiency.
High temperatures in the tuyere zone may have an important effect
on the last stages in the reduction of the oxides of iron and the
metalloids and on the conditions in the hearth affecting slag-
metal reactions. On the other hand the total volume of the very
hot zone is small and the possibilities of heat transfer down to
the hearth by radiation limited, so that the importance of this
factor may have been exaggerated. Beehive coke of low re-
activity has frequently been used in the past as a "medicine" for
ngick" blast furnaces but its value may lie in its size and
strength rather than in its reactivity. Recently it has been
reported (5) that the use of very low porosity coke (of, presum-
ably very low reactivity) led to unfavourable temperature
gradients in the bosh which upset the working of the furnace as
presently designed. It will be obvious that the true influence
of fuel reactivity on blast furnace operation is not yet properly
understood.,

Supposing however that highly unreactive fuel is desirable,
what does this mean in terms of the properties of the coke?

Chemical reactivity, may be expected to diminish as the coking

temperature is raised. The available surface will depend upon

the size of the coke at the tuyeres and the size distribution.
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(for smaller pieces obviously present a greater area to gases);
it depends to a minor extent on particle shapé; and it depends on
porosity.

For a given shape and size of coke the "visgible" surface de-
pends directly upon porosity. If the porosity is 50% the surface
is 1 . 5 times that of a similar particle having no porosity. If
the porosity is LO% or 60%, the faetor is 1.4 or 1.6 respectively.
As these are extreme values it can be said that "visible" surface

is itself of little importance,

Mott and Wheeler (6) have shown however that combustion aff-
ects the outer Zth inch layer of the coke piece so that the sur-
faces of pores within that zone is also involved. The effective
area of internal surface depends not only on total porosity but
on pore size or more generally on size distribution, and on the
accessibility of the surfaces of these pores to the reacting gases.
Mott and Wheeler (6) have asserted that the permeability of coke
is negligible but it is not zero and may well be one of the more
important variables differentiating cokes of "good" and "bad"
gqualitye.

Discussing the effect of porosity per se Mott and Wheeler
have reported that highest temperatures were obtained from cokes
of highest porosity — but that a certain coke of only L0% por-
osity also gave very high temperatures. Recent work already
mentioned however (5) suggests that in the blast furnace at any
rate, low porosity gives low reactivity and high temperatures,

and though the truth of the matter is obviously in some doubt,

that is the assumption that will be made here.
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Pore sizes, following the above assumption, should be large
in order that their contribution to surface area be small. Pores

should be un-connected and permeability low.

The assumption made must of course be tested by experiment,
and it is the purpose of the present work to contribute to the ,
solution of the many problems ini{}d”ﬁred. It is generally consider-
ed that porosity should be high. The reason for this is not clear
but may be concerned with the mainteinance of high coke volume in
the charge with a view to high permeability of the burden to gases.
No successful large scale correlation of porosity against blast
furnace performance has been carried out. This task would be very
difficult in view of the complexity of factors from which this one
would have to be distinguished.

The rate at which carbon is consumed at the tuyeres controls
the output of the furnace and is limited by other factors than
those considered, depending immediately upon the rate at which
oxygen can be supplied through the tuyeres. This in turn is
limited by the permeability of the stock tlrough which the pro-
ducts of the combustion must escape from the tuyere zone. Per-
meability depends on size and size distribution of the materials
charged and on the way they segregate when they come off the bell,
As coke comprises between 50% and T0% of the burden volume, and as
coke alone maintains its size and shape down to the tuyere level,
it is clear that factors affecting the permeability of coke beds,

namely coke size and size distribution and their stability are of

great importance. Large size and close grading are therefore con-
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sidered to be desirable, This applies equally to ores too, but
after they melt in the bosh the coke alone must be sufficiently
permeable both to ascending gases and to descending liquids. It
seems to be particularly important that the proportion of breeze
sizes (under % inch) be low. Such small coke tends to accumulate
in the hearth and creates unfavourable conditions. Its effect
may be to restrict the passage of liquids to the hearth, and
possibly to screen it from the heat in the tuyere zone too. It
is not clear why such small material is not rapidly consumed.

Size and size stability can be maintained high only by en-
suring that the coke is "strong" enough to resist the mechanical
forces to which it is subjected during transport and within the
furnace. The factors influencing the natural size distributions
found in broken coke are not understood, but close grading is
usually imposed by screening out fines.

Physical properties affecting size and strength are mhardness'
and freedom from fissuring. To some extent these are mutually
incompatable, for high hardness can be achieved by employment of
high coking temperatures which usually produce a small highly
fissured coke. Another property which may be important is the
structure of the cells and the thickness of their walls. These
are functions of porosity and its size distribution. The possi-
bility of actually measuring hardness, tensile strength or
elastic moduli of coke-carhbon seems very remote.

% 8 8 ® 068 060 08 5 00T e NS PO QMO

The following summary has been made of the properties probably

desirable in a good metallurgical coke,
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PHYSICAL PROPERTIES.

Sizes Large within limits and grading close.
Strength: High both toward shatter and abrasion to keep
size up and fines down,
Real Density: High - if this means harder or less reactive fuel.
Porosity: Low, with a view to low reactivity. (Phis view
is not generally accepted)
Bulk Density: ILow, but in virtue of close grading, not high

porosity.

Pore
Permeability: Low - if possible to control it.

Cell walls: Probably desired thick.

CHENMICAL PROPERTIES.

Moisture,
sulphur, Ash: All low, and steady. The effects of these on

metallurgical load are largely calculable.

Volatiles: Low - corresponding to high density. w®ffect in

t furnace of volatiles per se is probably small.
Reactivity: Low,
The extent to which these properties are separately important
is largely a matter of conjecture, and some of them have not
yet even been measured. The present research will concentrate
on porosity and its size distribution as they may affeet re-
activity and strength. It will not proceed to correlation with
furnace performance, but will, it is hoped advance toward that

end,
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Section 2.

THE SAMPLING OF COKE.

The aim of the present work is to contribute toward the
the better understanding of the properties desirable in blast
furnace coke by attempting to measure pore size distribution
and to decide whether it is really an important factor and if
g0, how it operates.

All of the other properties listed at the end of Section 1
except cell wall thickness and pore permeability are regularly
determined, many on a routine basis. Attempts to correlate
these properties with blast furnace performance have met with
1little success. This is in large measure due to the inherent
complexity of the problem in which the number of variables is
large and their degrees of inter-dependence obscure.

One ungvoidable difficulty is that coke is essentially a
very heterogenous material and is therefore subject to severe
sampling errors. This heterogeneity is a consequence of the
method of maenufacture and although modern coke oven operstion
aims at the production of the most uniform coke possible, there
are limits to what is possible, and these are not always attain-
ed.

Examination of any oven-load of coke reveais a wide vari-
ation in the appearance of the individuagl pieces. ihere are
differences in colour, size and shape; apparently in strength
and in degree of fissuring; in porosity; and in the gradation

of colour from end to end. Nevertheless there is a general
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similarity in the product of any one battery which fregquently

marks it as g different coke from others made elsewhere.

The various differences listed can each be attributed to
one or more of the following causes.

(1) fhe temperature gradient across the oven and its variation
at different parts of the oven due to
(a) boundary effects at doors, sole ete.,

(b) differences in the packing of the charge.

(2) fThe variation in the packing of the charge from the
bottom to the top where the fall of the coal is greatest
and least respectively will have three effects.

(a) The temperature gradient and hence the rate of heat-
ing of the charge and the porosity of the product
will be affected.

(b) porosity may be affected more directly by the vary-
ing resistance to swelling in different parts of the
charge. |

(¢) (a) will lead also to different final temperatures
in different parts.

A smaller variation in packing density will occur from
end to end of the oven it being higher at any level immed-
iately under the charging holes.

(3) Accidental or unavoidable variations in oven wall temper-
ature,

(4) The effect of wall taper which though only about 2" is
1244 on a 16" oven.
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(5) The possibility of inadequate mixing of the constituent

coals cannot be ignored.
Variations also occur between ovens due to changing blend,
upsets in time schedules and normzal temperature differences.

These local variations in coke quality may have little
effect on the usefulness of the fuel in the furnace but are
alwgys important when samples are beiﬁg taken for any test.
samplés must be truly representative of the batch being tested,
and the quantity subjected to the test sufficient to ensure
that the mean value of the index sought is obtained with suit-
able accuracy. It is frequently impossible to gttain a de~
-gired accuracy without employing inconveniently large samples.
The size of sample required can usually be determined by
statistical methods, and sampling technigque planned according-
1ly. For example, in determining the size distribution of
certain cokes the author found that a sample of 20 increments,
each of 50 - 60 1b.weight — that is about half a ton of
material-was necessary if average size was to be determined
correct ¥ 0-1n, As the total range of size being obtained was
less than 1.0 inch, it will be appreciated that sample size was
limited by practical considerations and not chosen as being
adequate for requirements of accuracy.

Data are often averaged over periods of a week or a month
in order that differences between periods may become significant,
and large scale correlation work must certainly be organised on

a long term basis if really significant results are to be obtain-

ed . fThere is probably wide scope in the industry for the
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application of the more advanced statistical methods popularly
known as “operational analysis".

The present work has been carried out largely by classiecal
methods, with elementafy statistical safeguards. When new
methods were being considered the importance of sampling was
recognised. Preference was given to methods which could be
applied to reasonably small guantities of broken coke such as
could be obtained from a larger "fair!" sample by standard coning
and quartering technique. A Methods invlioving examination of
specimens = ’by the microscope for example — were avoided
because of the serious sampling errors inevitably incurred. The
determination of apparent density is a notable exception to this
ruale. A suitsble method using a "fair" sample could not be
found but the opportunity was taken of making a careful study of
the sampling errors obtained.

Throughout the work, where errors are estimated by statis-
tical means, they are assumed to be distributed normally about
their mean M and the range quoted as Mt € % (where €=2 X the
standard deviation) is that within which 954 of values are ex-
pected to fall. It was not always possible to apply these
methods rigourously and in certain cases accuracy estimation is
less reliable.

The materials used\'l?h‘iffe_sf;a—r/cgjlisted below in
Table T with code Numbers and notes on their origin. Sampling
was not under control as cokes were ordered by letter from
various parts of the country. The selection is geographically

fairly wide, but the similarity among I,II, and IV on the one



hand and VI and VII on the other may be useful in raising the
significance of any differences found between these groups. It
was hoped that the inelusion of a beehive coke might yield in-
formation on the alleged superiority of that type as a metall-
urgical fuel. The other important differences are that VI was
made in rather 0ld wide ovens and that II was of very low ash
content. Coke P had very large pores and was included as an
extreme case of a porous material like coke, while the Quartz Q
representing the other extreme, has been employed at various
stages of the work as a standard non-porous material.

A preliminary to the measurement of pore size distribution
must be the determination of absolute porosity. This has led to
investigations into the measurement of gpparent and real densi-
ties and to an attempt to measure the gpparent density of small
particles (as opposed to their real density) by a new method
displacing a plastic material. This part of the research is
reposted in part II.

In Part III are considered various methods which have been
investigated for the determination of pore size distribution,
including the successful "counting" method in Section 10. The
results of these experiments and the inferences drawn from them
are discussed in Part IV, while in the Appendix some subsidisry
work on sieving and the details of the real density investigation

are reported.
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TABLE I. - List of Materials Examined.

gode No. gource Lppearance.
I Scottish blast furnace coke from Dull
local coals blended 15% Durham coal. Black
IT scottish Flectrode coke from low vol- | Blocky, hard
silvery.
atile coal washed to give very low ash
IIT As II but received a year earlier As II.
(Appendix A only)
Iv gimilar to I. Obtained from same ovens Dull
about one year later. black.
v gsouth Welsh blast furnace coke. Silvery.
Vi Durham foundry coke from 20" ovens. Silvery but
black inner
ends.
VII Durham beehive coke. Mixed.
P Paraffin coke from shale oil Vitreous
residues. black.
Q Mined quartz with small proportion

of muscovite present.

Household cosal.
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THE POROSITY OF COKE.
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SECTION 3.

THE ORIGIN OF PORES.

Before discusgsing the measurement of porosity a short
account of the formation of pores in coke may be desirable
especially as the results of the research do have an im-
portant bearing on coking mechanism.

The origin of porosity is of course bound up with the
mechanism of coking and this is not at present well understood.
Generally accepted theory suggests that coking coals become
soft between 350° and 450°C due to the "melting" of some easily
fusible components or decomposition products (of unknown nature)
and dispersal of the infusible part in the melt to form some
sort of colloid of plastic consistency. Further decomposition
of the fusible material is then supposed to form gaseous pro=-
ducts which form bubbles and camse the coke to swell if the
gases evolve faster than they can escape from the mass.
Flimination of the fusible component by decomposition leads to
re-golidification of the swollen char with enhanced carbon con-
tent.

Recently Berkowitz (8) has criticized this theory adversely,
mainly on the grounds that there is no experimental evidence of
the fusible component and that in any case carbonizing coal does
not really behave as if such a component were formed. In par-
ticular, he says, that initial melting of the component would

be expected to be accompanied by a shrinkage as the liquid

occupied the pore space which is about 5% of the volume of a

coking coal.
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He provides an alternative theory which is compatible
with the known behaviour of coals of different rank and
appears more acceptable, though lacking rigorous proof.
softening is explained as being similar to that of polymeric
plastics - for which suggestion there is some empirical evidence.
Gas evolution is still considered to be due to decomposition of
coal material but the size of pores formed in the coke depends
on the degree to which the coal has softened and on the pore
structure of the parent coal. This ig believed to be highly
constricted and hence less permeable to gases, in the so-called
coking coals than in those of higher or of lower rank, and the
formation of the familiar bubble pores in coke is due to the
gases being evolved faster than they can escape via the existing
pore system, Non-coking coals do not gwell and do not develop
high porosity either because they are deficient in volatiles, or
because the volatiles can escape easily through a permeable pore
system in the coal,

In this explanation pores are depicted as being formed
within the particles of coal., Softening, however, combined with
the mechanical pressures developed due to swelling in a confined
space must promote the coalescence of the coal particles and
this presents the possibility that bubbles form also between

the originsl coal particles. Indeed Bangham McKee and Pirani
(9) have shown by heating together ground glass and alkaline

earth carbonates that if the glass softens before the salt de-

composes a pore structure like that of coke can be produced.
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It seems probable that both mechanisms operate and that
their relative importance will depend on the relative rates
of softening and gas evolution. The pore size distribution

obtained will be shown to be compatible with this suggestion.
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SECTION L.

THE APPARENT DENSITY OF COKE (T).

The literature on the measurement of the apparent density
of coke has been reviewed by Reif (10). The meaning of the term
as it applies to porous material is discussed, and it is very
properly defined as "the ratio of the mass to the geometric
volume of a representative cube of the material"., Thus any porous
material with a definite upper limit of pore size has a definable
aééarent density but its measurement depends on the production of
a "representative cube"., This sample need not be cubic. Any
geometric form bounded by "smooth" surfaces would be equally
suitable, The essentiagl feature is that the volume can be
uniquely defined.

The surface of broken coke is not "smooth" in the special
sense that the rims of the open pores are not uniplanar so that
there is no unique definition of the bounding surface of the
particle, and hence its volume is uncertain. This uncertainity
is proportionately less for larger particles and tends to zero
for particle of infinite size. A representative cube may be re-
garded as a portion of an infinite particle such that if an
infinite number of similar cubes were built into a single mass
the apparent density would not be altered. ‘

Apart from the "boundary" errors described above, the

measurement of Dy is subject to sampling errors, size degradation

errors and the error of determining fissure volume as pore volume,
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Sampling errors can be reduced to any desired level by taking
more and more pieces in the sample. For convenience this usually
means taking smeller pieces but it is not always practicable to
do so. Small pieces of coke are subject to a variance due to
position in the original pieces, so that the number of small
pieces must be large enough to qancel this new error,

size degradation errors are negligible as long as the pieces
are mich larger than the largest pores. .

Fissure errors can be minimized only by rejecting badly fiss-
ured pieces from the sample and that usually limits the size of
pieces that can be used.

The normal method of determining Dy is by a soaking or boil-
ing method which may be applied either to half oven width pieces
(6) or to broken lumps of 3% - L" size (7). Briefly, a weighed
mass of coke is soaked in water and then re-weighed in water and
again in air after draining. From these three weights the
apparent density can be calculated.

Reif has shown that such methods are very inaccurate, yield-
ing values 5 or 6 per cent higher than those obtained by a
ngeometric" method. The discrepancy is due to the failure of the
water/air interface after draining to coincide with the statis-
tically ntrue" boundary of the lumps. If the position of the
surface as defined by the water/air interface under (more or less)
standard conditions is in error by say _%2" then the error in
density will depend upon size, being L$% for L" lumps; 9% for
24 lumps; and 18% for 1" lumps., This error is severe and

certainly discourages attempts to measure Dg on small pieces,
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no matter how much better the sampling may be.

It was decided to work directly from Reif's definition and
employ the following geometric method. About 25 pieces of coke
were taken from the gross sample as randomly as possible but
badly fissured pieces being rejected. A specimen was cut from
each piece with a diamond edged cutting disc. The speeimen was
to be bounded by plane surfaces; was to be as large as possible
from the parent piece; and free of all but the finest fissures.
These specimens were dried, dusted and weighed, and then soagked
in hot paraffin wax, taken out and cooled. A re-dip in cooler
wax was usually necessary in order that each piece should be com-
pletely enveloped and the wax firmly attached to the coke surface.
A razor blade was then used to clean off the excess wax down to the
level of the plane surfaces bounding the specimens. The volume of
the coke was then determined by the displacement of methylated
spirits ffom a Bureka can. Alcohol was used in preference to
water because (a) some pieces of coke floated in water and (b)
air bubbles were less likely to cling especially where it had
been necessary to clean wax out of a slight fissure on the coke
surface.

