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SUMMARY,.

A STUDY OF THE FACTORS INFLUENCING THE PHYSICAL
PROPERTIES OF COKE FOR BLAST FURNACE PRACTICE,.

by :
Re Kennedy, BeSce fieRaTeCo

The behaviour of colﬁng coals heated through the vlagtic
swelling tenge has been investigateds Uniform heating i)f the samples
wag obbained by the dielectric methode Barlier work(l) along similar
lines had suggesﬁed that the rate of swelling could be expressed as a
function of the rate of}gas evolution minug the rate of escape of gas

through the plastic. envelope and that the latter would be related to

the permeability of the envelopes The qué1rtitative analysis of the

results was handicapped because no independen‘b: estimate of the volumetr

rate of evolution of volatile matter could be made. A satisfactory

method for making this determination has now been developede

The expression previously used relabting rate of swelling press

and rate of gas evolution has been modified 1o

St 3 9 PR

av  _ R - quoP'g.:_.&

at - Z
vhere %%r = volume rate of expansion (cn/min.)
R = volume rate of gas evolution (cm8 /min. )
Pd = applied pressure (a‘tm.)
W’ = permeability coefficlents
A = eéross sectional area (cmz)

4 = offective thicknesg (mm.)
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Rates of expaﬁsion and rates of gas evolution have been measured for
4 coals over a range of applied pressurese Variables such ag particle
size grading, rate of healbing and mass of sample have also been examin
Permeability coéfficients, calculated from the above expressic
decrease rapldly with increasing pressure. Values reached a constant
(minimum) at much the same applied pressure for the coals examined,
although the minima varied considerably from coal to coale Particle
gize grading, within limits, did not affect the results. Rate of
heating did but in the opposite sense to what was expecteds  Similarl;
the mass of the sample unexpectedly had a marked effect on the calculal
permeability coefficient. |
The only possible explanation for this seems to be that
plastic coal has dilatant propertiesy under inecreasing rates of
shear the structure becomes less "dense" and permeability increasese
Proof of this hypothesils will not be easy but the fact that the
permeability coefficient fncreases with increase in the rate of
swelling is of considerable significance. It implieg a self compen-
ssating swelling mechanism which must have considerable bearing on
%he pressures developed by coal in the coke oven. There the thick-
yhess (mass) and the rate of temperature increase of the swelling

layer are inversely proporticnal to one another and a more thorough

investigation of these two inberrelated variables seems desirables

(1) JW.Taylors Thesis for Ph.De, Glasgow University 1952
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CHAPTER Is

INTRODUGCTION,




INTRODUCTION.

The im@owtancé of the properties of metellurgicel coke with
regard to itg suitebility for use in the blagt furnace may be judged
by the extensive literature on the various aspects of this subject.
Despite the number of investigations which have been made, however,
there is still no unanimity on the question of which particuler
properties are of prime importance, or on how these properties should
be assessed(1,2)s At one time interest centred on the chemical
properties of coke and in particular on its combustibility and
reactivity (3,4), but the more recent view is that such fectors are of
seconﬂary'importance to the physical properties of the coke, which
have been shown to have an apprecisble effect on the efficiency of
furnace operation (5,6,7)s Particular attention has been devoted to
measurements of coke strength (1,8), size and size grading (9) and bulk
density, but investigationg of the more fundsmental properties such as
true and apparent density, porosity and cell structure have also heen
mades.

The Pact that the exnct effect of the physical characteristics
of coke on“blast furnace performence is still uncertain is due mainly
to the difficulty of setting up criteria to define the performance
of the blast furnacé and of correlating such criteria with coke

propertiesg ag evaluated by the various methods of testing useds In
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this connection it has been noted by Mayers(1Q) that the most profit-
sable lines of invegtigatlon on coke asre probably those concerning the
mechanism of coke production rather than methods of influencing specific
coke properties, since a fuller knowledge of the fundamenteal processes
involved should assist in a more satisfactory interpretation of the
data available on both coke properties and their effect on furnace
operstion. It is to this aspect of the problem that the present work
has been devoted.

The physicel properties of coke are closely connected with
the changes occurring during the so called "plagtic range", shown by
all coking coals, to a greater or lesser dégree, in the temperature
range between 350 and 500°C during the carbonizstion processe At the
beginning of this stage softening of the coal material éauses the
originsl coal,particles to coalesce and swelling then tekeg place due
to entrapment of the volatile products of thermal decomposition in the
plastic masse At higher temperatures progressive decomposition of the
"fluid congtituents" present leads to a decrease in plasticity and
eventually a rigid semi-coke is produced, héving a new cellular
structure. There is general agreement that this transient low temper-
sature stage of the coking process is of prime importance in determining
%he structure and properties of the finsl coke obtained st higher
temperaturese Thus Davies and Mott(1l) have expressed the opinion
that "although in the latter steges of carbonization the coke cell
walls harden, the porosity alters and cracks and fractures appeér,

these changes have a less profound influence than the reactions
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oceurring during the plgstic renge." It is for this reason that the
great majority of invesgtigations into the coking behaviocur of coals
have been baged on a study of this "plasgtic" state. [It is reslised
that the use of the terms "plagticity" and "plagtic" may be questioned
from a strict rheological standpoint, since the behaviour of such &
subgtance as bituminous coal in the precéss of thermel decemposition
is exceedingly complexe. The above terms, hbwever; are used in the
present work purely to describe the coal materisl when it is in a state
exhibiting flow characteristics, for want of a more exact rheological
nomenclature. ]