This technique avoids boundary errors and degradation errors
a-lmost entirely, and fissure errors are believed to have been re-
duced to a minimum. The apparently crude measurement of volume
was subjected to repetitive checking and found to give good repro-
ducibility. The pieces used had each a volume of 50 - 100 com.

and the percentage error in the measured volume of 25 of them was
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very small, The sampling error however hag been found to be
very large, incorporating no doubt the variance due to the
position of the specimen in the original piece, and that of the
piece in the oven, (not to mention the differences between ovens).

The overall variability was examined by determindng the
apparent densities of individual pieces of the samples of IV and
VII. The data obtained are presented in Table II which indicates
that errors are probably distributed normally and that when a
sample of 25 pieces is used as suggested the mean value of D, is
subject to an error of '2.3%4., To halve this error it would be
necessary to prepare 100 specimens! This confirms Reif's anal=-
ysis of Mottt and Wheeler's data on some 900 full length pieces
representing 200 varieties from which the corresponding repro-
ducibility in D, from a smmple of 25 pieces has been calculated
to be 2.2%.

The magnitude of error obtained is in itself of considerable
importance as it is impossible to envisage a more accurate direct
method for determining apparent density, than that described
above. The use of larger pieces would reduce sampling errors at
the expense of fissure errors. The use of a significantly larger
number of pieées would be justified only in very special cases

such as the calibration of some indireet method,
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Table Ii. - The Accuracy of D,.

Mean | gtd. {4 *

Coke Individual Values of Dg. D, Dev. |Error
0.TL6
0.800
0.814,0.818,0.823
Iv 0.830,0.843,0.848

0.850,0485k,00855,0.856,0.86L1,0.87L. | 0.862.| 0,056 [¢2.3%
0.875,0.883,0.888,0.890. '
0.910.
1.005

0.786.
0.83l,0.840,0.848.
VII 0.850,0+859,0.865. | 0.865 | 0.043 {*2.0%
0.900.
0.93L,0.935.

% ©n a sample of 25 pieces.

The values of Dg obtained for the cokes examined are
given in Table TII. The cokes selected have a wide range of

apparent densities which can be deduced from later data
due to wide differences both in porosity and in real density.



" TABLE IIY. - Apperent Densities and their Relationship

with Bulk Densities.

2’.].9

21.72

1.70 |1.71 | 1.78

1.77

b |
Coke I I | IV v VI VII | P Q

| ?
Dy 0.88 | 0.78 |0.86 [0.92 | 0.995 | 0.88 | 0.5k |2.65
Db = 0.45510.505 | 0.5k | 0.56 | 0.495| 04305 | 1.43
RD_ /Dy | = ! 1.78 1.85

The development of a method in which a fair sample of broken

coke could be used would be very desirable, and a suitable in-

direct method which could be czlibrated by the above direct

method can now be suggested.

In Table III are given the values

of bulk density (Dp) and a ratioc R=Dg,/Dp.

The determination of

Dp is the subjeet of Section 11, and the values given are those

obtained from large sizes (above %

is practically independent of size.

inch) of each coke, where Dy

The ratio R is not quite

constant and mey depend upon the shape of the coke particles, as

is discussed in Section 12,
R= 1.74 is used, then values of
D,=lsTL Dy are all within 3% of the values obtained by direct

measurement.,

Nevertheless, if the mean value of

When it is remembered that values of Dy are them-

selves liable to a sampling error of over 2%, it seems probable

that the simple relationship D,=R Dy could provide the basis of

a suitable indirect measurement of apparent density.

Accuracy

better than * 3¢ would have to be agsured of course but could

probably be attained by standardization of method and careful

determination of the best value of R under the standard con-
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ditions. R. might be made more constant for different cokes

by modifying the particle shape by trommelling the sample.
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SECTION 5,

THE REAL DENSITY OF COKE (Dy).

It is obvious that the total porosity of coke can be cal=-
culated from the values of its apparent and rezl densities. The
real density of a porous material may be defined as the ratio of
its mass to its volume excluding the volume of all pores. The
measurement of real density tlus defined therefore depends upon
the possibility of filling all the pores with a suitable dis-
placement fluid. |

Previous studies of real density determination have shown
that pores exist of sizes probably down to molecular dimensions
and that to f£ill them is not an easy matter, Densities obtained
by displacement of helium are generally accepted as being most
nearly correct but that method was not available. The use of
1iquid displacement media have never been found very satisfactory
as different liquids give different values of density for the
same coke. TUntil recently no satisfactory theory had been put
forward to explain irregular results obtained.

A series of experiments has been carried out to determine
if possible the most suitable method of measuring Dy for the
purposes of this investigation of porosity. As the details of
these experiments and most of the conclusions drawn are irrele-
vent to the main theme of the research the account of them has
been put into an appendix (A). The important conclusions and

results are summarized below.
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(1) It was confirmed, by inference, that very small pores

possibly down to molecular dimensions, do exist in coke.

(2) The method preferred as giving the most consistent results
from coke to coke is that using benzene as the displacement
medium after a degassing treatment at 500°¢. The values thus
obtained may be rather lower than by helium displacement but

the discrepancy is probably small and very similar from one coke
to énother. |

(3) The values of the real densities of the cokes studied as
obtained by the preferred method are given in Table IV along with
real densities of Quartz, Paraffin Coke and Coal obtained by dis-

placement of water.

Table IV =~ Real Densities to be employed in Porosity Calculations

Material. . Method Density (gm./ccm)
Coke I Evacuation and Benzene 1.88
Coke II K : : 1.9,
Coke IV s s B 1.885
coke V : { : 1.965
Coke Vi s : s ' 2.01
Coke VII s : : : 1.88
Coke P Boiling with water 1.445
Quartz Q : ' : 2,65
Coal C : : s 1.33
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SECTION 6.

Intermediate Densities by Diakon Displacement (Dg)

The presence of minute pores, possibly of molecular di-
mensions has been inferred from the results of the experiments
on real density of coke.

When the pore gize distributions reported later were
measured it was found that no pores smaller than 0.0hmxgre
being detected. At the same time it could be deduced that the
(counting) method used was probably failing to record a sméll
proportion of the porosity.

These considerations pointed to the desirability of in-
vestigating these smallest pores. It was decided to attempt to
measure the gpparent density of cell wall material in order to
determine the amount of any such porosity that it might con-
tain, The following method which has been developed employs
digkon as the displacement medium.,

Diakon is a thermoplastic material which can be moulded
with high pressure at temperatures of 120 - 140° €, and which is
used for mounting specimens for metallographic examination. It
is used here as the displacement medium in density determination
in the belief that it does not penetrate the finest pore struct-
ure of the coke.

One gram of coke (or a similar volume of other materials)
was mixed with about 8 ccm. of diakon powder and placed in g 1"
diameter cylindrical steel mould with a thin lagyer of diakon
above and below, The mixture was moulded at LOOO lb,per square
inch pressure spplied as the mould heated up from 90° to 130°¢
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and maintained during cooling back to L0%C. The density of the
composite moulding was found by the method of Archimedes. The
density of diakon alone prepared in the same way was determined
separately, and the value of the density D3 of the coke by the
displacement of diakon was calculated. Densities were adjusted
to the basis of that of water at 25°C equal to one to be in line
with the real density data. The average of four tests was shown
to be necessary that the accuracy of the mean should be within
£1/2¢ - as it is for real density. |

The data obtained in a series of experiments using this

method are collected in Table V.

The figure obtained for the density of quartz demonstrates the
accuracy of this method for non-porous material but the degree
of penetration of diakon into pores under the conditions of the
test must be deduced from a study of the data obtained. The
values obtained for coke are all considerably lower than the
real density figures, showing that there are some pores which
have not been penetrated. It is important that the nature of
these be discovered, and particularly whether they are being
included in the distributions being measured.

Diakon has a very large molecule, being a polymer of
methyl methacrylate. It has a high viscosity too and these
factors favour poor penetration. But moulding is carried out
at high temperature and very high pressure both of which favour

penetration of pores.



TABLE V. - Diakon Densities. (Dg)

Material Size Pressure Dy Remarks
uartz Q | 60/100m. | hOOOlb/in® | 2,655 | Dy 2.650
goal ¢ 85/1o0m. | LOOO : 1.26 Dy 1.25, D, 1.33.
coke I 100/120m. | LOOO 1.815

Coke I lOO/lZOm.‘ 2000 s 1.81

coke IT 100/120m. | LOOO : 1.91

coke II 72/85m. LooO 3 1.885

coke IV 150/170m. { LOOO 1.76

coke IV -72m, Looo 1.76

coke V 100/120m. | LOOO 1.86

Coke VI 100/120m. | LOOO 1.88

goke VII |100/120m.{ LOOO 1.815

coke P 100/120m. | LOOO 1.39

The increase in Dy between coke II at 72/85m. and at
100/120m. demonstrates that even at LOOO 1b/in? diakon cannot
penetrate the small pores in 72/85m. coke. This was confirmed
by microscopic examinétion of the mouldings. The few visible
pores present in the smaller size were, however filled with
diakon so that poor penetration of bubble pores does not effect

the values obtained of cokes of sizes less than 100 mesh.
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.The figure obtained for coal shows that there is little
or no penetration by diakon of pores of the kind found in coal.
These are ihtermicellar pores of dimensions of the order of
10 - Lo 4 (35).

The identical values obtained for 150/170m. and -T2m.
samples of coke IV show that pore'space not entered by diakon
is not being opened up by further pulverization. The -T2m.
material is largely very fine dust, and gives a much higher
density determined by boiling in water, than 150/170m. coke.
(cofe Pigoll)e

The almost identical values obtained for (Coke I using
2000 and LOOO 1b. per square inch pressure suggests that the
pores not entered are not in a continuous distribution with
those (if any) which have been filled, otherwise the doubling
of the applied pressure would surely have effected some
noticable increase in penetration and hence in the value of
the density.

While it cannot be proved rigorously it seems highly
probable that diakon penetrates all but the "intermicellar"
type of porosity which according to one modern theory (8) is
m"inherited" by the coke from the parent coal. These pores
will be of very small dimensions but in coal their volume can
amount to over 20% though in eoking qualities does not usually
exceed 5%.

If this is the case the values of Dy will be closer to

the Dy at low values of § than the real densities previously

determined. They are still higher than particulate apparent
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densities however in virtue of surface recesses and concavities
the volumes of which were originally part of pore volume of the
unbroken coke. A closer approximation to particulate apparent

density Dg is however very improbable.

The data obtained on the cokes are gpplied in Section 7 to
the determination of porosity and have proved invaluable in dis-
tinguishing "bubble" porosity and "intermicellar" porosity. As
a consequence the diakon displacement method of measuring density
has played an important part in the determination of the pore

gize distribution of coke.
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SECTION T.
ABSOLUTE POROSITY.

In the light of the experimental work reported in Part II
the measurement of the absolute porosity of coke appears to be
a most inaccurate and uncertain proceeding., It depends upon
the separate evaluations of real and gpparent densities neither
of which is quite so simple as might be expected.

It is believed that the method adopted for the measurement
of apparent density is theoretically the best but praétically
and especially for a routine test it is slow and laborious,
and though it gives a measure of true gpparent density it does
g0 within wide error limits which have been adequately demon-
strated.

If real density is defined as the ratio of the mass to the
volume exclusive of agll pore space, of a representative sample
of coke its measurement depends on the possibility of filling
all of the pore space with a suitable displacement fluid. As
there is no certainty that pores db not exist down to molecular
dimensioﬁs there is equally no certainty that measurement of
real density as defined is possible. Franklin (36) has shown
that even the helium molecule is probably excluded from some of
the pore space in certain cases. |

The measurement of porosity is of course subject to all the
errors and uncertainties of the real and apparent densities, and

there seems to be = case for setting lower limit to the size of

pore being considered, or for a classification of pore sizes



3L.
into ranges - if any suitable system of distinguishing them

can be found.

Bven if the finest porosity could have no effect on the
combustion and strength properties of coke, ignorance of its
extent and nature is ignorance of the ultimate finé structure
of the coke. The closeness of approach of the carbon atom latt-
ice occurring in coke (as made at higher and higher temperatures)
to the known lattice of graphite has not been assessed satisfact-
orily; nof have the dimensions and dispositions of the crystall-

ites or micelles of which cokes is thought to be composed.
These problems are in a sense the same. Measurements of both

the volume and the surface areas (by sorption methods) of the

pore space between these crystallities would assist in the
estimation of their dimensions. These have already been measured
for coals (11,35).

A possible means of distinguishing the finest of the pores
bas been suggested in Section 8 where it was shown that diakon
did not penetrate all of the pores and the term "intermicellar®
was used to describe the small ones not entered. The assertion
that they are actuslly of the same type as those known to exist
in coal and derived from them would be very difficult to prove.
It does conform with a current theory however, and the volume of
porosity involved fits that theory reasonably well. An alter-
native is that the fine porosity is due to a micro-constituent

in most cokes which gppears to have "pores" within itself.

These look as if they had been formed within a laminated
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structure of a coal constituent,possibly fusian,and are of sizes
up to about 0.003mme. It has not been possible to verify that they
are actually pores,and they are of such dimensions that it would
~have been expected that their penetration would
have been facilitated by fine grinding(as to "-T2m"). It is not
clear why pores of this size and type should be so0 much more
accessible to water say, than to diakon. Their total volume
could be estimated by microscope only roughly, but seemed to be
very much less than the porosity not accessible to diakon. In
view of the general indications from the work on real densities
that porosity approaching molecular dimensions does actually
exist in coke, it has been decided to e¢lass all these pores as
tintermicellar" pores meantime but with the reservation that a
further classification of them into at least two groups might be
Justified. 'It is hoped to make a closer study of the micro-
structure of coké in the near future when more information on

these very small "pores" may become available.

Pores entered by.diakon are being called "bubble" pores, it
being assumed that they have all been formed by evolution of gas
in the plastic coal. The smallest pores which could be dis-
tinguished under the microscope as being occupied by diakon were
about the same size as the largest of those described above that
is about 0.003mm. They were always round; there were very few
of them; and they'may well have been only small chords of much

larger spheres.
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Table ¥I has been prepared to show the total porosities
of the cokes used in this work, cdéssified into the two types
discussed above. The range of values of "intermicellar"
porosity is surprisingly large but is believed to be signific-
ant having regard to the accuracy with Which.Dr and Dy were

obtainable. The magnitude of the value bears no obvious

"TABLE VI - The Total Porosities of the Cokes.

Coke Total Bubble Intermicellar
Porogity | Porosity Porosity
I 53.2% 51.5% 1.7%
II 59.8% 59.1% | 0.7%
Iv 5e 5% 51,1% 3. L%
v 53.2¢ 50, 5% 2.7%
VI 50.5% LT.1% 3.4%
VII 53.3% | 5l.5% 1.8%
P 628 61.2% 1.6%

relationship to any of the other properties of the cokes, nor
to their geographical origins, or methods of manufacture. The
occurrence of intermicellar porosity in coke P is of particular
interest because in that case there was definitely no "micro-
structure" type of pore present. Coke P is more like pitch
than fully carbonized coke however, and its fine porosity could

be of quite a different type from that in oven cokes. Neverthe-

less it provides additional evidence that porosity not discern-
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ible under the microscope can exist.

the significance of the extent of this very fine porosity
as. a determin~ing factor of coke quality is obscure. |

The immediate practical importance of the differentiation
of bubble and intermicellar porosity is that it is a first step
in the determination of pore size distribution. The usefulness
of the distinction will be apparent when the calculafion of pore
gize distributions is discussed in Section 1l.

The choice of cokes has produced a falrly wide range of

porosities which will be of value in their final comparison.



Part Three. '

PORE SIZE DISTRIBUTION (EXPERIMENTAL)
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SECTION 8.
INTRODUCTION TO EXPERIMENTAL WORK.

The values of D Dg and D, provide the means of calculating
total porosity but give little information about the sizes of
the pores. These may be estimated by microscopic examination
to range from a few millimetres down to a few hundredths of a
millimetre, but the proportions of each size have proved very
difficult to assess. Except for the preparation of "Rose sections'
for visual examination there has been no technique developed for
the measurement or comparison of pore sizes although in 1917
Ramsberg and Sperr (12) asserted that the evaluation of the
amount of porosity was of no value unless accompanied by observ-
ations of pore size and cell wall thickness. They quoted
Fulton (13) as having expressed the same opinion as early as 1883,
In 192/, Malleis (1L4) suggested the following classification:-

(1) small cells with thin walls

(2) large cells with thin cell walls

(3) small-medium cells with thick cell walls

(L) largevcells with thick walls sometimes themselves porous.
This classification was to be made by visual examination of
polished sections without magnification and cannot embrace the
very large number of small pores not gpparent to the naked eye.
NOo quantitive measure of pore size distribution has yet been

made.
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Methods suggesting themselves for its measurement include
microscope and stylus methods, sorption methods and the mercury
penetration method.