Tha‘attainment of plasticity during csarbonization isg an
esgsential characteristic of coking coals and variations in the coking
properties of different coals are atiributed to thg degree of plagticity
which they developy non coking coals show this property to only s
slight extent or not ab all. Various ‘types of test have been
employed 4o measure, directly or indirectly, the plagticity of coklng
coals and fhe aim of such invegtigations has been to correlate the
data obbtained with coke quality and coal compogition and to give some
insight into the coking behaviour and coking mechanism of coel in
genersl, An excellent review of the literature on this sﬁbject has
been given by Brewer(12), and it is proposed only to mention a few
of the more ;mportant tests below « Agglomerating and agglutinating
tegbs are commonly used in practice, while more fundamental methods
of assessing plasticily include investigationg of rheologicel properties

in various types of plastometer, penetrometer and extrusion tests,
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and measurements of resistance to gas flow. Studies of the plastic
state baged on the swelling properties of coal are perhaps the most
numerous of all the methodg employed snd such investigations will be
. discussed in greater deteil in the following Chapter with reference
to the present work. |

Various theories have been put forward to explain the plastic
and coking properties of coals. These properties were originally
attributed to the presence of certain "coking constituents" in the
coa} nmaterial which became fluid on heating and~were considered to be
effective in binding the remainder of the coal substance together.
Several inveétigatbrs:, including Wheeler and his co~workers(13)
identifiéd the “coking constituents™ with certain fractions of the
extract obtained from biﬁuminous coal by the action of organic
solﬁents, gince it was found that the coal residue after extraction
had lost itg coking powers vDifferant workers in this field used
different solﬁents and opiniéns also varied as to which fractions of
the extract obtalned were responsible for the coking and swelling
propertiess Thus while Wheeler(13) attributed these properties to
the chloroform'soluble portion of the extract be obtained with pyridine,
Fischeg(14) thought that the coking constituents were the petroleum
ether soluble fractions of benzene extracts. Attempte to relate the
amount of extract obtained from va;ious coals with their general
coking characteristics were unsuccessful and the genersl theory of

the presence of definite coking constituents was further undermined

by the investigations of Broche and Schmitz(15) and Shimmuwa(16) who
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found that the coklng and swelling properties were dependent on the
properties of the extract and the residual coal materials Mott(17)
concluded that the conception of coke formation being due to the
finding of about 90% of the coal substance by a small amount of agglu-
stinant was misleadiﬁg. It has been noted recently by Krculen(18),
éhat many of the results obtained by coal extraction methods can be
explained when it is realised that extrection actually involves
célloidal dispersion of the coal substance in liquids of progressively
1oﬁer surface tension, a view which has also been stressed by Lehiri(19).
In recent years it has been generally realised that coal is
colloidal in nature(20) and thelmeﬁhods of colloidal chemistry have
led to a more promising approach te coal structure and behaviour.
Measurements of the internal surface of coals(21) by heats of wetting
in methanol showed that the relationship between rank and hest of
wetting formed a catenary, the coking coals being found to lie in the
minimum region of the curve. Coking coals therefore appear to be
characterised by low internal surface or low porosity. Determinations
of the variation of heat of wetting during carbonization(22) indicated
that with coking coals the internel surface rose to a slight maximum
corregponding to the initial contraction temperature of the coal in the
Sheffield Laboratory Coking Test(23) and then fell throughout the
softening and swelling perioa reaching s minimm at a temperasture
corresponding aepproximately to the maximum swelling temperature of the
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coal. This reduction in internal surface was clearly associated with
the plastic range since it was found to a lesser degree in weakly
caking coals but did not occur with completely non~ceking coals.

The internal. surface, however, never fell to zero even in coals which
beceme highly fluid in the plastic range, which precludes any
explanation of plasticity on the bagis of melting or fugion of the coal
substance.

Hirst(24) likened cosl to an isogel, the micelles of which
are composed of aggregates of varying degrees of polymerisstion, the
heaviest aggrégates Being situated in the centre or mucleus and
surrounded by progressively less complex molecular units. He
postulated that on heating, the smaller molecular units of the coal
nicelle attalned a degree of mobility due to thermal vibration and

that they acted as "boundary lubricants", allowing relative movement
| of the larger micelle nuclei and resulting in plasticity of the coal
meterials The movement of the micelles under the action of thesge
mobile constituents would lead to their cohesion with a resultant
decrease in the internal surface of the cosl, and the graduasl formstion
of & more rigid étructure. Thus at higher temperatu:es the latier
effect together with progressive decomposition and evaporation of the
available boundary lubricants would result in loss of plasticity. The
degree of plasticity abttained during the above process will obviously
depend on the extent to which the micellar nuclel are free to move
under the action of the plagticising molecules, while the period during

which these lubricants are effective will depend on the ease with
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which they can evaporate and hence on the openness of the coal
structure. Hirst therefore considered the properties of coking
coals to be due to their compact structure, i.e., low porosgity, and
to their micellar nuclei being of relatively simple shape, both these
factors contributing to a high degree of plasticity. He regarded
the coking coals to be intermediate in structure beﬁween lower rank
coals which he suggested had a more open structure and more complicated
irregularly shaped micelles which were less mobile, and higher rank
coals in which it was probable that coking power diminished due to
increasing linkége of the micelle nmuclel by covalent carbon bondinge

In a recent paper(25) Berkowitsz emphssised the fact that
coking coais were found to have low poroslitiege He suggested that
softening and swelling of the cozl material were two more or less
independent processes the former being due to mobility of the coal
micelles and the latter being related to the pore structure of the
coal. Intumescence was attributed to the development of gas pressures
within the coal pores, due to the disparity in the rste at which gas
was generated and the rate at which it could diffuse to the exterior,
governed solely by the pore structuree Thus the degree of intumescence
was dependent on the porosity of the cogl and the smount of volatile

matter disengaged from the coal during the swelling range.

Although several points of Berkowitz's theory have been
eriticised(19), it would appear that an interpéetation of the swelling

of coals in relation to their porosity and rates of volatile evolution
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offers an interesting line of study. Such an approach hag, in fact,
been made by Taylor(26) who proposed the calculation of permeability
values for plagtic coal from the results of swelling tests. The
preliminery findings of Taylor, which will be digcussed in the following
Chepter proved promising and the present work is devoted to 2 fuller

investigation of the swelling process from this point of view.



CHAPTER II,

SWELLING MEASUREMENT'S:
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SWELLING MBASUREMENTS.

The fact that all coking coals tend to show swelling during
the plagtic state and the importance of this phenomenon in relation
to the coking process and the quality of coke were recognised at an
early date and studies of the swelling behaviour of coal are probably
the most numerous of g1l investigations into the plastic and coking
properties of coals. |

Early workers noted the variation in the degree of swelling
of coke buttons obtained by rapid carburisstion of small coal samples
in voletile matter determinations, & criterion which has now been
gtandardised and adopted in clasgsifying coals by iheir B.S. swelling
number(27)s +the value of this test as a measure of coking power is,
however, d&ﬁieus(za). Several workers devised more accurate
dilatometriec tests to measure the volume change during heating.
Probably the most widely adopted of these is the Sheffield Laboratory
Coking Test devised by Mott(23) and his co~workers in the course of
exbensive invegtigations on the coking behaviour of coals Mottt showed
that there was a relstionship between the percentage of swelling in
“this test and both coal composition and coking propertiese For coals
of approximately the game hydrogen content, the volume change was
fﬁund to increage with inecreasing carbon percentage, the curve ghowing
a definite increase in gradient at about 85 - 86% G, corresponding to
the markedly superior coking quality of coals with carbon contents

i’
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above this value. In a later work(29) a graphical correlation was
shown between ultimate hydrogén and carbon contents and swelling power
for a wide range of coals and an approximate mathematicel relationship
between these variables was also derived.

In tests of the above type the "free" swelling of the coal
under no applied load or swelling under a slight added load is deter~
snined. The extent of "free" swelling, however, may be qyite different
from the volume change observed when the coal is heated under an
applled pressure while, 1f the coal ig entirely prevented from increas~
sing in volume considerable pressures may be built up in the plastic
Qass due to entrapped volatile decompogition products.

The importance of the pressure built up within tﬁé plestic
layer as a factor affecting coke quality has been emphasised by several
workers (30,31). Foiwell(31) pointed out that this pressure led te
greater cohesion of the softened coal particles binding them toéethur
g0 that there would be greater bonding and higher strength in the
final coke produceds It has in fact been shown by Blayden, Noble and
Riley(30) that the application of pressures of up to 40 1lb./sqein.
during the plagtic range'resulted in a marked improvement in the
strengths of cokes produced from weakly coking coalse

In coke oven practice free swelling of the coal charge is
prevented by the oven walls and if high swelling coals or blénds are
carbonized there is a danger that the pressure exerted by the confined
coal may be sufficient to cauge damage to the coke oven walls. Numerous

laboratory tests have therefore been developed to study the pressure
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developed during coking, with a view to determining which coals are
likely to be "dangerous" in practices Such methods may be divided into
two main groups, namely those which determine the wvolume change under
congtant applied pressure(32) and those in which the pressure required
e praveﬁt expangion of the coal is measured(33). The results
obtained with various tests, however, showed considerable lack of
agreement as to which coals ghould be regarded as dangerous and the
general unrelisbility of such measurements has led to the adoption of
larger scale tests in experimental moveable wall ovens(34,35) for
investigations of this types Since the laborgtory tests were designed
-t0 simulate conditions in the coke oven, unidirectional heating of  the
coal sample was used. Taylor(36) pointed out that, since the whole
coal sample was not at the ssme temperature under such conditions,

the results obtained are due to the combined effects of both swelling
and subgequent semi-coke contractioﬁ and are therefore of little
gignificance with regard to the preperties of the actual plastic layer.
There are, indeed, few measurements of expansion pressures which are
not liablé to criticism on the above grounds, although Davies and
Mott(37), using a very low heating rate and small coal samples probably
obtained practically isothermal conditions.

Thus the main obstacle to any fundamental study of the
plastic state has been that, due to the low thermal conductivity of
coal, conventional methods of hegting lead to tempersture gradlents
in the coal sample,and the isolation of the various stages of the

plagbic range is rendered difficult if not impossible, since initial
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goftening and contraction, swelling and subsequent collapse,and
shrinkage of semi-coke formed all occur within a relatively short
temperature range.

In developing a method of studying the swelling properties
of coal which would not be subject to the above limitations, Taylor(26)
establighed an experimentsl technique employing dielectric heating
to obtain isothermal conditions in the coal sample. The theory of
the dielectric heating method may be described briefly as followas-

| The coal sample is placed between two metal plates to wﬁich
an alternafing voltage is applied, the whole unit forming a capacitor
which is contimually charged and discharged in each voltage cycle.
When the applied field is of radio frequency, materials such as coal
which have large unsymmetrical or polar molecules are strongly heated
under such conditionse This is due to the molecules of th5 dielectric_
hecoming polariged and tending to align themselves in the applied field,
the highly damped nature of the continual reorientation causing the
molecular displacement (D) to lag behind the alternation of the
applied field (F)s The resultant phase difference between (F) and (D)
leads to a 1oss.of enérgy in the dlelectric resulting in generation
of hesat.