Microscope and stylus methods and any others requiring the
selection and preparation of specimens are subject to severe
gampling difficulties and though these need not be insuperable
in special research work they are invariably inconvenient. The
wide range of pore sizes expected would lead to the difficulty
in microscope work that measurements made at several magnifica-
tions would have to be reduced to the same basis., Using a stylus
the design and manufacture of a suitable tool would have had to
be solved before other difficulties such as trace recording and
sample preparation could have been tackled., Sampling was however
considered to be the greatest drawback of these methods.

sorptionlmethods would determine primarily surface area
accessible to sorbate, and while they might afford some measure
of "agverage" pore size the meaning of such a term is rather obscure
Capillary condensation methods might be applied to the distri-
bution of the finest pores but these methods have been reported
unreliable (16) when pore diameter is relatively large.

The method which was found to be most successful is called
the "counting" method and is described fully in Section 10.
Before it is discussed however short accounts are given of
certain other attempts to measure either pore distribution or

surface area. The first of these is a dye sorption method with

Which it was hoped to measure lump surface areas including the
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surfaces of exposed pores. The second is an attempt to employ
the mercury penetration method of Washburn and Bunting (17)
particularly in an effort to check the distribution of the
smaller bubble pores. The third method described was again de-
signed to measure surface area, being an adaption of the air
permeation method of Carman (19) for measurement of specific
surface. These are discussed in turn in Section 9. In
Section 11 a method employing the rather simple messurement of
bulk density is described. It was hoped that fhis might provide

an eagier alternative to the counting method.



41
SECTION 9.
wvYE SORPTION, MERCURY PENETRATION, ANuv AIR

PERMBATION METHOUS.

The following three series of experiments were carried out
in attempts to Iinu’a suitable means of measﬁring pore aistri-
bution or exposea surface area. None of them yielaea positive
results but it may be worth while to inaicate briefly in each
case what was attemptea and why it faillea.

The first was an attempt to measure "visible surface" by
8 aye sorption method. 4 sample of broken coke about 3" - 1" in
size was useu. Ihe "inner" surface was blanked off by boiling
the coke in benszene or some other organic liyuid immiscible
with water. The coke was then immersea in an agueous solution
of the aye anu the rate of its adsorption measurea by uetermining
the strengtn of the solution on periouic samples by means of a
photo=electiic absorptio~-neter. It was expectea that either
the total aye adsorbea unuer standard conditions or the rate of
its sorption woula be proportional to the extent of the adsorb=
ing surface as defined by the position of the water/benczene in-
terface. It was hopea that the position of that interface
might be moaifiea by the use of wetting agents which would alter
the contact angle coke/water/ben<zene.

The choice of a suitable aye presented some aifficulty.
Methylene Blue has frequently been usea for such work but was
soon found to react with sulphide in the coke and to change
.colour. A Solway Sky Blue was founa to be strongly aasorbed ana

was employea, but several others were not adsorbea at all ana
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the possibility of chemical reaction between Solway Sky Blue
ana coke was never really aisproved,

Reproaucibility of aata was initially poor, but it was
obvious that sorption coula not be completea in a short time
anu that the rate of sorption woula have to be related to surface
areca. This rate -wes varied with dye concentration and hence with
time, as the solution became weaker. As concentration is obvi-
ously further aepletea in the proximity of the aasorbing surface
than at a aistance from it, agitation of the solution was nec-
essary anda a perioaic flow was arrangea by means of an air-lift
ana a syphon. It was also necessary to ensure that the temper-
ature of the solution was constant as variations woula obviously
cause the water/benszene interface to aavance or receae exposing
more or less of the coke surface to the dye. Very constant
temperature conuitions were fortunately available in a large
unuseu roon.

In spite of all these precautions however reproaucibility
of data remainea rather poor. Attempts to find how sorption
rate varieu with aye concentration were not successful but point-
ed to the existence of secondéry effects which could not be
determined. Certainly no simple relationship coula be found
between sorption rate and surface area even when the latter was
the only known variable. Surface area was altered by employing
different sizes of coke, but fhe total bulk of the sample was
- kept constant.

This approach to the problem showea little promise of
success and was abandoned earlye.

e o PP PO OGS OEOSEPEOEOOEDPINPOSESEBSEDOERDY
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Another attempt was to apply the mercury penetration
method suggesteu by Washburn ana Bunting (17) and later em-
ployed by uvrake anu Ritter (15,16). It was hoped that it

might be possible to obtain a check on the lower end of the
| aistribution by this methoa which can be employed only for very
small pores.

The method depenas on the fact that the mercury/coke con=
tact angle exceeds 90° ana therefore mercury cannot enter
capillary pores without the application of external pressure,
Penetration is a function of pore diameter and applied pressure
and the diameter of the smallest pore entered under a given
pressure P cm, of Hg is given by the equation

d=0.05/p (cms)
Then by using pressures up to 80 cms. which was easily attain-
able, pores aown to 0.006 mm. would be entered, anu by varying
the pressure the distribution of pore sizes might be found.

As the smallest pores detected by the counting methoa were
about 0.04 mm. in diameter it seemed likely that a check coula
be obtained on the proportion of pores of the smallest sizes,

A suitable apparatus was preparea which gave fairly reproaucible
results but penetration of the mercurj continued at the highest
pressures attainable and seemea to inuicate a large volume of
porosity of sizes uown to 0.006 mm. and less. Some blank runs
were triea on broken quartz of similar sizes. This material

behavea ih the same way.as did coke.” Densities. of. . quartz
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ana of coke by mercury displacement were all low and it was
deduced that at the pressure applied; penetration of the voids
between the particles was not complete, Ritter and wurake
have suggestea a lower limit of applied pressure which can be
usefully employeda as 125cm. of Hg but gave no reason for the
figure. _

As soon as this difficulty was recognised the experiments

were discontinued.

® 06600600 9506000 00

The third set of experiments (18) was an attempt to approach
- the problem of pore aistribution through measurements of the
specific surface of sizgd material., It was hoped that it might
be possible to find a quicker methoa than the counting method
which coula be reéervea if necessary for calibration purposes.
It was argued that the specific surface of coke particles would
depend on the porosity as well as on size, and for a given size
would diminish with diminishing porosity. Specific surface is
proportional to the reciprocal of particle diameter%and curves
such as that in Figure 1 (a) were expected of the range of coke
sizes up to 5/6 mesh.

Specific surfaces were measured by the air permeation
- method suggestea by Carman (19) and in a modified apparatus
like that described by Gooden ana Smith (20). The permeability
to air of beds of coke particles- had to be measured and that,
with certain other quantities such as the length and cross-
section of the bed, afforded a means of calculating specific

surfacc.
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FIGURE 1. - Specific Surfaces by Air Permeation-.
Schematic Relationship with Size S.

(a) Curve expectea (b) Curve obtained.

Unfortunately a measure of the voidage of the bed was also
required. This could be obtained if the current values of
apparent density (Dg) were known, but obviously the method would
be valueless if that had to be determined by some other means. -
An indirect method (19) of deriving Ds was attempted in which the
permeability of the bed was measured under different conditions
of packing i.e. at different voidages. A value of Dg could
be extracted from the data obtained, but it did not correspond
with that obtained by the counting method. It varied rather
irregularly and in one case exceeded the real density of the

coke,
Buploying the values of Dy obtained by the counting
method the curve in Figure 1(b) was obtained when specific
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surface was plotted against 1/S. No satisfactory interpret-
ation of this type of curve could be made and this method too
had to be abandoned. The anomalous results would seem however
to be due in some measure to the difficulty of defining the
position eaf a surface of a porous material like coke, The
surface sweplt by passing air streams is obviously deeper in
the particle then that corresponding to the definition of
apparent density, so thal some of the pore -vglume»_foec“omes
confused as voidage., In view of this difficulty which is
encountered elsewhere in this reaeerch it cen be sald that the
guccessful spplication of this air permeation technique to
the messurement of surfaces of porous materials like coke is
probably impoesiblee.
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SECTION 10.
| INTERMEDIATE DENSITIES (Dg) BY THE COUNTING METHOD,
THEORY » | |

——————

The method for the evaluation of pore size distribution
will be referred to as the''counting method" and it depends on
the following simple theory.

If a non~porous material like quartz is closelye sized as
for example by sieving, then for any size fractlon the average
volume Vg of the particles will be related to their average size
S By a simple cubic relationship -

Vs; = k.5° A
where the value of k will depend on the statistically average
shape of the particles, and on the method of evaluating S
(which can be standardized). )

Further, their average weight Wg can be obtained as
| | Wg = DgoV = KkiDg.S°
where Dg is the density of the particles of size S, and will

~usually be constant for a given material. No evidence can be
found in the literature that k should be constant, and indeed
a similar shape factor for coal has been shown to change with
size (21), but that would be expected of any substance in which
the cleavage 1is much better developed in one direction than in
any other. Tt would seem a reasonable assumption however that
isotropic materials whether cerystalline or not would tend to
break in such a way that the ehape factor k would be subst-
entially independent of size, at least within wide limits. In

the course of this work considerable justification for that

assumption:- has been found, but only a few materials have bee
examined and the extent 'bé which ig is true or condiﬁons unger
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which it holds cannot be stated.

Now 1f a porous materlal is cénsidered_a similar relation-
ship will hold but over a certain range of slzes the vaiue of
Dg will vary with size from Dy to Dp=- from the apparent density
of the porous material the real density of the pore wall mater=
ial, as the pore structure is broken down.

‘The probability that k will remain constant mst, however,
be reconsidered for this case. Porous coke, and cell wall
material cannot be expected to have ldentical characteristics
but as there 1is little restraint on the shape of either the
large or the small pieces it was thought possible that the
total change in k would generally be quite small, and in any
case almost certainly gradual, In the absence of an alterna-
tive, this aséumption was made and it too has been largely
justified by résults. The variestion in k seems to be by
only a few per cent in the size range effected.

Then considering k to be virtually constant, the varia-
tion in Dg with S can be traced in the size range in which
pores are broken down so that at each size an apparent density
and hence a porosity may be determined, This porosity Pg will
be made up of pores only up to a limiting diameter dg which
will be a fraction of 8 , for a particle obviously cannot con-
tain a pore larger than itself. In order that the pore dis=
tribution may be determined some assumption must be made concern=-

ing the distribution of these pore sizes up to dg in a particle
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of size S. The only simple assumption that can be made is
that the porosity due to any size 4 < dg (and expressed as
a proportion of real volume) is the same in particles of size
S as in the massive material. In other words it 1s being
assumed that no porosity of size less than dg has been lost in
the degradation processe. No such porosity can be lost from
the interior of the particles but it is always possible at the
surface, It will be more probable when d 1is large and will
approach total loss when d equals dg, but losses of smaller
sizes will be partly offset by residual surfacé porosity due to
sizes greater than dg. Indeed the choice of the value of dg
corresponding to S could -~ in theory -~ be made to render the
gssumption very nearly true. In practice the ratio: of dg
%o S cannot be fixed primarily to that end, but the error due
to the assumption will affect all cokes in a similar manner and
it is believed that the pore size distributions will be compar-
able if not quite exact.

It may be menfioned here that the data obtained in the
course of these experiments has been examined to find whether
such a loss of porosity occurs outwith the size ranges in which
pores are being broken down. That no such loss was detected
suggests that it was small and probably negligible and that

the above assumption is probably well justified,
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In order to determine Dg the following method of plotting
date has been adopted. If Wg = keDge SS, the plot of log W
against log. S will be a straight line of gradient 3 as long
as Dg and k are constant. Thus when Dg=Dg and Dr,
parallel straight lines will be obtained, but in the range of 8
in which Dg is varying, the curve will lie across the interval
between these extreme portions, joining them as indicated in
Pigure 2.

The total displacement parallel to the log Wg axis has
the value log gﬁ and the displacement at any size Dg in the

Dg
range of pore rupture has the value log Da (2always assuming

k constant), Hence if Dy is known Dg and therefore Pg
can be determined at any size.
Technique,
In the application of the above theory the following pro-
blems had to be considered and they are now dealt with in turn.
(1) The method of comminution of the cokes
(8)  The metnhod of sizing the coke, and
(3) the evaluation of S for each size fraction.
(4) The calibration of the sieves used for (2)
(5) The determination of Wg at different sizes.
(6) The accuracy of the method.
(7) The relation between S and dg.
(1) It was found necessary to determine Wg on a wide range
of sizes from sbout 2" down to about 200m. and it was de=-
sirable to standardize the breaking and sampling processes

'as far as possible, The operation on each coke was carried
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out in two stages. In the first the gross sample of
about 100 1lb. was broken down with a hammer to have a
meximum size of about 3". Sizes below /32" were screened
out and reserved and the larger material screened into as
meny size fractions as possible Wg being determined on each.
The whole sample was then reduced in volume by normal coning and
quartering methods, breakage down to about 2" being continued by
hammer. Below 2" breakage to 2" was performed in a jaw
crusher and then in rolls set at 1/8". To the product was
added an appropriate portion of the °/32" material removed
in the first stage. The sample was then prepared for the
second part of the sizing operation.
(2) The only feasible means of sizing was by sieving and
the development of the sieving technique adopted is discussed
in Appendix B. The sizing of large material could not be
mechanised but had to be carried out by hand. Above 11" no
wire mesh screens were available and holes had to be cut in
stout tinplate for larger sizes. From 13" down to 1/16"
hand screens were usede. Except at the smallest sizes in this
raenge hand screening could be completed quite rapidly and
efficiently.' Below 5/16" however it was evident that the
degree of completion of sieving depended upon time, and
sieving on the 1/16" screen took so long to near completion
that it was seldom used.

Fortunately these screens overlap the range of the B.S.S.

fine mesh test sieves which could be shaken mechanically in a

Rotap machine. These were used in the second stage of the
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sizing operation. A part of the sample - l/8" was re-
served for real density determinations and the remainder
screened roughly at 12m., 30m., 85m., and 200m. The 12m,
fraction was coned and guartered until of small enough volume
for sieving - about 70 - 80 grams were required., All other
fractions were divided proportionately. Machine sieving was
carried out on each fraction in turn, each being sub-divided
into six closer fractions and undersize which was passed to
the next smaller fraction. The 5/12, 12/30, and 30/85 mesh
fractions were sieved for three hours and the 85/200 mesh
fraction for 5 hours.

(3) There are several "statistical diameters" available for
the expression of mean particle size, most of them based on
microscopic measurements(22, 23, 24,) . No relationship
between these stétistical dimensions and sieve apertures has
been found and indéed methods using the microscope

usually applied to sub-sieve sizes. Hatch (23) has however
suggested a method of calibrating sieves by microscopic ex-
amination of the size fractions produced in which he assumes
the slze distribution within each fraction to be log-normal
and employs the log-geometric mean Mg of that distribution as
the mean size of the fraction. Unfortunately no normal
relationship is given between Mg and the sleve apertures

possibly because it varies from one material to another.
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>.,~--Theusimplest and most- obvious way of expressing-the
average size of the particles within a particular size
fraction 1s by the arithmetic mean of the sieve apertures
defining the fraction. The validity of the use of this or
any other simple relationship between the mean particle size S
and the sieve aperture depends upon the distribution of sgizes
within every size fraction being similar, Closer examination
of this requirement shows that for S to be exactly equal to
the mean of the sieve apertures, the number of partitles per
unit range of size must be independent of size. This is a
most improbable particle size distribution.

The distributions actually obtained in the samples of
Quartz and Coke IV usedfin the main experiment were examined.
The number of particles JN per unit range of size was found
to increase rapidly with diminishing size S. These distri-
butions have been found to be rather erratic in spite of care-
ful sampling procedure, but Figure 3 in which log N is
plotted against log S, shows that a relationship of the type

N=«& SB
holds in both cases, over a wide range of sizes. The values of
B were 0.30 for Quartz and 0.32 for Coke IV. From these it
cah be calculated that in a fraction of size ratio 1.2, the
mean particle size is only slightly less than the mean of the
apertures, the small difference being proportional to size.
The difference Dbetween coke and quartz is slight and that
between separate cokes probably negligible, An absolute

value of 8 1s not required as the chosen value has to be
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related empirically to pore size at a later stage. It was
decided therefore that the mean sileve aperture was a sultable
measure of the mean particle size in a given size fraction.

The effect of the apparently erratic nature of the distribution
cannoﬁ be estimated, but it may explain why erratic values of
Wg have occasionally béen encountered,

The alternative, to follow a method such as that of
Hatch would have involved the use of his more elaborate tech-
nique and in applying it to the present work it is doubtful
that 1t would have yielded more useful results.

(4) Barly work yielded some very irregular curves, especilally
at the smaller sizes.‘ The accuracy of the sieves was question=-
ed and the'inspection of the specificétion for their manufact-
ure (B.S.S. 410° - 1943) dindicated that this was a likely
 source of the discrepancies encountered. Owing to difficul-
ties in the manufacturing process the cloth cannot be woven to
very close specifications especially in the case of finest
meghes.

It was obviously necessary that the screens should be
calibrated, Several methods have been suggested. The most
direct is by microscopic examination of the cloth but the
frequency and distribution of oversize apertures is a poor
indication of the proportion of oversize partidles that will
find their way through 1in a given time, Direct comparison
with a Master set of screens is useful for some purposes - but
requires a suitably calibrated Master. The method of Hatch
is probably the most satisfactory, but it is not certain that
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his technique would apply equally to all materials because
of its dependence on the distribution of size within the size
fraction. In any case 1t callbrates sieves in terms of
certain statistical diameters obtained from microscope
measurehents of particle slze which cannot readily be applied
to the calibration of the larger sizes. Another possible
method is to use "standard powders" which are known to break
down to give a logarithmic size distribution (25). Apparent
deviations in this law can be attributed to errors in screen
aperture. It is doubted if the reproducibility of sampling
and screening is good enough to justify the use of this method.
It might give different calibrations against different siev~-
ing times or methods, and the optimum conditions for the
standard distribution might not suit the work in hand.