The heat or power generated in the dielectric material is

given by the expression
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. Py = weKo.& .+ tan . E?

where Pv‘ia the power generated;per unit volume of material

w " " angular frequency
Ko " capaclity of free space
E n n

dielectric constant
& n  angle of phage difference between (F) and (D)

F " " £ield strengthe
From the above equation, it will be seen that the heating effect is
ﬁroportional to the square of the field strength, 8o that in ordéf to
obtain uniform generation of hest the field strengtﬁ muast be congtant
throughout the samples This may be achieved by a suiltable arrange-=
sment of the electrodes which gshould be parallel and equal in area,
while the slight variation in field strength at, and radiation loss
from, the outer swrface of the'cpal‘sample is compensated for by a
registance furnace surrounding the sample and electrodes.

Taylor(26) succesded in applying this method of'heating to
the study of the swelling hehaviaur of coals and experiménts were
carried out using both consgtant. volume and congtant pressure techniques,
the resulis obtaiﬁed by the latter method of investigation proving to
be most interesting. Using a Scottish Kingshili coal, Taylor found
that the rate of volume increase was practicelly constant over a
considerable range of temperature during swelling and that a significant
variation in swelling rete waslqbtaigéd-undar different applied press-

suregs. Initial increase in pressure resulted in an increage in the
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rate of swelling of the coal sampié; until at higher applied pressures
the swelling rate was found to decrease againe

Taylor considered that during swelling an equilibrium existed
between the rate of generation of volatile products, the rate at which
gas was entrapped in the plagtic mass, l.ee, the rate of,sﬂelling,-and
the rate at which gas escaped from the plagtic coal, the latber being
a function of the applied pressure and the "permeability" 6f the
plastic coal materiale He expressed the relationship by the equation

a
R - '&% = Pa., S 000000000-000(1)

where R is the volume rate of generation of wolaetile decomposition
products in cece at NeTePs per minute.

av is the rate of swelling in c.c. at N.T.P. per minute,

dat obtained by correcting the measured swelling rate to
NeToPo

Pa ig the applied pressure in atmospheres, l.e., the pressure

difference between the inside and outside of the plastic
mass causing gas escape.

S is the permeability of the plastic coal mass in cece at
No.T.Pe per atmosphere per minute.

In order to éaleulate permeability values from the above equation,
however, the value of R must he obtained.

Tayibr explained the observed variatlion in swelling rate by
postulating that an initial increase in applied pressure reduced the
permeability of the coal mass, leading to an increage in the rate of
swellinge At higher pressures, however, the swelling rate would be
expected to decresgse due to a congbent permeability value being attained
when all the small pores in the mass had been sealed by flow of
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plastic coals Taylor pointed out that if this were the case and if
the above equatlion were satigfied the graphical relationship between
swelling rate and applied pressure should become linear and of negative
gradient and that the value of R could be obtained by an extrapolation
of this portion of the curve to zeroc spplied pressure.

Using a value of R determined in this way Taylor calculated
permeability values for the Kingshill coaly his actual results will be
considered later in relation to those of tﬁe present work. The
limited number of results he obtained, however, allowed of only an
approximate estimation of R,since a truly linear reié‘;;ibné}:riﬁl Between
P4 ) and dv/dt at high preasures was nob definitely establisheds Thus
while Teylor concluded that the swell:x.ng pmpert::.es of a coal could bhe
: expressed in terms of two relatively fundamental prepertn.es of the
plestic coal, namel;y its permesbility and rate of generatlon of volatile
matter, he also noted that further investigation along these lines was
desirable to confirm such an in‘belrpreta'bion.

The- objects of the present investigation were thefefore as
followss~ |

" 7o apply the dielectric heating technique to further coals,
to ascerbtein whether their swelling rate/pressure relationships are
capable of interpretatlion on the basis suggested above, and if so, to
determine permeability wvalues for a range of coking coals.
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To study the effect of various variables s notably heating
rate, on the swelling characteristics and permeability.
| To devise, if posgible, a direct experimental method for
the determination of the volume rate of generation of volatile matter
from coal during the plagtic stages



CHAPTER IlI.

EXPERIMENTAL APPARATUS:
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EXPERIMENTAL APPARATUS.

A photograph of the experimental apparatus is shown in
Figel and a diagrammatic sketch showing the main festures of the
apparatus is given in Fig.2. TFundamentally the apparatus is the same
as that used by Taylor(26) although several alterations and additions
have been made.

The coal sample, conbained in a suitable refractory crucible
is placed between two metal electrodes which are comnected to a radie
frequency generator forming a condenser unit in which heat is
generated by the &lternating fields The crucible and electrodeé are
enclosed in a small resistahcelfurﬂace which serves to prevent
‘radiation logs from the periphery of the crucible, and allows an inert
atmosphere to be maintained round the coal sample. Presgure is
appiiéd to the coal through the top electrode and any alteration in
the gample volume during heating causes movement of the electrode.
This movement is magnified and recorded on a revolving drume In
this way the swelling of the coal under constant pressure during the
"plagtic" range may be studied.

The apparatus is described in detail below under the
following headingss= (&) Radio Frequenqj Generator, (b) Crucible
and Thermocouples,’(e) Heating Chamber, (d) Pressure System,

(e) Swelling Recorders-
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(a) Radio Frequency Generators

The necessary high frequency alternabing field is supplied
by a valve generator, operating at a frequency of approximately 50
megacycles per second, with an output of some 200 watts.

The generator is encased in the lower cabinet of the
agsembly shown in Figs. 1 and 2, and from the circult diagram shown
in Fige3, it can be seen that the two valves operate on the push~pull
principles The power output to the electrodes is controlled by the
varigble condénser in the load circuit and by the Variac transformer
voltage conbrol ghown in Figse 2 and 3. The former allows the load
circuit to be suitably turned to the generator and a fine control of
the heating rate is then obtained by adjustment of the voltage control.

The power output leads leave the generator casing at the
points (L) end (Ip) (Fig.4)s The central lead passes through the
heavy bage plate (A), and makes direct conbact with the bottom fixzed
electrode (C), while the other lead is connected to the upper moveable
electrode (F) by the flexible connection (B),

(b) Crucible and Thermocouples.

The crucible used to contain the coal sample has to meet
two main requirements, namelyy (i) sufficient strength to withstand
pregsures ef up to 90 lb./sq.in.\at a temperature of 600°C, and
(ii) suitable dielectric properties, so that heat is not preferentially |

generated in the crucible material, instead of the coal.
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The development work carried out by Taylor(26) led to the
use of a crucible made from & 35 inch length of Mullite tubing, of
2 inch ingide dismeter. A thefmocouple sheath passes through twe
diemetrically opposite holes bored in the tube, ¥ inch from one end,
allowing the temperature at the centre of the coal sample to be
obtained. Originally 5 mm. diameter silica tubing was used for the
sheaths. Under high pressures, however, this proved very liable to
fracture and 6 mm. diameter fused alumina sheathing was substituted.

‘ The coal sample is confined sbove and below b& perforated
refractory discs of alundum cement, ground to fit neatly into the
ends of the mullite tube. Clogely fitting circles of asbestos paper,
placed between the alundum discs and the coeal, prevent escape of coal
through the perforations in the discs during the "plastic" range,
while allowing free escape of the evolved volatile products.: The
crucible arrangement ig shown in Figs. 5 and 6.

Temperature readings are taken at two polnts by 22 S.W.G.
chromel-alumel thermocouples, positioned as shown diaérammatically
in Figss 4 and 5. One thermocouple passes through the sheath which
tra&erses the crﬁcible, recording the temperature at thq centre of the
coal sample. The junction of the second thermocouple is on the same
horizonbal level as the first but is gituated at the periphery of the
crucible, between the crucible and the heabting chamber wall. This
thermocouple allows the temperaﬁure of the heéting chamber to be
conbrolled so thet there is ne radiation loss from the surface of the

crucibles Because of its symmetrical pogition with respect to the
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high frequency field, the central thermocouple was found to record the
same millivoltage irrespective of whether the field was off or one

The peripheral couple, however, tended to pick up induced high
frequency currents which affected the readings obtained on the
potentiometer. To obviate this effect and prevent damage to the
potentiometer a filter circuil was interposed between the thermocouple

and the instrument.

(c) Heating Chamber.

The chamber, in which the coal sample is hesated, is machined
from a solid block of steatite (hydrated magnesium silicate). It is
eylindrical in shape, being 6 inches deep and 2% inches internal diametes
(Fige4)s The bobttom electrode (c) passes through a central hole in
the base of the steatite pot and mekes direct contact with the central
lead (Iy) from the generatore Two further, diametrically opposite
holes (D) in the base accommadate fused alumine tubes through which
nitrogen ig introduced to the chamber. The tubes and the elecirode
are sealed into the pot with a cement of water gless and alundum, the
Joints being completely gas tighte

The electrodes have flat 2" diameter heads which fit neatly
into the Mullite crucible, as shown in Fig.4. The electrode heads are
of mild steel but the stems are made of "Invar" alloy to reduce any
error due to thermal expansion of the elecirodes during the tesls

The upper electrode has a longer stem than the lower ome and carries

[

a short horizontal arm{X)which is attached to the volume recording

devices
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The top of the heating chamber is closed by a rubber bung(E)
vhich has a central hole, carrying a silica sleeve, through which the
stem of the upper electrode passes, there being sufficient clearandel
to allow free movement of the electrode in the gleeve. The thermo=-
scouple leads from the crucible also pass through the bung by holes (G)
near the circumference . - Oxygen free nitrogen is passed into the
bage of the heating chamber at #hé rate of 200 c.cs./minute, and passes
out through the narrow annuley épace between the top electrode and the
silica sleeve, which provides the only outlet for the gas. This
clearance is approximately 1/32" and the quantity of gas passing
ensurés a sufficient linear velocity of escaping gas to meintein an
inert atmosphere ingide the chamber,

The outer surface of the heating chamber carries an electrical
registance winding(H) which ig used to maintain the steatite pot at
the same temperature as thé inner crucible, thus preventing loss of
heat from the crucible by radiation and compensating for any variation
of the high frequency field strength at the periphery of the coal
sample. The temperature of the winding is controlled by the rheostat
shown in Fig.l and 2.

The head of the bottom electrode is supported about 1 inch
gbove the bage of the heating chamber by a stool(I), 'so that the
agsembled crucible (J) is in the centre of the hot zone of the
resistance winding. A water cooling ceil (K) is wouhd on the upper

part of the steatite pob to prevent overheating of the rubber bung (E)
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and the insulating block (M) prevents exces;ive radiation of heat to
the bung.

The heating chamber is supported on the bé.se plate(A) by
four stools (N), and is surrounded by insulation consisting of an

anulus of erughed brick (0) and insulating bricks(P).