The method adopted was chosen because of its similarity
to the work in which the screens were to be used. A constant
value of density and shape factor Xk was assumed for quartsz,
and deviations from a straight line of gradient 3 when log
W was plotted against log S were attributed to screen errors.
Quartz was broken down by a method similar to that specified
for coke, being crushed finally in rolls set at 1/g", It was
screened by the same method as coke and the average weight
per particle determined by the methods described for coke
below., Log Wé was plotted against log S 4in Figure 4 (in
back pocket)e A good straight line of the expected gradlent
- was obtailned from 5m. down to 60m. but at all smaller sizes

Wq'was larger than was required to bring the points on the
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same line. This was very much as expected both from con-
sideration of the irregular early data, and from inspection
of the tolerances specified. It will be appreciated that only
the oversize apertures are effective in producing screen errors;
undersize apertures are simply inoperative. It was not proven
however that k the shape factor was constant though constancy
of the density with size was easgily demonstrated. Data became
availlable however for coke P in which porosity was practically
zero below 25Me. The lower part of its log W/log S curve is
drawn alongside that of quartz in Figure 4 and it is readily
seen that the curves are very similar in shape - straight,down
to 60m., and then curved upwards. The divergencies were not
equal for Q and P in all cases., The mean of the correctlons
indicated by them has been applied in each case. The correction
“was made graphically and the construciions have been included
in Pigure 4. Deviations from the standard line at sizes great-
er than 60m. were random and considered to be as likely due to
size samﬁling errors, poor sieving reproducibility, and'counting
inaccuracies as to sieve errors. They were noted in case the
same sizes gave irregular points when coke was being tested,
Actually they did not, but one other size 30/36m. did give
consistently high results which were given due consideration
wilen curves were being drawn. So in a sense the method can be
’self-calibrating.

The larger sereens (5/32" - 22") could be calibrated
only by measuring direct with a standard scale. Corrections

where necessary have been incorporated in the various graphs
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drawne. Parts of the curves determined by the two sets of
screens overlapped very well and this method seems to have
been sufficient.

(5) To determine Wg & knoﬁn number of particles must be
weighed - a simple enough operation when the partidle size 1is
large. At .— sizes down to 56/44 mesh the fraction was coned
and quartered down to about 1000 particles which were counted
and weighed. Sizes 44/52 and 52/60 mesh were dealt with as
above but 2000 particles counted so that the total weight should
not be so low as to incur an appreciable weighing error.

The extension of this method to smaller sizes was imposse
ible because firstly they were too small for accurate ennumer-
ation with the naked eye, and seondly a much larger count would
have been necessary in order that the total weight could be
obtained with sufficient accuracy. The following technique was
developed which enabled Wg to be determined down to 170/200 mesh.,

A counting board was prepared, a ten inch square of inch
and tenths graph paper being mounted on a stiff card trimmed to
fit exactly. One hundred sampling areas, one in each of the one
hundred,one inch squares on the board, each 0.3" x 0.4" in size,
were marked off.

A suitable portion of the size fraction being tested was
obtained by coning and quartering. It was scattered over the
board, spillage over‘the edges being caught on white paper and
rescattered until of negligible proportion. The coke was
scatteréd from a relatively coarse sieve with a mask of paper

wlth about a dozen quarter inch holes in it lying on top of the
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cloth. This sieve was shaken over the board and gave a fair-
1y uniform distribution of particles upon it,.

The numbef of particles in each sampling area was then
counted using a magnifying glass of suitable power and this
sum multiplied by 8.33 to give an estimate of the total number
on the board. The board was then swept clean of coke which
was welghed.

Particles lying across the boundaries of the sampling

areas were conventlonally counted in or out depending on whether
they lay across the S and W, or N and E edges respectively.
Sampling of the gross size fraction had to be by coning and
quartering as random sampling gave very erratic results in spite
of the close size ratio: (1.2). On the board, the total count
was not permitted to fall below 1000 nor the total weight below
0.04 grams, Wg was always determined in duplicate and re-
checked if good agreement was not obtained. Quartz ( in the
calibration) was counted on a board on which the counting areas
were inked black,
(6) The accuracy of the counting operation is not as high as
might be expscted. Significantly higher accuracy could be
attained only by more and more reduplication but the method is
already cumbersome and tedious and further lengthening would
hardly be justified by the increase in accuracy obtainable.

There is an inevitable sémpling error due to the variance
of the size, shape and density of the particles in a single
size fraction. Even when the sieve size ratio was as low as

l.2 the weight ratior of particles of quartz was found to be of
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the order of 100 The variance of Wg in 5/6m. quartz was
such that the accuracy of lts determination from 1000 pieces
was only t4.7°/0  (95°/, level of probability), ort3.3°/,
if the average of duplicate determination was taken. A
similar value was obtained for 14/16m. quartz. Quartz is how=-
ever very irregular in shape any sample containing a wide range
of shapes from needles to plates and it was not surprising to
find that the corresponding accuracy obtained from the more
uniformly shaped coke IV was % 20/0 on the duplicate deter-
mination at 5/6m..

That error will probably not vary down to 52/60m. though
mistakes in cbunting may tend to be more frequent at smaller
sizes. When the counting board is used the error pattern is
quite different. As the number of particles increases the error
due to shape and size sampling rapidly becomes negligible and
the major error is in the sampiing of the population density of
the board. An investigation of this error was made using
60/72m. Coke Po An error of t 4°/, on the mean of the
duplicate was obtained. This was done at rather an early stage .
and practice and improved technique may have reduced it later,
This variance would probably be rather less at smaller sizes
where the higher ratio of board or sampling patch area to
particle projected area would improve the sampling of the
population density. Certainly reasonably close duplicates
( 3°/0 mikimum difference) were normelly obtained.

Apart from random errors in Wg such as those discussed
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above there have been encountered occasional values which,
while readily reproducible lie wildly off the best line
through the rest of the points. The only explanation of
these anomalies that can be suggested is that they are a
consequence of the rather erratic distributions obtained by
gieving, already pointed out on page 55. They occurred
in the calibration by quartz, and occasionally, occurring at
Or near an ogive in a coke curve have rendered the drawing of
the best line rather difficult.

At the very smallest sizes it was already noted that in
the calibration with Quartz and Coke P poor agreement was
obtained. This suggests a falling off of reproducibility at
these small sizes and while that is quite likely due to the
difficulty of handling and weighing of small amounts of small
particles, to the chance of contamination by dust at various
stages, and to the rather less satisfactory sieving of these
sizes, a completely new factor becomes of increasing impor-
tance - namely eyestrain. The extension of the counting to
300m. would have been desirable if 240 and 300 mesh sieves of
sufficiently high accuracy had been available. (They were not
being produced when this work was carried out). Improved
counting methods would have had to be found however probably
by making use of a binocular microscope of low power mounted

over the counting board.
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(7) The relationship between dg and S can be determined
only by microscope. Larger sizes of pores were examined on
polished sections of coke with a binocular microscope.
Smaller pores were examined in polished sections of particles
of suiteble size mounted either in Wood's metal or in disaskon.
A metallurgicel microscope was used at suitably high megnifi-
cation, Diskon was more convenient for mounting but sometimes
the larger pieces were crushed and their pore structures dee-
stroyed during moulding.

Pore size was compared with particle size particularly at
the uppermost and lowest ogive sizes. (It should be explained
that two ranges of pore size were found and hence there are
four 6gives in the log Wg/ log S curve of each coke.) The
size of the largest pores detected in any coke obviously
corresponds with the particle size at the uppermost ogive.

The lergest pores found in particles of size corresponding to
the lowest ogive were used to compare dg and S at that size.
It might be thought that the smallest should have been measured
in this case, but there were always a very few minute pores de-
tectable by microscope, so small and of such insignificant total
volume that they were probably not included in the pore dis-
tribution. These "pores" may only have been small chords of
mich larger spheres, and it was thought justifiable to ignore -
them at this stage. Pores were examined at a few other sizes
intermediate between the largest and smallest, and the infor-
mation obtained has been summarized for all these experiments

in Table VII.
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TABLE VII. = Determination

of the Ratio R= 95/,

Pore

Coke Paggigle Size ds/S Method of Measurement
S cms. | dg cms (R
II 0.51 0.20 0.39 S from uppermost ogive of
Iv 0451 ‘0.25 0+45 log W/ log S curve.
v 0.51 0.20 0439
VI 0.4l ‘0.13 0432 dg from largest pores on
VII (0.51 0.20 0639 polished surfaces,
P 1.90 0.91 0.48
II 0.19 0.064 0.34 S from upper ogive of lower !
range. dg from largest pores
in 5/6m. coke.
v 0,038 | 0,018 0447 Largest pores in 56/44m.
i coke .
I 0.023 f0.0115 0.50 Largest pores in 60/72m.coke
P 0.061 0,025 0.41 S from lower ogive dg
from pores in 22/25m. coke.
I ' 0.0125 0.0038 031 S from lowest ogives.
iI .0.0125 0.0051 0;41 dg from largest pore in
v 0.0115 | 0.,0038 0.33 particles of ogive size
v 0.014 0.0076 0454 (about 100 - 120m,)
VI 0.014 0.0025 0el8 *
VII }0.016 0.0051 | 0432

# No explanation can be found for this very low value.
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From the data in Table VII 1t can be deduced that the
value of the ratio: R = ds/ S is appfoximately Oe4e This
value cannot be determined precisely. Itiis thought that the
average value obtained is probably rather low because it is
more probable that dg Wwas measured low than high., Sampling
was most inadequate, for only a small number of pieces of any
coke could be examined - four or five of the 1arge'pieces or
a few dozens of the smaller particles. Each of these pieces
was examined in one section only which need not intersect the
largest pore, or if it does will probably not do so diametri-
callye. The probability of detecting the largest pore of all
is therefore small but on the other hand an unusually large
pore may be found of which there may be too few to be of any
consequence.,

For this reason the counting method cannot be expected to

give pore size distribution in terms of absolute pore size but

the distributlions measured will probably be comparable from
coke to coke. A complete cross=-check on the method using an
independent technigue would be necessary if a more precise
measure of pore sizes is to be made. The effect of the une~
certainty in the value adopted for R ,upon the pore surface
areas and cell wall thicknesses deduced from the distributions

will be indicated in the appropriaste sections.
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Criticisms of the method.

There are four posslible causes by which the counting
method may fail to indicate properly the variation in apparent
density with size.

Firstly, the shape factor may change. This can be discussed
only in the light of the results obtained and will be dealt with
“later in Section 12,

Secondly, diminution of porosity at broken surfaces may
cause an increase in Dy at a size larger than that at which
differential pore rupture occurs. The data obtained have been
examined and there is no sign of this phenomenon having any
effect, Some experiments were carried out on an agglomerate
of lead shot (of known size analysis) in conerete, in which the
shot was to represent pores and the concrete coke~carbon in an
analogous "coke", The counts method was applied but failed to
measure the "pore size distribution" because of "porosity" lost
at the broken surfaces. In that case however the shot fell
out rather readily, and the holes left behlind were in effect
"negative porosity of very high relative density" and the
effect was very noticable indeed. But pores in coke can lose
only a small fraction of their volume as they are exposed, the
greater part of them being diwided among the particles formed
by the fracture. |
' A third possibility is that a similar diminution of por-
osity occurring at all particle sizes might distort the Dg
curve so that there would appear to be a mich lower porosity

of small sizes than there really is. This point cannot be



checked without finding a completely independent means of
measuring pore size distribution, such as might have been
afforded by the mercury penetration method. It may be re-
marked however that there has been found a surprisingly high
proportion of perosity of very small size.

Fourtbly, there is the possibility that in the comminution
of the coke the more porous, softer and less (real) dense inner
ends will break down faster than the hard dense cauliflower ends
so that Wg for large sizes will be unduly high and that for
small sizes too low. This point was successfully examined. At
sizes as large as 5/6m. or 9/16" - 1/8" the values of Wy obtained
ffom the small sizes screened out after the first breakdown and
that from the larger sizes after the final crushing in the rolls
were identical. At very small sizes no difference could be
detected between the values of Wg from the normal sample and
that obtained by crushing a sample as finely as possible in rolls.
This possible source of error can be discounted.

Results.

The counting method has been applied to all seven cokes
and the data are summarized in Figure 4 where log Wg 1s plotted
against log Se The curve of Coke P is of the type predicted
but the six metallurgical cokes show two "steps" apparently in-
diéating two distinet ranges of pore size. The two ranges occur
at similar sizes in all six cokes. The extent of the upper range
is in each case very inadequately defined there being one point
only in the middle of the "step" part of the curve.

The lower end of the range of small pores unfortunately



corresponds with the smallest sieve sizes for which the values of
Wy are determined with most difficulty, and for which calibra-
tion was least satisfactory. The drawing of this lower end of
the curves has occasionally been difficult and it was for this
reason that extension of the counting to 300m, would have been
very useful.

The values of Dg have not been presented as tﬁey are not
required in the calculation of pore size distribution and are
of no interest in themselves,

The total displacement of the linear portion of the curves
parallel to the log Wg axis is usually less than that calculated
from the experimental values of Dg and D p assuming constancy
of ke It was this discrepancy which led to the development of
the "diskon" method of measuring density, and the displacement
calculated from Dg and D3 corresponds fairly well with that
found by counting experiments. In other words the maxinum
values of Dg have been found to be approximately equal to Dge.
The greatest difference between them was found in Coke V and
amounted to asbout 6 per cent.

The inferpretation of this ls that the counting method
measures the distribution of the bubble pores only. The
question of the constancy of k 1id discussed in Section 12 and
the calculation of the pore dlstribution iﬁ Section 13,
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SECTION 1l.

INTERMEDIATE DENSITIES (Dg) BY BULK DENSITIES (Dp)

An alternative method of tracing the changes in Dg with
size is through the values of the bulk densities of closely
sized material. This method was investigated for two reasons.
Firstly, it was hoped that it would provide an easier alternative
to the counting method, and secondly, that it might lead to =&
better understanding of shape factors.

The theory of the method is similar to that of the counting
method. From geometric considerations the bulk density of a non-
porous material would be expected to be independent of size but
it will depend on apparent density,on shape, and on any factor
affecting pecking. Some of these factors are due to surface
éonditions like roughness, adsorbed layers as of moisture, and
electrostatic forces. Others include air-cushioning between
particles, the number of friction points in the bed, and the
inertia of the particles. These last three vary in their
effect, being much more important in small sizes, and as a re-
sult bulk density is generally lower with small material than
with largé.

Nevertheless Bulk Density may be expressed as

Dp = f« pe. Dg
where £ is a factor depending on shape, and the packing factor
p depends on the various surface properties and mechanical
effects already mentionede. Dg has the same significance as in
Section 10y and 1s, of course constant for non-porous materials,

or in coke size ranges'of constant porositye.
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Then if Dp is plotted against S, the.particles size,
for a porous material like coke in which the value of Dg
increases from D, to Dy over a certain size range, a curve
like that in Figure 5 will be obtained. If £ and p are
constant the ratio of the maximum to the minimum value of
Dy would be expected equal to Dr/ba, and that of any inter-
mediate value of Dp to the minimum equal to Dg/Da

Very little appears in the literature on the effect of
size on the shape or packing factors relating to bulk density.
Indeed very little has been published on closely sized mater-
ial at all except theoretical considerations on the pécking
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of spheres. Roller (26) has published some data showing a
large increase in-voidage of sized materials below 20m (200m. is
76 M)e Gypsum, portland cement and anhydrite behaved similarly
with voidages of 45-450/0 at larger sizes while the smallest
voidage given by chrome yellow was 550/0. The difference may
be due to shape but the condition of Roller's materials is not
known. Below 20u the sudden increase in voidage was probably
due to one or more of the factors affecting packing becoming
of increasing importance at diminishing size. The only other

information found is summarized from Dallavalle (25) in Table VIII

TABLE VIII.. Voidages found in.

Various Packed Materials.

Material Voids °/, of
16/38m.Tyler Total Volume

Spherical Pb Shot 37418
Spherical S Shot 37435

Dune Sand 37,60
Beach Sand 36455
Marine Sand . 34,78
Crushed Quartz 41.2

Crushed Calcite 40,76

Crushed Halits 43,51
Mica . 86,62
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The materials were sized in the rather wide range 16/38m.
Tyler, (Size ratio =2), and this probably accounts for the
mich smaller voldages than are obtained inkhis work. Table VIII
demonstrates clearly the dependency of voidage upon shape.
Spheres gave values about 37 o/o; obligue spheresllower, about
350/0; and angular particles something over 40°/o, Closer
sizing would increase these all round, In the present work
with a size ratio of 1.2 the voidage of crushed quartz was
never less than 47°/, and that of large coke about 41 - 47/,.
These figures were found to increase between 51 and 55°/0 for
coke at the smallest sizes.

The measurements of Dp is very simple. There are two
possibilities - loose packing and closest packing. The latter
is by far the more reproducible. Coke was sized as for the
-~ counting method but rather more of each fraction was required.
Each size was coned carefully and poured into a measuring
cylinder of suitable dimensions. This had to be at least 8
times the diameter of the particles and had to be filled to a
height at least 6 times the diameter of the cylinder (26). The
cylinder was tapped until the level of the coke could not be
made to fall any further, The volume it occupied in the
cylinder was then noted and it was poured out and wéighed, Dy
was then simply the ratio of the mass to the measured volume.