(a) Pregsure Systems

Originally pressure was applied to the coal by means of en
hydraulic system, shown in Fig.7. By adjustment of the serew valve(A)
pressure was applied, via the oil reservoir (B) to the piston (C)
and thence to the coal gamples The pressure was measured by the
gange (D) which was graduated from O to 1000 1b./sdqein. This reading,
howevex , was sixbteen times greater than the pressure on thé coal,
owing to the difference in area of the piston head and the coal sample,
so that the range of pressure actually available was from O 4o 62+5 1lb./
s¢e ine ’

After the first series of experiments, on the Haston cecal,
it was decided, for reasons which will be discusséd later, to use a
direct gravity lbad on the coale The present arrangement cen bhe
seen in Fige4. The platform and rod (R) slides in the sleeve (S)
which is .bel'bed to the supporting framework of the apparatus so that
the rod is positioned directly above the central hole in the bage plate
through which the central generator lead emerges. The sliding rod
comects with the top electrode through the insulebing: block (T)

which is compesed of "mycalex" high frequency insulating materiale
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;
The desired pressure is applied to the coal through the top electrode
by placing lead weights (U) on the upper platforme. Accurate position-
ving of the guide sleeve (S8) engures practically frictionless movement
c;f the rod end weights during swelling of the coal sample.

A geries of lead weights were ¢ast and machined so that they
were equivgleﬁt to pressures of 2.5, 5 and 10 1lb. per sq. inch on the
coal. In this way any load between 5 and 90 1b./in.sqe, by increments
of 2.5 1lb. per in. sqe, can be applied to the coals

The supporting framework which carries the weight platform
consists of four vertical, 1 inch dismeter iron bars which are screwed
into the base plate (A) and tied at the top by four cross struts (W)
to which the guide sleeve is boltede The structure is very robust

and quite rigid under the maximum pressure useds

(e) Volume Rgcorders

Any alteration in the volume of the coal sample during
heating ceuses a corresponding vertical movement of the top electrode
which carries a small horizontal arm (X Fige4) from which the movement
is transferned to the recording device. .

The first form of volume indicator, shown in Fig.7, congisted
of & spring loaded rotating drum (E) connected to the arm of the
electrode by = thin.metal wire (F) and insulating sleeve (@). A
25' inch diametex;’:gng@ggpe?@dial (H) mounted on the drum spindle served
to magnify the rotation of the drum and readings of the pointer (I)
were noted at r_aguiar infervals dquring heating, The ind.icaﬁor was

atbtached to the main framework by a suppert and clamp (J).
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This arrangement was superceded by the recording device
shown in Fig.B, which provides a permanent record of the swelling
characteristics of the coals

A cord (A), attached to the side arm of the top electrode (B)
by & small "mycalex" insulating sleeve (c), passes under a pulley (D)
directly below the side arm and is wound on to the smaller of twe
co=axial pulleys (E). A further cord (F) wound on the larger pulley
(C) is attached to a weighted recording pen (M) which slides on the
vertical guide I. Thus any movement of the tep electrode results in
a vertical movement of the recording peny  the movement of the pen in
relation to the electfode being in direct proportion to the diameters
of the comaxial pulleys. A retio of 3 to 1 was found to be suitsble
for the majority of coals snd sample gizes usede

The recording pen traces a line on the paper covered drum
(J) which is revolved at a constent speed of 1 revolution per hour
by the small synchronised motor (K)s In this way a graphical record

of the swelling characteristics of the coal is obtained.
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ELPIRIMENTAL TECHNIQUE,

The fact that coal is a complex organic material which is
also heterégeneous in composition makes any investigation of its
properties extremely difficulte This is especially the case in a
study of the fundamental processeslinyolved in the formation of coke,
based on the behaviour of coking coals in the "plagtic" range, since
decomposition of the coal material is occurring throughout the peried
in which measurements can be made. In such an investigation congig-
stent results can be obtained only by tﬁe adoption of a rigidly
;tandardised experimentgl technicue, and congiderable attention was
paild teo this feature of the present work.

Sampling and Storsge of Coals

In order to minimise the effect of the heterogeneity of the
coal material it would have been desirable to crush the bulk coal
sample finely, so thal successive test samples would have a represent-
sative petrographic compositions The serious effect of oxidetion
anring gstorage on the swelling snd éokiﬁg properties of coal has,
however, been noted by several authors (38,39,40) and it has been
shown(38) that smell particles of coal are more sericusly affected in
"this respect than larger sizes. Because of this it was not considered
advigable to store the coal in a finely divided condition, since it
was imperétive that the bulk sample could be kept for a considerable
period of time without deterioration. In view of this a compromise

wes made and a bulk sample of =" + % " materiel used, since this
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allowed a sufficiently large number of increments to be takeh for
each e%perimental test to ensure a representative sample;-while avoid-
ting the greater susceptibility to deterioration of smaller sizes.
) The cosl was therefore crushed to pass an%“ sieve, care
being taken to prevent excessive breakage. Ali‘thé~?é&" fraction
was then removed by screening and discarded together with any predomine
santly shale like materiel, the - & + #" fraction being retained for
ﬁse in the experimental testse ‘

Spooner and Mott(38) noted that even 1" to 2" lumps of
coal could show a serious loss of swelling power on storage for a
period of 20 weekse. Since, in the present wark, tests on any one
coal extended over a comparable period, steps were teken to reduce the
rate of oxidation of the bulk samples It was originally intended to
store the coal in vacues On one occasion in the early part of the
work, however, a leskage of air into the vacuum system occurred due
to failure of the vacuum pump. The effect of this on the ceal proved
to be extremely serious, the sweliing power then being much lower than
that of another part of the same original semple which had been stored
in air for several weekss In wiew of this observation and the
difficulty of mainbtaining a suitably vacuum tight system over a long
period,the coal was theresfter stored in an atmosphere of nitrogen
subsequent to evacuation to remove asg much adsorbed oxygen from the
coal as possibles. In order to avoid exposure of the whole bulk
sample to air every time a test sample was taken,successive parts of

the bulk sample, sufficient for about ten tesbts, were removed as
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required and stored separately, also under nitrogen and the actual
test samples were taken from these portions. The coal stofaga vesgsels
were re~evacuated and refilled with nitrogen each time a sample was
remgvéd. The advisability of this precedﬁre was shown by the fact
that on twa'oceasions during work on the Hartley Dross coal, the part
of the bulk sample in use showed a serious loss of swelling power,
while a further portion of the bulk sample still reteined its originel
sweliing_properties. It was found that the coals used could be
stored in this way for seversl months with no detectable deterioration
in the swelling properties of the bulk samplese

Since the swelling properties might have been affected by
variation in the size grading and pascking dengity of successive samples,
the test samples were prepared according to a standerd particle size
gradings In theory any standard grading could have been used,but
since Bennett(41l) has shown that the Resin-Remmler(42) size distribution
equation holds for broken coal ,this type of grading wag adopteds The
Rosin-Rapmler equation is expressed as R = 100g '('ék)n, where R is
the cumulative percentage on & sieve of aperture x, X +the absolute
size constant ig the value of x for which R beconmes ;ge s and n ig
the distribution constants An aggregate with a maximum particle size
of -%”, and a distribubtion constant n = 1 was chosen, the sample being

composed of the following fractionss-

Fal
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- §." + }-6-" 16+8% ~36 + 72 mesh 29.3%
- & & 16 mesh BJS.S 15.2%  -72 + 100 mesh 2.3%
- 16 + 36 mesh 30.0% - 100 mesh 6.4%

A standard sample wélght of 15 gms. was used in the main
geries of testes, the samples being prepared in the following manners-
25 gms. of coal were taken, care being exercised that a "
representative sample was obtainede It was found that 25 gms. of
coal were required to ensure that a sufficient amount of the various
size fractions wes obtained for a 15 gme compogite seamples The coal
was first reduced to - %“ and the required weight of - oy ;:fa;;-,"
material was taken. ALl the remaining materisl was then crushed to
- },‘6” before screening on a 16 mesh B.S.8. sieve and weighing the
- }5" + 16 mesh fractions. The remaining size fractlons were then
obtained in a similar menner in successive stagess By the adoption of
this method of progressive crushing and screening, excegsive breekage
of the more frisble congtituents of the coal was avoided and the
tendency for such material to be concentrated in the lower size fraction:
reduceds |
After weighing out, the various size fractions were thoroughly
mixed and fed into the Mullite crucible, described esrlier, in which
the bottom alundum disc and asbegtos paper had been fitted, care
being taken to avoid .segregation of the coal. The sample' was
lightly tamped down in the crucible and the uppei- asbestes and
alundum disces were then inserteds Crushing and assembly of the

sample for each test was standardised to occupy s period of one hour



29

to avoid variabion in the tine for which the crushed eoal was
exposed to air.

The assembled crucible was evacuated overnight for 16 hours.
The wvacuum was then broken with nitrogen and the crucible was placed
in the heating chamber of the apparatus, as Qhown in Fige4 (Chapter
III)e The heating chamber was then flushed out with nitrogen for

15 minutes before heating was commenceds

Test Frocedures

A congtant pressure method was employed in all the present
work on the swelling properties, i.e.; the coal samples were heated
at a congtant rate under a constant pressure, the variation of sampie
volume with tempersture being recordeds -

In the technique originelly employed, pressure was applied
to the coal by means of an hydrsulic system and the volume change was
noted by a small revolving dial, as described eerlier (Chepter III).
This method was used in the work on the Easton coal, the results of
which will be given later (Chapter V).

« A slight pressure was firgt applied to the coal sample and
the zero resding of the volume recording diasl was notede Heating was
then commenced, the desired heating rate being maintained as closely
as possible throughout the tegts The required pressure wag applied
when a temperature of 300°C was reached and thereafter kept constant

by adjustment of the hydraulic valve till the swelling period was

completedes In a few of the early tests pressure was net applied te
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the coal sample until swelling actually commenced. This wvariation
in procedure was found to result in & higher initisl éwelling temper=~
sature being recorded, but there was no noticeable effect on the rate
éf swelling of the sample and the former method of gpplying pressure
was generally adopted since it involved fewer adjustments at the
beginning of the swelling period.

It was found, however, that the above technique was not
particularly succegsfule Owing to the fact that the heating rate
tended to var& markedly during the swelling range,frequent temperature
readings and appropriate supply volbage adjustments had to be made to
maintain a steady rate of temperature risee The pressure valve also
required continuous adjustment due to the swelling of the cosl sample
leading to an incresse in the applied hydraulic pressure and readings
of the volume indicator dial had to be taken at 1/2 mimubte intervals
to obtain a reasonsbly accurate record of the swelling characteristics.
Thus the number of readings and adjustments required during the
swelling range proved te be greater than could be conveniently or
accurately made. As a result considerable variation of heating rate
occurred in many of the tests carried out owing to the fact that a
continueus check on the temperature rise was impracticable.

It was therefore decided to make certain alterationg te the
apparatus before work began on a second coale The hydraulic pressure
wes replaced by a direct load on the coal and a recording drum

mechanism was also incorporated t¢ record the swelling characteristics
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graphically, as already degcribed in Chapter III. Thus adjustments
of the pressure gnd readings of the sample volume wefe ne longer
required during the swelling period and greater attention could be
devoted to the maintenanee of the desired heating rate throughout the
teste It was, in fact, found that accurate control of the temper~
sature was now possible and this was reflected in an improvement in
the reproducibility of the test regulbse

The sgbandard procedure used in the remainder of the present
work is detailed belows