When the size was below 44m. the cylinder was evacuated
during the packing process. This speeded up packing of the

eharser of these fractions and rendered close packing of the
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finest fractions possible as alr cushioning between the particles
seems to contribute toward the poor packing normally met with in
fine powderse.

The accuracy of the determined bulk density depends on the
reproducibility of the volume measurement. High values are
generally more acceptable than low ones because it is a maximum
packing density that is being measured. Sieving and sampling
errors are small but packing appears to depend on how the sample
had been mixed. Coning of the sample before pouring into the
cylinder was adopted as standard procedure because 1t improved
reproducibility. Duplicates within 2°/o were generally obtained.
The necessity of employing larger size ratios than the l.2 of the
B.S.S, sieves in the larger sizes led to the effect of size ratio
on bulk density being investigated. Between the standard value
of 1.2 and about l.5 the effect was negligibly small, This
range covers the requirements of this work.

The bulk density of quartz was determined to find how it
varied with size as a guide to what might be expected of coke.
The results are plotted in Figure 6 along with those of cokes
VII and P. They are erratic but show a marked fall in bulk
density with size. On the other hand the bulk density of Coke
P in its range of zero porosity below 25m. is remarkably con-
stant, corresponding to a voidage of 52°/0 that is the same as
that of small quartz. The erratic values obtained of quartz
may be due simply to its very wide range of shapes to which was
attributed in Section 10 the large variance of its value of

average particle weight Wg.
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The fall in bulk density of quartz does seem to be real however,
It occurs mainly in sizes above 22m.. Below that size bulk
density may be considered almost constant but very erratic. The
cause of the fall cannot be explained especially as the
(counting) shape factor k was constant,

Bulk densities of cokes I, VII, and P were determined at all
mesh sizes and VII and P at some larger sizes also. The other
cokes were determined at small and large mesh sizes and at a few
larger sizes, interest having focussed on the size ranges of con=-
stant porosity. Data for cokes I, VII, and P are summarized
graphically in Figure 6 where Dp is plotted against S . The
curves are of the expected form., Coke VII shows the double step
indicating the two ranges of pore size as did the counting method.
Coke P had one pore size range only as expected. Data at large
sizes were not obtainable for Coke I. Curves for the other
cokes were in line with those of I and VII and are not presented
as they add nothing of value at this stage. The data pertaining
to the largest sizes only have been included in Table III for
another purpose,

~ Broadly speaking the "steps" obtained'indicate the same pore
ranges as were obtained from the counting method but with differ-
ences in details. Ogives are generally less sharp and the
lower pore ranges rather wider than by the counting method.
The value of Dr/Da is invariably much lower than that obtained
from density measurements of from the counting method. This
conforms with the behaviour of gquartz and must be due to some

change in properties affecting packing. This question ls dis-
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cussed 1n full in Section 12 along with other relevant in-
formation in a general consideration of the properties of
particulate matter.

On the whole these experiments have contributed little to
the understanding of shape factors and shoﬁ no sign of being
useful as an alternative to the counting method for. estimating
pore size distribution because of the change in'packing charac=-
teristics in a size range which cannot be determined exactly.
This is particularly unfortunate since the technique has been

found to be so simple and reproducibility reasonably good.



PART FOUR.

~ CONCLUSIONS.
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SECTION 12,

SHAPE FACTORS.

Total ignorance of shape factors was a matter for some
concern when the work was commenced. Something has been
learned on the way, but the information obtained is limited to
a few materials only and even among these éome features lack
explanation. ‘

The shape factors k obtained by the counting method are
given in Table IX. Two values are given for each material =
the constant value for large pieces which had lost no porosity,
andvthat for small particles which were free of pores. Along=
side are given the voidages applying to the bulk density measure-
ments - again two values for each material. The values of k
were of course obtalined from the log WS/ log S graphs, from the
intercepts in the ordinate log S=0 (S::lcm.) of the linear
parts of the curves (produced if necessary.). The intercepts
give the values of log (k.D) whence k can be obtained if D
is known. D is either Dg or Dg, and the accuracy of k cannot
be better than that of the appropriate density value, The

accuracy of the Voidage figures is probably not better than

t 39/, as they depend on D also, and on the bulk density
determination.
An important feature of the log W/log S plots is that the
gradients of the linear portions are all very close to 3 .
This applies to the very large sizes of porous cokes; to the
intermediate sizes in which there is apparently no pore rupture;
to the small sizes where the cokes are non-porous; and partice

ularly to quartz and the non-porous range of sizes of Coke P.
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It would seem that an earlier assumption that values of k vary
little with size is probably justified for materials of constant
or zero porosity. The assumptlion is still subject to the nature
of the material however and may not hold for those with strong

directional cleavage such as coal or mica.

TABLE IX. - Shape Factors and Voidages.

Shape Factor k Voldage °/,
Coke

Large Small Large Small
I 0.604 0.618 - 5341
II - 0.589 04557 43.0 5540
IV 0.635- 0,619 41 .4 54,5
v 04656 0.638 41.6 5147
VI 04650 0.628 43,7 53.0
VII 04640 0.618 43.7 5303
P 04650 0.626 43.5 52.0
Q 0.642 0.642 4643 51,0

The general impression gained from Table IX is that shape
factors have & rather limited range of possible values but with-
iﬁ that range the variation appears quite random. Coke II for
example is a blocky coke for which a high factor might have been
expected, but it has the lowest factor; P on the other hand is

a soft material forming founded lumps for which a low value of
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k approaching that for spheres would have been predicted, but
its value is one of the highest. Then even where there is a
change in porosity the change in k within this limited range
will probably be small. The assumption that Xk would be nearly
constant even for non-porous materials is therefore justified.

The difference between the values of k for large and

small sizes of the same coke is of course a measure of the
accuracy with which the counting method has measured its pof-
ositye The abvious tendency for k to have a smaller value
at smaller sizes cannot be explained.

® & 2 8 0 09 6000 C O N OO N e .

The voidage figures (Table IX) are of little use in help-
ing to interpret the variations in k . They too wvary within
a narrow range but in a random fashion that is apparently quite
unrelated to the variations in k . The voldages obtained at
large sizes correspond fairly well with those given in Table VIII
for crushed materials - especially considering that the size
ratio is in this case much smaller (l.2 against 2.0). These
are being considered "normal" voidages and those obtained at
smaller sizes are being consgidered "high". Most of the bulk
densities measured have therefore been "low" for reasons that
will be discussed later,

The differences between the voidages of the large and small
sizes of the cokes has been found very large and this corres-
ponds to a big error if porosity is belng estimated from bulk
density data. This alone is sufficient reason that pore dis-
tribution should not be measured by that method,
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Figure 7 has been prepared to show how the Apparent
Density Factors (DS/Da) measured by the two methods differ,
The graphs have been drawn for Cokes VII and P and for Quartz.
Coke VII is typical of the metallurgical cokes and was chosen
because its data were most complete. In that case the results
by the two methods diverge most markedly at large sizes, the
difference established at 5/6m. being maintained with only
slight increase down to about 60m.. At still smaller sizes
the factor by bulk density fell still lower than that by count-
ing. The bulk density at very small sizes was not quite con-
stant but continued to increase slightly although the counting {
method indicated no pore rupture. Coke P again showed the
factors to diverge rapidly at large sizes and the difference then
became practically constant between 6m. and 16m. but agein
increased rapidly for the counting method indicated pore rupture
to 22m,., size, while the bulk density was constant below l6m..
In this case voidage and k were both constant over a very
wide range of sizes down to 200me.. Quartz, being non-porous
and having a constant k would have been expected to behave
~in this way too, but its apparent density factor by bulk density
is shown to have diminished (rather erratically) with diminish-
ing size. (See also Fig .

It might be deduced that the increase in voidage obtained
of quartz is a normsel function of size liable to be found in
2ll materials to a greater or less degree. Coke P however
is a very notable exception which prevents a general conclusion

being drawn,
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The reason for the apparent changes in packing character-
istics are rather difficult to determine with certainty, and
little can be added to the brief review in Section 11l. In
the first place it is being assumed that as the shape factor
with respect to Wy 1s constant (or nearly so), that referring
to bulk density will be constant too. But even: this is not
certain, Packing is, however subject to other factors than
simple shape,and surface roughness is probably the most im-
portant in the case of porous material like coke, When its
particle size is decreased so far that the features of the
surface which make it "rough", that is the exposed pores, are
of size comparable with the particles themselves then it may
be expected that the particles will pack differently. The
part which may be played by projections from the main body of
the particle in holding it apart from others can be imagined
qualitatively but could hardly be subjected to measurement.
A strong effect dquroughness would be expected down to the
smallest sizes in which there were pores but might at small
sizes be aﬁgmented by other factors such as adsorbed films,
electro-static effects, or, probably most important, greatly

increased friction effects due to the rapidly increasing number

- of points of contact throughout the bed of coke, At each of

these points the energy required to shake the particies into
their most compact arrangement would tend to be dissipated as
heat, and as their number increases it becomes more and more
difficult to transmit vibrations through the bed. The

highest values of bulk density then obtained would fall short
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of the theoretical meximum values. Thus "low" bulk densities
obtained at large sizes such as 5/6m. sre probably due to
‘surface roughness effects; those at small sizes are more
likely to be caused by other factors such as described above.

As the greatest increase in voidage in the metallurgical
cokes occurred near the size range in which the largest pores
are broken down, it would be interesting to know if the change
in k also occurs in this same range. If this could he
proved 1t would be a valuable contribution to reducing the un-
certaintles of the counting method for pore distribution. Un-
fortunately there is no way of applying the small amount of
data available to prove or disprove this point.
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SECTION 13.

THE PORE SIZE DISTRIBUTION OF COKE.

In this Sectlon the calculation of the pore size dis-
tribution from the counting data is described and the results
.obtained are presented along with some explanations and criti-
cisms,.

| Only the distribution of "bubble" pores defined in Section

7 has been measured and the values of "bubble" porosity given in

TABLE X. = Porosities by Densities and by Counting.

" Coke I II | IV v | vijviz| »p

Bubble porosity | 51.5 [ 59¢1 [51el | 50,5 {47.1 | 51.5 | 61.2
by densities®)

Bubble porogity | 527 572 [49.6 | 47,5 145,0 | 49.9 [59.7
by counting¥o

/s Error. 264 | 3.2 ] 2.9] 6.0 ] 4.5 3.3} 2.4

Table VI have been employed in the calculation. An alter-
native value can be deduced from the counting data assuming a
constant value of k . The porosities obtained by the two
methods are listed for comparison in Table X. Each method is
liable to its own errors and there is a smgll fundamental
difference between the quantities that they measure, Bubble
porosity 1s defined by Dy and Dg whereas the counting method
glves the porosity defined by Dy and Dg where S corresponds
to the aperture size at the lowest agive. The difference be-

tween Dg and Dg 1s due to the surface concavities in these
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small particles the volume of which was originally pore volume.
Diakon fills these pores but in the counting me thod. thelr volume
is reckoned as pore volumef Porosities by the counting method
are therefore lower than those by densities, The letter are
more correct and have been accepted as the bubble porosities
of the cokes.

The next question is how to deal with the changing value
of k . As there is no means of attributing the change to
any particular size or size range it has been decided to re-
gard the error as being distributed proportionately over all
sizes . The chief justification for this assumption is its
simplicity. It has the advantages of ease of operation and
that the attendant error is spread over the widest range of

sizes thus minimizing its effect.

The Calculation

The method of calculating the pore size distribution
curve can best be described by working through a specific
example. The data of Coke I will be used.

From the log Ws/log S plot already presented in Figure
4 (in back pocket) the value of the "Apparent Density Factor"
(A.D.F.) corresponding to each size plotted was abstracted.
This factor is the ratio Dg/Dy and is obtained as the anti-
logarithm of the intercept on the ordinate at S Dbetween the
curve plotted and the straight line part of it corresponding
to maximum porosity, produced to size S } The necessary

construction has already been indicated in Figure 2.
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These Apparent Denslty Factors were plotted against log
S as in Figure 8 where their values were "smoothed" and
then-fead off against the more convenient set of sizes , in
the scale of thousandths of an inch, These values are list-
. ed in Tgble XI where the rest of the calculation was carried
out.

In Column I of Table XI are listed the values of size
chosen. They are all in thousandths of an inche

Column 2 gives the corresponding values of the A.D.F. read
off Figure 8 (on a larger sceale).

In Column 3 are calculated the values of Pg= 1 - Dg/Dg
which is the porosity destroyed by degradation to size S ,
and 1s being considered as composed of the pores larger than
0e4 S in diameter. ( see page65,)

The maximum porosity given in Column 3 is the value ob-
tained by the counting method and listed in Table X.

In Column 4 all porosities have been reduced proportion-
ately so that the maximum porosity is that calculated from
densities D, and Dj. This adjusts the data to the basis
of constant shape factor.

In €olumns 5 and 6 the cumulative distribution data of
Column 4 are differentiated with respect to size. The incre~
ment of porosity corresponding to each size range is listed
against the mean value of S 1in that range.

It will be noted that all of these size ranges are not of
equal width and in Column 7 the increments of porosity have

been adjusted by the necessary factor to be per cent of por-
osity per 1/1000th of an inch in size range. :
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Cotlumin &

TABLE XI. = Calculation of Pore Size Distribution,
, . -
1 P 3 4 b6 f 6 v 8
J
Part- , Poro« 'Poro- Mean of | Poro- ' Poro- | P/S.
icle AD.F, osity :sity  Size | sity | sity
Bize 0,45 | >0.,48 Range  corre=  per (6/5)
(Thaus§ {corr=- S. | sponde~ | Thow'
‘ected) - ing tc‘ Range
| | Size
. Range
at S,
200 1.00 0.0 | 040 150 5 25 25 0,167
100 1.343 25,6  25.0 ;
44 1.343 25.6 25.0 43 . 0.2 Oel | 040046
42 1,348 2548  25.2 41 - 03 0.15 | 0,0073
40 1.354 26,1 25.5 39 ;066 Oed 0.0154
38 1,363 2647 26,1 37 . 067 0.35 | 0,0191
36 1,378 27 .4 2648 35 . 0.6 Oed 0,0172
34 1.390 28.0 27.4 33 . 0,85 0wd3 | 0,0257
32 1.406 28,9  28.256 31 0,9  0.45! 0.0290
30 * 1,428 30,0 29435 29 0.85 = 04,44 0,0292
28 1.449 3049 302 27 1.1 055 | 0,0410
. 26 1,470 3240 3143 25 0.9 Oed4 | 0.0360
22 - 1.520 34,42 33«4 21 135 : 0,68 0,0622
20 - 14850 3640 34.75 19,6 0e45 | 0445 0,0231
17 . 14583 373 . 3645 16,5 0.7 | 0.7 0.0424
16 - 1.611 38.0 ' 37.2 15,5 0.8 |- 0.8 0.0515
15 - 14632 388 38,0 14,5 0.7 | 0.7 0.0482
14 . 14658 = 39.6 | 38,7 1345 | 0.9 | 049 0,0678
13 . 1680 405 ¢ 3946 12,6~ 0.65 . 0.65] 0.0520
12 14700  41.2 ' 40,25 11,5 0,75 | 0,75| 0.0652
11 1,726 42,0 41,0 10.6 ¢ 0.9 % 0.9 0.0858
10 © 1,751 42,9 41.9 9eT5 . 0s6 | 162 | 040616
945 - 1e770 43¢5 4R45 9.25 0,7 | 1l | 0.0754
9.0 - 1.790 44.2 = 4342 8,76 0.55 | 1.1 040629
8.5 1.808 ' 44,75 43,75 8425 0.6 | 1,2 | 0.0728
B840 © 14830 45.4i 44,35 775 065 ' 1led | 00,0863
745 14855 46,11 45,1 7.25 0.9 ' 1.8 | 0.1240
70 1.890 47.1 46,0 6.756 1.45 ; 249 1 6.2150 '
6.5 1,940 48,5 = 47.45 6.25’ 1,3 2.6 ; 0.2080
6;0 1992 49,9 48.75 5.75; 1.3 = 2.6 | 0.2260
5.5 2.050 51¢3 50,05 5,25, 1,25 2,5 | 0.2190
445 - 2,116 5247, Bl.5 i .250 0e0 0.0 | 0,0
4,0 2.115 » l , - ' .
v o . Sum of _ _TEZOT
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At this stage comparative distribution curves could have
been drawn but it was found desirable first to smooth the
data again by plotting the values in Column 7 against log S
as in Figure 9 and to extract therefrom suitable figures for
replotting on an arithmetic basis. These figures were ade
justed in several respects. Pirstly values of S were cone-
verted to pore diameters dg, and &kem from thousands of an
inch to millimetres, using the factor. 0.01. Secondly values
of porosity increment were converted to per cent porosity per
1/100mm. range of pore sizes,

The distribution curves presented in Figure.lOwere then
drawn. The form of the curve for the upper range could not
be calculated on the data available. The curves drawn in-
dicate only the size range of these larger pores and their con-
tribution to the porosity is noted in each case. No attempt
has been made to represent the intermicellar porosity in these
diagrams,

The distributions for Cokes I, II, IV, V, VI, and VII are
all drawn to the same scale. The ordinate at any pore size
dg 1s proportional to the volume of pores of that diameter,
The areas under the curves are proportional to the total bubble
porosities., The distribution for Coke P has been drawn to
different scales and cannot readily be compared with the others.
Distributions by numbers of pores rather than by their wolume
appear similar in form but with the mode at the small sizes
greatly exaggerated and the contribution of porosity by larger

pores apparently greatly diminished.
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This distribution is very difficult to present graphically
but it was calculated that there are some thousands of pores
of sizes in the lower range for every one in the upper range.
- It is surprising to find that this ratio is so high. It has
not been possible to devise an independent check om this work
and the distributions are accepted as substantially correct
and are discussed below,.
Comments.

The most surprising feature of the pore size distributions
of the six metallurgical cokes is their distinct division into
ranges. Apart from the range of intermicellar pore sizes
the bubble pores are divided into two ranges, the lower be~
tween 0,05mm., and O,7mm. and the upper'from about lmm. to
omm., with apparently a range of sizes between, of which there
are no pores. Each range accounts for approximately half the
porosity in every case,

The upper and lower limits of each range are quite simi=-
lar in all six cokes although the uncertainty in the largest
sizes may be as great as 0.26mm.., It is probably much less
however, and in any case would have little effect on the
values of pore surface areas and cell‘wall thicknesses caleu~
lated later. The evidence is clear that insofar as "visible"
slzes of pores are concerned there is no important difference
between any two of these cokes. It must be stressed that it
is the average pore structure that is being considered and
that much larger pores than measured are almost certainly

present in all of the cokes but in such small proportions as
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not to be detectable by the present methods. It can pro-
bably be assumed that such pores make a negligible contri-
bution to the properties of the coke. They will mainly be
present at the soft inner ends which are most easily abraded
and are probably broken down to breeze sizes before the coke
reaches the de-~breezing sereens.

Examining the forms of the distribution curves of the
lower size ranges it will be noted that there are two types
of curve. Cokes I, II, IV and (perhaps) VII give unimodal
distributions with very prominent modes at 0,06mm., 0,055mm.,,
0.05mm., and 0.075mm. respectively. The mode of VII was less
pronounced than the others, and in this and certain other ree
spects it falls rather into the other type with V and VI whose
distributions in this range were bi-modal, with a weak mode at
about 0.06mm. in each case and another wide, lower maximum at
about O.2mm,.

The general form of the distribution curves could not
have been predicted by microscopic examination. A pronounced
mode was suspected, however among the largest sizes and its
presence has been cdnfirmed in the upper range of sizes. The
marked break in the curve between the upper and lower size
ranges is quite unexpected and subsequent microscopic examine-
ation fails to convince that such a wide range of pore sizes
is definitely missing. It may be that there is only a very
distinct minimum in the curve and that the counting method is
not sufficiently sensitive to record the small amount of pbr-

osity in the range. Another possible explanation is suggested
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in a footnote to this section. This particular feature of
the distributions is in any case very significant occurring
as it does in all six metallurgical cokes, though not in the
paraffin coke.

There are two possible explanations of this separation of
pores into two size ranges. They are not incompatible but
rather tend to reinforce each other, and may both operate.

There was mentioned on p.l1l7 the possibility that pores
may form within coal particles in the early stages of carbon=-
ization, or from the interstices between them as softening and
coalescence proceeds. There is a strong suggestion that the
pores in the lower range of sizes are formed within the coal
particles and the bigger pores in the voids between them.

This 1s supported by observations made under binocular microscope
that while the small pores are nearly always spherical, larger
oneé are frequently irregular, frequently burst one into another
and to sbme extent ramifying.,

The other explanation is that in analogy with, say, soap
bubbles the excess pressure in a small pore during intumescence
will be much greater than that in a large pore, so that large
pores will tend to grow at the expense of small ones, provided
théy are connected and as long as the carbonizing material is
sufficiently plastic to flow. It seems doubtful if this mech=-
anism alone could bring about the type of distribution found
but it could makeabontribution once a pore size differential

had been set up by the first mechanism suggested.
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If these suggestions are accepted, it follows that the
smallest pores are connected with the larger pores, either
not at all, or only through passages offering very high re-
sistance to gas flow otherwise they would have been destroyed
while the coal was still plastice Small pores make a very
big contribution to pore surface area but if the above is true
that contribution must be largely inavailable for combustion.

The distributions obtained of the lower range of pore sizes
are particularly interesting because the differences between
them constitute one of the most distinctive features differen-
tiating the cokes, While the possible effects of these
differences will be discussed in the next two Sections, it will
be mentioned here that an investigation of fheir causes might
lead to important information on the mechanism of coking in the
temperature range in which these smallest pores are formed.

The reason for the formation of such very large numbers of very
small bubbles in say Coke II compared with Coke VI must depénd
on the physical characteristics of the coals from which they
are made. The present work was not designed to enquire into
this problem and the necessary information on the coals used
was not collected so that further discussion on these coals
could only be speculative.

The distribution of pores obtained for Coke P 1is rmuch
wider than those of the metallurgical cokes. It is bl-modal
rather llke the lower range of V and VI. The distribution
shows no anexpected or unexplainable feabtures except that the

reason for the lower mode is not clear. It has not been
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explained for the other cokes either however, but is pro=
bably a function of gas evolution rate and permeability to
gases of the carbonizing material. An important feature is
that there is no complete separation of the pore.sizes into
two distinct ranges. Such a distribution could not have been
explained for Coke P 1in the same way as it was for the
metallurgical cokes because paraffin coke is made from oil
residues having no interstitial voids from which the large pores
might have been formed.

The qualitative descriptions of these distributions are
interesting and have led to some useful speculation but their
real value lies in any quantitative derivations which can be
made from them. When the calculations of pore surface areas
and cell wall thicknesses have been made and discussed in the
subsequent sectiong the real differences between the distri-
butions will be come evident,

Footnote.

A note should be added here on a possible reason for the
surprisingly distinct gap in the distributions. If the larger
pores are formed as suggested from the voids between the coal
particles, and if these larger pores are joined and ramifying,
they may form a network of weaknesses, one effect of which would
be that their presence in particles below a certain size would
be improbable, for they would render such particles so weak
that they would break to smaller sizes. Thus it can be imagined
that the relationship

dg = 0.45
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might break down within a restricted range of 4, and cause
some error in the determination of pore size distribution.

This can only be a tentative suggestion, but the idea might be
worthy of further investigation, It might lead to Information
on the formation of shrinkage cracks and incipient fissures in

coke, factors of great importance affecting strengthe
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SECTION 14.

PORE SURFACE AREAS.

Pore surface area may be calculated as follows from the pore
sige distributions if the assumption is made that the pores are
spherical., Microscoplc examination shows that this is approxi-
mately true for the smaller pores, that is those in the lower
range, but that the surfaces df the larger pores are more irreg-
ular. As these contribute only a small proportion (about 10%/5)
of the total surface area the error involved in making the
assumptibn is not high, and as the volume of large pores is simi-
lar in all cokes it seems reasonable that the magnitude of the
error will not be very different from one coke to another. The
ordering of the cokes should not be affected.

Considering the pores in a narrow range of sizes of diameter
d let their volume v be a fraction b of the total pore volume,
we. PP of the coke volume where P is the fractional poros-

ity of the coke.

The ¥olume of each pore = A% 4’
The Number of Pores per unlt Coke volume = ;:Z)
The Surface area of these pores = bpP
od
Therefore the total pore area per
. P s k
unit coke volume = Zd bg =bT Zd a

The evaluation ofE;-%. is most readily demonstrated by extending
Table XI. The values in Column 5 are proportional to d, Dbeing
greater by & factor Vﬁ =1/0.4 in every case, Values in Column 6

are proportional to b and as their sum equals 100 P each,
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divided by 100 P gives the fractional porosity P that is re=-
quired. Column 8 gives the quotients of the values in Column 6

divided by those in 5 and their sum multiplied by L is

o4 n|0O0P
the required 2. k
q 5 o
Hence the pore area rer unit volume of coke is obtained as

(the Sum of Column 8,X 5 )

o - The units must still be adjusted

to cmz/cm5 .

The values obtained for the various cokes are given in Table
XII, along with those of cell wall thickness. These values are
dependent on the walidity of the factor R=04, any error in

which causes an inversely proportionate error in the pore area.

TABLE XI1I. - Pore Surface Areas and Cell Wall Thicknesses
of the Cokes Examined,

. Pore Surface Area in Cell Wall Thickness
ooke:. cm.? per cm. 9of Massive in
Coke. mms o e
I _ 142 0.058
II - 185 6.045
v 152 0,055
v 114 0.082
VI : 99 0.091 .
VII 99 | 0,087
P 31 0.25
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Coke P 1is out of line with the others for obvious reasons and
need not be considered further.

Among the metallurgical cokes it is at once apparent that
the Scottish Cokes I, II, and IV have a much more extensive pore
surface than the Durham and Welsh cokes. This can be attributed
largely to the pronounced maxima in their distribution curves at
about 0.07mm.. That is particularly noticable in II which has
by far the greatest surface area. The contributions made by
various size ranges of pores to the surface of Cokes I, II and

VI are summarized in Table XIII.

TABLE XIII. - Surface Area Contributions by Various Ranges

of Pore Size.

Coke. Surface of Pgores in Size Range Indicated
7 < Qolmm, 0.1 - Oo.2mm. 0e2 ~1l.0mm,|{Upper Rang
I ' 81 32 19.4 046
IT 111 38 26 1040
Vi ; | 33 30 27.0 940

The range < 0.1l mm. corresponds with those maxima mentioned
above and they are clearly shown to make the most variable
contribution to surface area. The contribution is also of most
doubtful effect however, as these are the very pores which, it
has been argued may owe their existence to the fact that they
were virtually sealed off at the time of their formation. If

they are still sealed off or accessible to reacting gases only
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with difficulty, then there is scarcely any difference among the
effective surface areas of these cokes. Even by virtue of their
size these pores must be of low availability and their contri-
bution to effective or active surface is probably mich smaller
than sé;ight calculation suggestse.

No suitable test has yét been devised to measure the avail-
ability of pore surface to reacting gases. Availability of pore
volume would be easier to assess but of much less use, A type
of technique which might lead to the desired information would
be one involving sorption and de-sorption of gases on the surfaces
béing examined. It would depend on diffusion rates and results
would probably be very difficult to interpret. Comparing as
extreme cases Cokes II and VI it can be shown that surface
"gvailability factors" in the ratio 132 would make their available
surfaces approximately equal. Inspection of the appropriate
figures in Tables XII and XIII suggests that such values for the
availability factor as, say 0.3 for II and 0.6 for VI would be
guite possible and it is therefore not at all certain that the
surface of II is effectively greater than that of VI, Until a
sultable test of accessibility is devised the usefulness of these
distributions cannot be properly assessed.

The effect of porosity alone on pore surface area is demon-
strated in Figure 1l. The three curves represent the pore sur-
faces of serles of cokes having pore distributions like Cokes I,

II and VI, and in each case bubble porosities from 40 = 60°/ 0.
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Pore surface 1is in each case proportional to porosity but it
will be noted that the distribution can be of greater importance
than porosity. It is particularly notable that a coke with a
distribution like VI and 60%/o pores, would have as small a pore
surface area as one with a distribution like II and only 40°/,
pores. These are extreme cases that possibly could not be
realized in practi%e but they do help to stress the potential /Aé
importance of distribution and justify the assertion of Ramsberg
andSperr in 1917 that the determination of porosity alome was
valueless.

The significance in the difference in the pore distributions
of "good" Durham and Welsh, and "poor" Scottish coke cannot pro-
perly be assessed at this stage. That 1t is a contributory
factor seems very probable but there is no evidence yet that it
is a major factor., Future investigations must assess the availl-
ability of surface to reacting gases and then attempt to correlate
avalilable pore surface and reactivity. It may well be that some
other factor such as chemical composition or the presence of cata=-
lysts is of mich greater importancé than surface area.

The surface due to intermicellar pores has not been con-
sidered; This must be of very great extent, but very inaccessible.
Its effect on the combustion of coke is quite incalculable however
and both the nature of these fine pores and their possible effects
on the combustion properties of the coke would be worthy of further
investigation.
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SECTION 15.

- THE AVERAGE CELL WALL THICKNESS.

The cell wall thickness can be calculated only if the pores
can be assumed (as in Section 14) to be spherical or to have some
other simple shape, and to be uniformly disposed so that the cell
walls are of approximately the same thickness throughout, The
former assumption is valid for the smaller'pores and it can be
shown that it is their volume and size distribution that are most
important in determining the cell wall thickness. The latter
assumption cannot readily be justified but it is believed that
the calculations yield values which are at least comparable from
coke to coke.

Using the same symbols as in the previous Section and con-
sidering unit volume of a representative portion of coke -

The total volume of pores of diameter 4 =TPZp
Consider the coke to be built up entirely of a large number of
cenospheres each with a.skwlj.qzthick where ¢ 1is the cell wall

thickness of the coke.

Ti 3 P
The total volume of these cenospheres = 2 %(ohc) X %—%
A
- pi ‘O(W\*C)s
But this equals unity, A A3

therefore P (Zd P + 3 Zﬂ% ¢+ 35 Botys akig 3)-_- /
e (33f)e+BrB)e + (5 5)P=5-1p=L -1

Now the evaluation of 20\ -Vo\i was demonstrated in the previous
Section and those of 2 %, and Z* ¥.3 can be carried out in the

same way. The value of P is known for each coke. Hence ¢
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can be obtained by solving the above cubic equation. This is
readilj done using a graphical method.

'The values of ¢ so obtained have been included in
Table XII. These may again be in some slight error inversely
proportional to thet in R=o0'4,

Ignoring Coke P it is seen that the maximum value of c
is about twice the minimum. Again Scottish cokes and the Durham
and Welsh cokes form two separate groupse.

The separate effects of porosity and size distribution can
again be demonstrated. In Figure 12 the cell wall thicknesses
corresponding to porosities from 40 - 60°/o and distributions
like those of I, II and VI are presented graphically. The

pattern is similar to that obtained for pore surface areas and
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requires little comment. The value of ¢ 1is very much affected
by the number of small pores = and unfortunately by whatever
errors are made in their assessment,

It was thought that this property might be of some impor-
tance in determining the "strength" of the materials - particu-
larly their abrasion strength. The samples avallable were not
suitable for a Cochrane test and 1t was thought that the’"Northern
Coke Committeel!s Micro-Hardness Test" (28) would be the most
appropriate with which to test the hypothesis. That test had to
be modified in some respects. It was not possible to apply it to
coke large enough to‘contain the whole range of pore sizes but a
size was chosen ( 1/18" - 3/32") which would include all the lower
range of pores and in which the cell walls are practically the same
thickness as in large coke. The size used in the standard test
is only 14/25 mesh. The weight of sample used was increased from
2 grams to 10 grams because of the bigger particles. The coke
was charged into the standard size of steel tube - 12" long by 1"
diameter along with 10 steel ball bearings each 3/8" in diameter,
The tube was rotated round the mid-point of its axis at a rate of
28 times per minute.

The effect of the number of turns given the tube on the dis-
tributions of the degraded coke was examined in some prelimin-
ary experiments and it was decided to measure only the =-22m,
and =72m. fractions. In each test the coke was hand sieved
after (about) 100, 250, 450, and 600 turns and returned to the
machine for further degradation. Tests were carried out in

dﬁplicate for each coke and plots were made of the -22m., and
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‘—72m., fractions against the number of turns given the tube.
Figure 13 shows the plot of the —22m. fraction. The %72m. plot
was very similar and has not been included.

This simple test has proved sufficient to differentiate the
cokes according to their relative "micro-strengths". The
gignificance of that term is rather obscure. The coke in test
is subjected mainly to impact forces and partly to forces of self=-
abrasion. It is important that its’degradation from the size
charged is not dependent upon pre-formed fissures and cracks as is
the case with the larger scale strength tests. The present test
is an attempt to compare the cellular structures of the cokes
rather than their strengths in the massive state.

Figure 13 shows Coke V to have the highest "micro-strength”;
Cokes II and VI are next in order followed by I and IV, with
Coke VII the beehive coke by far the weakest of the six.

This ordering o©f the cokes obviously correlates very poorly
with that by cell Wall thickness. It may be pointed out however
fhat the strong cokes V, II, and VI are those which have high real
densitys. This suggests that the inherent hardness of the coke=-
carbon is at least as important as cell structure in determining
micro-strength. This inherent hardness is probably a function
of coking temperature and may be closely related to real density.
Data from six cokes is insufficient on which to test the corre-
lation of micro-~strength against both of these varlables but two
additional experiments were conducted to investigg: its depénd-

ency upon them.
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In the first a sample of Coke I was reheated at 1450°C out

of contact with air, and its strength determined. It was found
to have increased to a value similar to that of II and VI. Its
density had also inéreased. ( Mark X on Figure 13)

Secondly a similar sample which was being reheated at 1200°C
was accidentally oxidized. Its strength was measured also and
found to have decreased congiderably ( in gpite of increased
density). (Mark O on Figure 13), This is attributed to a
general reduction in its cell wall thickness due to the oxldation.

These tests suggest that both factors studied affect the
micro-strength of coke but it cannot be deduced to what extent
each is important. It would be necessary to investigate the in-
herent strength of the coke~carbon and find a means of equalizing
it in all the cokes (e.g. by re-coking at very high temperature)
before re-testing the strength / cell wall thickness correlation.

It has not yet been possible to carry out this work.

The significance of this measurement of strength and the
value of the attempted correlation may both seem rather doubtful,
but it is logical to expect that the strength of large pieces of
coke should be related to the strength of the cellular material
of which they are composed. This applies particularly to their
ability to resist grinding or crushing forces and "chipping"
forces such as minor impacts incurred during handling. But it
probably applies also, albeit in a somewhat lesser degree to

resistance to cracking and shattering under major impact forces.



109
SECTION 16.

GENERAL CONCLUSIONS.

While each of the last few section have been devoted to
the drawing of conclusions from the experimental data it may
be useful to summarize the more important findings and put them
in perspective with one another and with the industrisl problems
of which they are a parte.

The most important result of the research is that for the
first time a method has been developed for the measurement of
pore size distribution in coke. Assumptions made and accuracy
atfained at various stages have been discussed in the appropriate
sections.,. The overall effect of these is however rather obscure.
The method is a substantial advance on the classification of
Malleis but ought to be accepted with some reserve and the re-
sults obtained by it used with caution until they can be con-
firmed by some independent technique. Unfortunately it is very
difficult to conceive any other method likely to yield more
certain resultse.

The distributions obtained by this new method are unexpected
and very interesting. There are three distinct ranges of pore
sizes - the upper and lower ranges of 'bubble'" pores and the
very small "intermicellar" pores. Of the last named scarcely
anything is known, except that they account for about 0.5 = 3.5
per cent of porosity in the various cokes examined., The dis=
tribution in the lower range of bubble pores only, have been
fully worked out, but if large samples were employed and a

special set of screens prepared, the method might be used to
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measure the distribution in the upper range alsoe.

The general form of distribution obtained is remarkably
similar in all six metallurgical cokes examined, The propor-
tions of bubble porosity in each range varies only between 40
and 60 per cent of the total. The size limits of each range
are similar from coke to coke, and the distributions are all
such that there are no pores detected of sizes between about
0.6 and 1.0mm, These features recur in such a definite manner
that their significance is beyond doubt.

The most obvious difference among the cokes appears in the
distribution of sizes in the lower range. The proportioh of
pores of size less than 0.l mm, is very much higher in the three
Scottish cokes than in the Durham and Welsh cokes. This differ-
ence occurring as it does between two groups is probably very
significant, The distribution of these smallest pores was the
most difficult to determine, the measurement being subject to
the uncertainties in the calibration of the finest sieves and
the general difficulty in counting the smallest sizes of parti-
cles. The modes at about 0.05 mm. may therefore be rather in-
accurate and comparison within the two groups can hardly be
justified.

Unfortunately the derived values of pore surface area and
cell wall thickness depend very much on the proportion of these
smallest pores the distribution of which may have been measured
rather inaccurately. Nevertheless if the difference in pore

distribution between the Scottish and Durham=Welsh SPoups is
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accepted as significant then so must the differences between
the groups with respect to pore surface area and cell wall
thiékness. The calculations made haﬁe shown that the Scottid
cokes have much greater pore areas and thinner cell walls than
the Durham and Welsh cokes. The importance of these properties
in terms of reactivity and strength cannot yet be assessed but
it as interesting to note that Scottish cokes are generally éon-
sidered to be inferior to Durham and Welsh cokes as blast fur-
nace fuels.

The alleged superiority of beehive coke is not explained
by the results reported, for Coke VII is not very different from
the other cokes in its groupe. The lower l1limit of its bubble
pore sizes 1is rather higher than in the other cokes but this
single observation cannof be regarded as significant.

Further investigation of these distributions would be very
useful, A much wider range of cokes or other chars should be
examined and correlation of distribution of pore sizes Wifh
strength and reactivity soughte. The possible value of the
distributions in helping to eiucidate coking mechanism hés
already been mentioned . In a sense this research lies midway
between the two extremes of practical coke-making and blast
furnace operation, and may seem to be far removed from useful
application in either direction. Disposed in this way however
the work has a double importance and it is unfortunate that it

has not ylelded more positive results.,

0 0% 00605006500 000000000800000
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0f the wvarious side‘issues to the main theme of the re-
search the investigation.%%pgégﬁ#density is probably the most
important,. The geometric method used is not fundamentally new,
but the planing of the wax to the level of the coke makes it
more exact than has been previously reported. The determination
of the inevitable sampling errors is useful in demonstrating the
need for methods which can be applied to good average samples
of broken material, The suggestion that bulk density measure-
ments could be used for the indirect determination of apparent
density may prove to be of practical value.

The measurement of density by the displacement of Diakon is
new and might havé other applications but these will be limited
by the capacity of the material under test to Ptesist deformation
under the high moulding pressures required.

The counting technique employed has successfully measured
Wg at smaller sizes than previously reported and could be used
with refinement at still smaller sizes. This technique could
be used to obtain useful information on shape factors of parti=-
cles,and another application is illustrated in Appendix B.

In Appendix A, the investigation of real density determina-
tion has made little positive advance on previously published
worke The experiments on sieving mechanism described in
Appendix B were designed primarily to show the best sieving
technique for use in the main research and were thus far success-
ful, The sleving times deduced to be necessary were very much

longer than are generally employed and the results suggest that

the question of sieving methods requires very full investigation.
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APPENDIX A.

AN _INVESTIGATION INTO METHODS OF DETERMINING

THE REAL DENSITY OF COKE,

The real density of coke is conveniently detemingd by the
method given in B.S.S. 735/1937. Briefly, about 5 grame of
coke ground below 72 mesh are weighed into a density bottle
and covered with water which is boiled gently for half an hour
%o expel air from the pores and interstices. The bottle is then
cooled, filled with water and weighed. The capacity of the bottle
is determined and the density of the coke calculated in the
ueual way. This standard (Boiling) method is much more repro-
dl}ciplg than the’nomal apparent density methods and has been
aceeptéd as adequate for porosity determinations . There are
many references how_ever to anomalous densities obtained by
displacement of liquids other than water, and the question
arose as to whether the standard method was the one which gave
the truest value of D,, The field of study was attractive for
the further reason that it might lead to useful information on
the finest pores present in coke, _ _

- Previous workers on this problem have produced a large
body of data on the densities of coals and chars. Unfortunately
none of them worked systematically through a sufficiently wide
renge of cokes, coking temperatures or displacement fluids te
engble a comprehensive theory to be formulated. Im those cases
m;e_re accuracy of measurement w&s considered it was admitted

te be low - usually so low as to remder the significance of the
data very doubtﬁi]_. In the present work the si@iﬁcance is

i
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TABLE XIV- Selection of Real Density Data from the Literature

Liquid Coke A CekeB Cokes Cy D Coke F Charcqgl
Ref.29 | Ref.30| Ref.31, 7 | Ref,32 | Ref,34

Weter | 1.852 | 1.96 1.985|1.841 | 1.854 1.84

Benzene | 1,750 1.96 | 2.054, 1,797 2,01

ol | 1.837 2.086|1.891 | 1,647 |

C Sg 1,876 1.941 | 1.984 2.06

CoHsCHy 2.142

CoH5O0H 1.892

still not high because although the accuracy is improved the
variations being studied have beén found to be smaller than were
expecteds A selection of the early data is given in Table XIV
from which the nature of the confusion will be obvious.
‘Generally the demsity obtained by the displacement of
gase__mié helium is accepted as most likely to be correct because
helium has the smallest of all molecules except hydrogen, and
has a negligibly small van der Waal's field, It can therefore
be expected to penetrate a pore system further than any other
fluid except hydrogen, and at the same time cannot be adsorbed
on the internal carbon surfaces. Unfortunately the helium
method has not been at the disposal of many workers. Saith
and Howard (38) found water to give a value the same as or
rather lower than helium, and Franklin (35) has obtained only
a few values from methyl alcohol significantly higher . Other
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workers have had to invoke the differences in the properties of tin

liquids to try to explain the variations in measured density, but
there was no way of deciding which liquid gave the truest value.

In the present work helium data are again missing, and the
results will have to be considered primarily in relation to the
properties of the liguids used. These are listed for reference
in Table XV,

TABLE XV -« Relevant Properties Of Various Liquids.

Liquid. Viscosity| Surface | Dipole | Molecular|Compressib-
Tension | Moment Volume ility
Poise Dyne es8.us | CCo/mol. ;Vol/atmg .
x10
Water. | 1,0 73 1.85 | 18.0 40 - 50
Ethanol "’ 1.2 22_.7 1.85 5843 100
Methanol 0 .6 22 .6 1.78 40 S 80
Acetone 0.32 23.0 2.72 736 50 - 80
Ether low ¢ 22 1.10 : 103,0 160
Benzene 0.‘65 28.9 0 . 8940 87
Octane 071 | 210 o 15640 180
¢ cl, 0.97 270 | 0 | 9.5 | 90
Xylene 0,81 | 30,0 | O l 12,0 | 75

The most important of these properties are probably molec-
ular volume and dipole moment. The former if large would be )
expected to prevent the passage of the fluid through 't.l_le fi:_lest of
the pores and so give low values of densitj. High dipole moment

on the other hand would favour adsorption on the pore surfaces.
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The liquid is then highly compressed locally and tends to give
a high value of density. The other relevant properties are -
(1) viscosity, which if high may delay attaimment of maximum
| penetration;
(2) surface tension, which if high would usually favour a high
- degree of penetration of capillé.ry pores - but
(3) contact angle with carbon, if high woﬁld reduce, and if great-
er 't.ha.n_90° as in the case of mercury would reverse the
action of surface tension; o |
(4) compressibility, which would accentuate the effect of dipole
moment if itself high. ' |
The nature and extent of the pore surfaces might also be impor-
tant in conjunction either with surface tension end contact angle
or with sorption. -
The contents of Table XV cannot be said to explain those
of Table XIV. The position Seems to be that the density obtained
varies with the liquid displeced; that owing to the possibility
of conflicting factors neither the highest nor the lowest value
need be the correct one; nor is there any way of deciding which
is correct without recourse to the special technique of the
helium methods By the present work it was hoped to gain a better
knowledge of the effects of the above factors and if possible
to decide what conditions wouldd be most likely to give comparsble
results if not true real densities. o
ﬁ In the present investigation the "boiling" method was
modified to the "evacuation" method to permit the de-gassing of
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the sample. About 5 grams of coke ground to -72 mesh in a hammer
mill were heated at 500°C for 5 hours in a glass tube which

was contimuously evacuated by a Hyvac pump. This treatment
was sufficient for the purpose, and while possibly more severe

than necessary did not have any permanent effect on the eoke.
The liquid was admitted to the de~gassed coke after cooling
and the whole transferred to a density bottle which was filled,
held in a thermostat at 25°C for an hour, and weighed. Hygro-
scopic liquids were protected from the atmosphere, especially
in the thermostat, by rubber stoppers, and the bottles were
provided wi‘oh caps to minimize evaporation during weighing.

The coke was finally filtered off on a hardened paper, dried
and weighed,

The method is rather inelegant especially with respect to i
the final transfer of the coke but the loss of material at this
stage was checked and found to be negligible if reasonable care
was taken. A refinement which might be suggested is that the
coke be washed into a weighed evaporating dish and the liquid
evaporated to dryness. |

Mott and Wheeler (7) have discussed sources of error.

| These have been reduced as far as possible in the present work
the employment of a thermostat being of primary importance.
Certain liquids however showed poor reproducibility especially
methanol and di~ethyl ether.v‘ The latter yielded no reliable
results at all. In general, tests were carried out in duplic-

gte but if immediate agreement was not attained the reason was
wae sought, the remedy appliedand agreemeht among three or four
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more results demanded before a figure was accepted, The
accuracy of the data is probably about * 3%, As this is

of the same order as the differences beiné examined the ,

results must be consideréd as a whole and too much importance

mist not be attached to any particular iteums, )
In certain cases it was noted that the penetration of
liquids occurred over a prolonged perioq of up to 12 days.

This "drift" has been reported elsewhere (32, 36) . Here it

was observed in some cokes with water, ethanol and xylene.

It was not detected with other liquids and did not occur with

these after the coke had been reheated above 1000°C, It could

be accelerated and almost completed by boiling the liquid over
the coke for about half an hour and this procedure was followed
when water and ethanol were being used. The magnitude of the

"drift" was not greater than 1% of coke volume, It was thought

possibly to be due to the relatively high viscosity of these

liquids, but it was not observed with carbon tetra-chloride.

Franklin has suggested another explanation in her pore constr=-

iction theory which will be discussed later. N
Employing the two methods described the following series

of experiments were carried out. A_

(1) The differencerbetwe'en the methods was investigated using
Coke I and & wide range of liquids. The data obtained
showed that the evacuation method gave a value of density
consistently one per cent higher thamn the boiling method,
Thies difference due to degassing would have been expected

- greater for liquids which were strongly adsorbed than
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for those which were weakly adsorbed. Its constancy

suggests that sorption is less important than had been
believed. The magnitude of the difference between the
methods is not considered of sufficient importance to
warrant changing the standard test but it might be worthy
of further investigation.

The effect of particle size on the density values obtained
by the boiling method was investigated using water and the

- results are summarized in Figure 14 in which the density

has been plotted against log. particle size, The logar-
ithmic scale was chosen only for the convenience of having
the points uniformly spaced. No special significance 1is
attached at present to the fact that the points lie close
to a straight line. ,
It has been shown (31) that there is no difference be-

tween the densities measured on =60 mesh and on -20(_) mesh

coke, and it was implied that grinding finer than =60 m.
was purposeless, It woufgi:?’igm Figure 14 however that this
can be true only if grinding has provided a distribution
in which the majority of the coke is so much smaller than
200 mesh that removal or finer grinding of larger sizes
would have a negligible effect on the density obtained.

The nature of the curve obtained and a comparison of the
values of the density of -72 mesh and 240/300 mesh coke
suggested that very fine dust would give a very high den-
sity value indeed. This was verified with the first run-

nings from the . =72 mesh materisl through e 300 mesh
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FIGURE 14, - The Effect of Particle Size on Real Density
Determinations,

gieve (designated <<300 mesh)., The density obtained by
boiling this fraction in water was 1.96. The determin.
ation was repeated using benzene and the value obtained was
1.,92. These figures were higher than those from =72 megh
coke by 0,08 and 0.06 for water and benzene respectively,
In either case the increase could be due to greater access~
Ibility of pores, or to increased sorption on the more ext~
ensive surface = or to both , If only the former is true
the increase is equivalent to the discovery of about 2%
porosity (per apparent volume of massive coke) the water
being able to enter rather more pores than the benzene. If
the higher value of density is due to sorption only, then
benzene with zero dipole moment is adsorbed nearly as
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strongly as watere As both factors may well operate

gimultaneously however, the small amount of data presented is
quite inadequate to solve the problems posed.

It was decided not to alter the practice adopted by others
and already in use when the above was completed, of grinding
to =72 mesh. Grinding was carried out in a hammer mill
and the production of a substantially finer powder without
contamination would have been difficult. To employ only a
relatively coarse fraction such as 240/300 mesh, would always
introduce a sampling uncertainty and the choice of such a
f:'action could only be arbitrary. The procedure is not sat~
isfactory as the size distributions of different cokes broken
down in the same way are certainly different., It was noted
that a harder coke (V) gave a much smaller increase in density
as measured on <<300 mesh over that from =72 mesh. This
could be due to differences in porosity, surface coridition
or size distribution. The example is mentioned only to
stress the complexity of the problem.

One consequence of this variation in measured density
with particle size must be that size segregation becomes an
important factor affecting reproducibility of determined dens-
ities of any given sample. Samples should always be well
mixed before a portion is taken for density determination.

Fortunately it was found that the values of D, were not
reqﬁired for the determination of bubble porosity for the
main investigation and this problem was not studied further.
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(3) The effect of re-coking in vacuo at different temperatures

on the densities obtained by the evacuation method and
using various liquids, was examined. Coke I was employed as
received and after granmular coke had been re~heated in vacuo
at 1000°C, 1100°C and 1200°C and at 1450°C in a sealed tube
i.e. in a CO - N, atmosphere, The data obtained are summar-
ized in Table XVI.

TABLE XVI, .- Densities of Coke I after Re-heating,
7 Temperature of Re-heating,
Liquid I Ta Ib Ic -Id
As rec'd| 10000C 1100°¢C 1200°C | 1450°C
Water 1.90 | 1.90 1.91 ~1,96 1,965
Ethanol 1.885 | 1.91 1.91 1,995 2.00
Methanol | 1.90 | 1.90 1.89 1.995 1.97
Aceyone 1.89 1.91 1.90 1.98 1,95
Benzene 1.88 | 1.91 1,90 1.98 1,975
Petroleum S S
~ Ether | 1.88 1.805 | 1.98 1,96
Carbon Tetra- | ‘ o
Chloride| 1.865 | 1,875 1.93 1.945

Unfortunately no initisl coking temperature wes known for
Coke I but it must have been in the range 900 - 1200°C so
that fbhé effect of re-heating to the latter temperature has
been emsll, The coke as received had a density 1.9 by water
and 'rathgr lower velues were obtained by other liquids except
methenol, After heating at 1000°C and 1100°C the densities
appeared to increase eiightly and 21l ligquids except carbon
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tetra~chloride gave practically the same value. Re-heating
at 12000 however caused a big incresse in the density as
measured by every liquid and a significent chenge in the
order of the densities, that by water becoming lewest
(except for C Cla) those by the alcohols considersbly higher
while the figures by benzene, petrol and acetone lay in
the middle of the range. The further heating to 1450° was
wmfortunately not in vacuo. While the same high densities
~were obtained’the order was slightly different again. Tt
is perhaps doubtful if these differences are really greater
than experimental error. - B
It is obvious that these data are insufficient on which to
'b‘asé any complete theory and indeed only a few elementary
deductiens can be made. A
That the measured densiﬁy increases ebruptly esomewhere
between 1100° and 1200°C is readily apparent but it is not
~lesr what is the nature of the change or why it ghould be
completed within such a short temperature range. It would
be expected that if the increase was due to a closer approach
being made to a graphitic type of molecular structure it
would have continued at higher temperatures. It cannot be due
primarily to loss of volatiles under vacuum conditions since
the heating at 1450° was not in vacuo, and Frenklin (36)
coking in nitrogen did find a continuous incresse in density
with temperature of carbonisation. 7
It can also be said that the heat treatment modified the
factors affecting either the penetration or the sorption
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of the liquids, for their order with respect to the densitiesg
they gave was changeds The most notable feature wae that the
velue given by water after heating at 1200° was one of the
lowest in spite of its having a emall molecule, a high
surface tension and a high dipole moment. The only other
factor which might have an effect is the contact angle coke/
water, and a short study was.made of this propertye.

Smooth surfaces of coke were ppepa?e@ by allowing slurriqa
of the different cokes in water to dry out in the depressions
of a spotting piate. Drops of water were laid 6n these
surfaces and observed. In mosi cases they sank into the coke
as into blotting paper. With Coke lc however and with solid
electrode graphite, they behaved differently, sitting up on
the surface ahd'showing¥very high contaet angles of up to
1350. On other cokes, particularly Ia the drop hesitated
for a second and then sank slowly into the powder. WMineral
graphite was observed to have a contact engle against water
of about 40°, |

It will be noted that the measure of contact angle is
only as between those above and below 90° with cases like
Ia probebly close to 90°, Exact values above 900 are not
very reliable because of the kind of surface. The effect
of particle size was exemined and ascertained to have no
influence on the phenomenon in the range of sizes affected.
The effect of mixing the slurry with say benzene instead of
water was to bring other cokes into the same classs as Ta.

While these observations fall to explain the densities
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obtained for Coke I4 and give no indicstion why Ia should

~ differ from Ib in contact angle but net in density, they do
point to contact angle as being one of the most important
factors affecting these density determinations. Its accurate
determination would be very difficulténd the factors control-
ling its value are not known. | | )

Apart from this phenomenon which affects only the densities
by water the other factors mentioned earlier must combine to
bring sbout the ordering of the densities obtained. There is a
tendency for the polar liquids to give the highest densities
and those with the largest molecules to give the lowest. Carw
bon tetra-chloride is an exception and it can only be suggested
that the presence of four chlorine atoms in its molecule
renders 1t effec‘bivelz};%tﬁae; is indicated by the value of its
molecular volume. | _ ' o

(4) The densities of the cokes used in the main research were
determined by the evacuation method with water amd benzene
in ell cases and with a number of other liquids also on
Cokes I, II, and VII. Some data were also avallsble from a
sample of a Coke III obtained from the same source as II at
an earlier date. The results of these teste are sumarized
in Table XVII. .

The densities obtained were in nearly the seme order in
Cokes I, IT, end VIT with respect to the seven ligquids used,
but V and VI gave the water and benzene figures the same,

~ eand the densities of Coke IIT were ordered rather like those -
of Ic. This suggests a higher effective coking temperature
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TABLE XVII.- Real Densities of Cokes I - VII using Various

Liquids.

Liquid 1 lm ol |w | v | vi v

Water 1,90 | 1,95 1,93 | 1.90 | 1.96 | 2,01 = 1,92
Ethanol | 1,885 1,95  1.95 - é | 1.90
Wethamol | 1.90  1.97 = . 191
Acetone 1.80 1,97 19 . | 1.90
Benzene | 1.88 1,94  1.95 1,885 1.965 2,01 @ 1.88
Pet. Ether | 1.88  1.94 3 1.865
C Cl, 1.865  1.92 & 1.935 % ; | 1.865

for these cokes though not necessarily a higher ebsolute
tmperaturev. The ordering of densities in ITT is most
interesting as it has certainly not been affected by the
covn‘di'!.;ionsv_ of a laboratory treatment. It is regretted that |
none of that coke was availsble for contect angle determinat~
ion. The position of carbon tetrachloride as giving e
lowest densities is mainteined but still cannot be explained.
CONCLUSTONS. | |
Considering the results of these experiments as a whole
it is surprising that the range of density values obteined from
any one coke has been so narrow, in view of the wide ranges obtain-
ed I'Sy earlier workers. The reduction of ®iis variation has
rendered the improved methods by which it was thain_ed inadequate
to explain the emall differences which remain ~ if indeed even
they are real,



In view of this it would seem to be of little consequence

vwhich liquid is used for the determination of real density

for calculation of porosity - especially when the inaccuracy
of the measursment of apparent density is considered. Until
more information on the contact angle variations is available
howewer, the densities by water may be suspect. It is not
suggested that a change in the standard method is desirable
but only that further investigation is necessary, and that -
densities by non-polar substances of large molecular volume
such as benzene may be more compareble for research purposes

as they are less likely to be affec'tedf by the surface condition
of the coke. The alcohols might do equally well but densities -
higher than that by helium have been reported obtained by .. -
méthanols The benzene figures have been accepted (with reser-
vetions) yaé the values of Dy of the cokes employed in the main
research. B S

The "drift" phenomenon, the dependency of the density

value obtained upon particle size, and the difference between
the results by the boiling and evacuation methods support

the contention that a very fine pore structure exists in coke.
That its dimensions may approach those of molegules hag already
been shown by Frenklin (36), It was the possible existence

of a substantial volume of such fine porosity that pointed

to the necessity of developing a method for measuring the
apparent density of small particles. ( Section 6 )
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Further discussion of the differences between liquide and
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and between cokes can only be highly speculative. It might

be suggested that there was & high and a low temperature form
of coke, but the sample re~heated at 1450° doee not f£it such
a classiﬁcation very neatlye

- The most thorough work on the pmblem to date has -
undoubtedly been the recent contribution of Franklin (35, 36)
firstly on coals and later on cokes. She has developed a very
neat theory consistent with her own date end which mey be
summarized as follows.

Increased coking tenrperaw:r'e increases real density but
causes progressively narrowing constrictions to form in the
finest pores. These deny access to the irmer pore space to all
ligquids with a greater than critical molecular diameter, As
the coking temperature is raised and the constrictions become
narrower liquids are excluded one after another in order of
their increasing molecular volumes and so give low density
values cqmpgred with those of molecular volume lower than ,
eritical, Under conditions where molecular dismeter was crit-
ical prolonged "drift" _v‘ééfs éxplai:_:ed as being due to seepage
of the liquid through the widest of the constrictions. At
the highest coking temperatures the density measured was found
to be independent of the fluid used except that helium after
prolonged "drift" usually gave a higher value. Cokes prepared
at low temperatures sometimes gave higher densities by methanol
than 5y helium and it is possible that other liquids too were
adsorbed though not with such marked effect.

In a few details the present data do mnot conform with that
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theory. The low densities obtained ueing water, the densities

by carbon tetra-chloride, and the fact that all liquids do
not give identical values of density for cokes re-heated to
high temperatures, fail to support ite It is believed that _
her theory is generally correct however but that more extensive
work would probably show that the other factors like dipole.
moment and surface tension were combining to modify it.
Frenklin's work was carried out on oniy three cokes all pre-
pared under lsboratory conditions. A criticism is that they
were prepared in nitrogen from coal already ground to =72 xyesh.‘
The "eonstrictions" may be a surface phenomenon only, and not
permeate the entire pore systems Then in the present work
~in which the coke was ground after heating to its maximum
temperature, the "constrictions" would be destroyeds This
would explain why the densities of the higher temperature
cokes were at variance with Franklin's theory in not being
independent of the displacement liquide

A much more comprehensive study than has yet been made
is necessary to solve these problems concerning the measure-
ment of the real density of chars and cokes and 1o demonstrate
the nature of the fine structures of these materials.
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APPENDIX B,
THE MECHANICS OF SIEVING. | |

~ When the counting method was firdt examined it wae soon
apparent that the value obtained for the average weight Wy
per particle in a given size fraction was very mmch dependent
upon how the sieving had been cgrried out. Hand sieving gave
very erratic datghnd never came to finality for Wy increased
continually with sieving time. It was decided to investigate
the mechanism of sieving particularly to find out the best
technique for use in the main research. | L }

- The literature recognizes the problem but provides no
very sa'tyisfac'bory solution. Sieving is written off as a
"statistical" process whose limitations must be accepted
philosophically. Perhaps the best treatment is by Dallavalle
(27) but even he does not suggest that sieving times generally
employed are rather short, ) . - _

Examination of the B.S.S. 410/1943 on Fine Mesh Test
 Sieves shows that owing to manufa;:turing difficulties the
cloths and especially the finest of them ere made to rather
generous specifiecations. S

- Even if screen apertures were exactly unhiform sieving
would still 'be a "statistical" process and the time taken for
a particular particle to pass & given screen would be a matter
of chance. If ite dimensions were such that it could fall
sjbraight throughno matter what its orientation, its time of .
passage would probsbly be short. If its length (only) was
greaternthan the aperture so that it could "bridge" the spaces



then its probable time of passage would be rather longer.

It might be needle-ghaped or tsbular and of such dimensions
that it cou‘ld pass only if it fell in a particulsr manner,
and in that case the probable time of passage would be very
long. The actual time taken by any individual particle
cannot be predicted, nor would it be of any interest.

In the case of imperfect screens the process 1s complicated
bythe fact that "near size" particles include those which can
pass only the oversize apertures and these have a probable time
of passage that is very lomg indeed.

Apart from size and shape, factors affecting the passage
of a partic;e_ through a sieve aperture include -
(1) The mature of the surface - i.e. rough or smooth, wet
or dry, ete. |
(2) The possib:.lity of agglomeration depending on electro-
vstatlc or megnetic condition of the surface, or on
adsorbed layers. This has not affected the present work.
(3) The nature of the motion or vibration of the screens;
both frequency and amplitude of vibration have been shown
to be impor'tant and their effects vary with particle size.
(see reference 27)
(4) The particle weight as it affects (3)
(5) The n@ber of other particles in competition (i.e. the
load on the screen).
Size, shape, density, and surface condition have been treated
as invariables except insofar as they may differ fortuitously
among the materials used. Nor could the vibration of the



132

| Q3fihwm
10 . com
/» /’_Jl_____,_,__-————-—-d B 150 fi70m
A
T , 1, "1/8.
/_ .
— 8 l//j X __’_J,_ P ..' ‘g
9 ~/ ”,4’ o A '__‘________.‘_——0—'_’—_ . “’ m.
+ e /’/—1 A vefers ta
1 4 / : 1B Y [8m ou
3 ’ / vesieviug,
)
X 6
wnt
¥ 1, 36ftun
- | —— ® —_—e——t — == P !‘ 44‘“‘-
el ] i
° t 2 3 4 4 6 9 &

SteviNG Time (HoURS) — s

FIGURE 15, - Variation of Wg with Sieving Time,

sereéns be varied as the only machine available was a Ro-Tap.
The only factors under control were the load on the screens
and of course the time of sieving., These have been invest~
igated in three size ranges, the criterion of the degree of
completion of sieving being the rate of increase of Wy in

‘a particular fraction with sieving time., As sieving proceeds

any size fraction is gaining large particles and losing small
ones so that Wg increases until the passage of materlial is

negligible . _ '

Coke I, Coke P (which is nom-~porous in mediumand small
sizes) and non-porous Qtiartz have been used in these tests,

The three size rangee employed were =
(1) Large sizes-5/12 m.y Wy being determined on the 7/Sm.fraction
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(2) Medium size ~30/52m.,Wy determined on 36/44m. fraction

(3) Small size -100/200m.W, determined on 150/170m, fraction,
The data obtalned are summarized in Figure 15, ws being
plotted against sieving time. A selection of the data is
algo tsbulated in Teble XVIII to show how the screening
analysis varies with time. On Table XIX there are presented
the results of a separote investigation into the effeet of
screen load upon sieving efficiency.

That latter investigation led to the rathsr unexpected
eonclusion that load,within the limits studied,did pot affect
the "rate" of sleving. In practice loades employed were kept
well within the limits investigated. It may be pointed out
thet bulk volume o number of particles would require to be
used as a measure of load if materisls of different densitles
were being compered,

Figure 15 indicsted that with large sizes the increase in
Wy after 2 hours sleving is small bul steady. In the case of
Coke P abraglon wae noticed, the pariicles becoming rounded.
Yhen after 8 hours sieving it was mixed smd reesicved the
process was apparently much more rapid then on the flrst
ocession (curve A). 4nother sample was takens sieved for one
hour and Wg determinede "he sample was then mixed, re-sieved
and Wy sgaln detemined, This was repeated in all elght times.
The value of Wg obtained was the game each time. Thise
suggests that frisble material mey be demsged when actuelly
passing through the screens rather then by self abrasion
between them.
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TABLE XVIIT - Selection of Screening Analyseés,

Sieving Time % of 60 grams of Coke I, 5/12 mesh fraction
(hours) 5 |
+ 5m. % 5/6mo 6/7m. 7/8!!1. 8/1&no§ ';‘-’lomo
! | :e
045 13,4 | 19.7 2244 20,6 | 23,9 | 1.3
| | |
1 10,2 19.7 21.7 | 21.5 | 24.8 | 1.8
2.5 944 19,5 206 | 22,7 | 25,2 | 2.5
;
4 849 19,0 | 1946 | 23,7 | 25.6 | 3.0
7 Sed 19.1 18.8 | 24.1 | 25.9 | 3.6
| % of 27 grams of Coke I, 30/52 mesh fraction
+ 36 36/44m.  44/52m.  +52m.
0,5 378 33.6 | 261 2.1
1 3047 37.3 |  27.4 446
245 2846 381 | 28.1 5.8
4 22.8 38,5 | 2844 10.3
7 19,6 | 39.8 | 2846 13.0
|
% of 10 grams of Coke P, 100/200m. fraction
¢+ 150m. | 150/170m.; 170/200m{  ~ 200m.
0.5 42,2 n.d. nede | 3.4
lts 3502 nod. ncdo 6’7
3 29,9 39,8 20.2 10.1
5 2549 40.4 20,0 13,7
8 22.9 41,0 20.0 1640
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TABLE XIX. - Effect of Load on the Screens.

| E
Size. Total Load ‘ Load per Screen = Wy after 1 hour
(mesh) (gms.) (avg.) (gms.) = sieving (gms)
; L
 Large. 25 5 | 0400750
| 50 10 | 0,00752
100 20 | 0.00781
. 645 242 0.0000535
Medium 10 343 0,0000525
e 2245 745 0.0000527
2645 8.8 | 0.0000515
50 16.6 040000520
. 100 | 33.3 00000527

Medium sizes show less change in Wg after 2 hours but there

is still a slight increase.

Small sizes were difficult to test because the expected
differences in Wg were of the order of the experimental error
in the counting. Only Coke P was examined and it would seem -
that although 3 hours sieving gave a value of Wy significantly
emaller than that after 5 hours the increase between 5 and 8
hours can probably be ignored.

The size analyses show that the passage of material even
after 7 or 8 hours is appreciable, It has not been possible
to determine to what extent this has been due to "statistical"
gieving and to what extent to degradation., The total "dust"
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formed always appeared negligible, but the removal of g
very small chip may very often be sufficient to permit the

passage of a near-size particle and the accumlation of
many such chips might still appear negligible though the
effect of their removal had been considerable,
- It is surprising that the increase in Wy becomes neglig-
ible while the passage of the material through the screens
is still appreciasbly high, This suggests continuous uniform .
abrasion of all material and consequent size degradation.
This is probably the main factor operating after 2 or 3 hours
although the amount of dust did appear small. This aspect
of the problem must remain unsolved, for with the main purpose
of the experiments fulfilled these investigations were brought
to a close before the interesting side issues were worked out.
The purpose of the experiments was the determination of
the best sieving conditions for use in the main research.
Obviougly the conditions chosen must be a compromise between
the desirable and the practicable, and possibly between under-
gieving and over-abrasion. The times chosen have been 3 hours
down to 85 mesh and 5 hours between 100 and 200 mesh. The
data obtained on Quartz show that it passes the screens rather
more slowly than does coke and this may be due to shape or to
density. The difference ﬁas thought to be of little practical
gignificance after 3 hours sieving however, and the seme times
were employed for quartz as for coke.
It is of interest that the abrasion of quartz is very
unlikely so that prolonged passage of material is not due
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entirely to that cause, The differences in sieving rates

of porous and non-porous materials of the same size, is
negligible and gives no information of the possible effects
of surface roughness on the size (S) of the average particle
produced in any fraction.

These findings need not apply to other materials except
in a general way, or to other shaking machines many of which
are believed to be much faster in operation than the Ro-Tap.

It is recognized that this investigatioh of sieving is far
from complete, Its purpose was‘ to give guidence in the main
research and it has thus far been successful. It does indicate
however that sieving times normally employed even on researchv
work are quite inadequate for many purposes and demonstrates
that a fair approach to completion ig attainable in times

which are for research at any rate, reasonable,
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FIGURE 4# Data obtained by tko Counting Method.
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