After assembly of the crucible on the heating chamber of
the apperatus, a load of 5 1b./sqsin. was applied to the cosl sample,
the cord of the drum recorder was attached to the upper electrode
and the'zera-position of the recording pen marked on the recorder
charte The heating chember having been flushed out with nitrogen for
15 minutes to expel all air, the generator was switched on and heating.
commenceds  Temperature readings of the inner and outer thermocouples
were taken at 5 minute intervals during the early stages of the test
and the desired rate of temperature rise obtained by variation of the
voltage supplied to the valve generatore The current supplied to
the outer resistance hegter was controlled by a rheostat, the
temperature of the outer thermocouple being kept just below that of
the ipner so that radi;tion loss from the surface of the crucible

wes minimiseds
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When s temperature of 300°C was reached, the load on the
coal sample was increased to the desired value for thé test, except
of courge, in the cage of tegts at 5 lbe/sq.in., and from this point
until the completion of the run the temperature of the innér thermo~
scouple was taken at 1/2 minute intervalse The initiasl contraction,
or goftening temperature of the coal sample wﬁs indicated by a slight
downward motion of the recording ?en. The recording drum was set |
in operation at this stage and rotated at a constant speed throughout
the remainder of the teste

Heating was continued for some time after the maximum
swélling tempefature of the sample had been resched until the recording
pen showed no further movement indicating solidification of the plastic
coal, Some of the experimental tests, however, were curtailed by
leakage of the plastic coal round the retaining discse After
completion of the test the generator was switched off and the recording
drum stopped, the crucible being allowed to cool before it was removed
from the heating chambers The semi coke produced was carefully
extracted and examined to ensure that there were no signs of non=
uniform heating of the samples.

Details of a typlcal test are shown in Table 1 and the
swelling curve obtained is reproduced in Fige9. From the swelling
graph the initial (I.S8.T.) and maximam (M.8.T.) swelling temperatures
ere found and the swelling rate is calculated from the gradient of

the linear portion of the curve as shown in Table I.
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Test Bl Semple Prepared 2/11/53.
Tested 3/11/53.

Pregsure 5 lb./sgein. Heating Rate 2. 5°G/min.

15 gme coal sample Crucible Nos2e
- Heating THeating
Time Temperature G Rate Time Temperature °C Rate
(mins)e Inner  Oubter 9C/mine  (mins)e Inner _ Outer °C/mini-
0 20.0 20.0 0.0 90 258.4 2538 Reb
5 40.7 28.1 4.1 95 271.3 R68e2 246
10 5443 35.0 27 - 100 28349 28Ll.1 2.5
15 6745 48.6 2e6 105 297.1 290e5 246
20 80.7 63e4 2e6 110 309.0 308.3 R4
a5 9448 82.1 248 116 322.1 320.0 246
30 107.0 100.2 Red 120 334.7 33342 Re5
35 120.2 1187 Reb 125 347.2 R45.1 RS
40 132.9 133.0 2e5 130 359.9 359.0 2.5
45 145,3 14645 2¢5 . 135 373.0 3709 246
50 157.6 157.0 2e5 140 385.6 383.0 2«5
35 1696 168.5 2e4 145 39847 397.0 2.6
60 181.5 180.1 2e4 150 411.4 409,8 25
65 194.0 1923 ° 265 155 4241 42362 Red -
75 213.1 R215.2 Re6 165 449,98 448.,0 Re5
80 231.1 22845 2e6 170 46245 - 460.1 265

85 2452 240.4 Re7

Recording Drun Started 137 mins. Stopped 171 minse
Additional Pressure Applied - (none)

From swelling graph IeSeT. at 146 minse i.se 40L.4%.
MeSeTe ' -2t 161 minse 1eoe 439,790

Swelling Rate (from gradient A-B) = 2.74 cm. in 10 minge
Area of crucible = 20.0 caB. v dy _ 2:74 x 20,0

e A = 10 = 5,48 ce./min.
Absolute
Pressure = 1.34 atmss ‘Mean Tempe 695§

* gy

X3 aE NP = 2«89 cc./mino"
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Except where obherwise stated, the ahove procedure was
closely follewed in all the experimental work described in the

following Chapters




CHAPTER Vi

EXPERIMENTAL WORK AND RESULTSs
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EXPERIMENTAL WORK AND RESULIS

In the present work the relationship between swelling rate
and gpplied pressure has been studied for various coals and the influence of
rate of heating on the swelling characteristics has also been investigated,
together with the effect of such variables as coal particle size and
sample weighte A detailed account of the work on the various cosls and
the results obtained is given belowe

Coals Tegted.

The main part of the experimental work was cerried out with
“three coals, two of which, namely Easton and Hartley Dross were of
Scotbtish origin, the third, Backworth, being a Northuﬁberland coals The
proximate and ultimate analyées and British Stendsrd Swelling Nos. of these
coals are given in Table 24 together with detalls of the Kingshill and
Sacriston coals studied by Taylor(26), which will be referred to later.
Very little date was obtained on the swelling behaviour of the sixth coal
listed, the Welsh Cwymtillery but all six coals were used in the volatile
evolution experiments which will be deelt with in the following Chapters.

Bagton Coal.

The Easton coal was the first to be used in the present
investigation and, as alreedy notedin Chapter IV, the technique employed
in this early work was not so satisfactory as that adopted later, in that
considerable variation in heating rate occurred during swelling in geveral
of the experimental rung. Numerous tests were carried oul under applied

pressures of up to 62+5 lb./sqeine (425 atmospheres), the meximum pressure

~ ~
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possible with the hydraulic system then in use, the desired heating rate

in each case being 2+5°/min. The swelling charscteristics of the coal
were represgented graghically by plotiing the volume indicator readings,
suitably corrected to give ﬁhe sgmple volume in CeCe, against time. It
was found that, where large variations in hegting rate had occurred,
irregular swelling curves were obltained and, since no definite swelling rate
could be measured, the results of such tests were neglecteds Reasonebly
linesr swelling curves were obtained, however, in those tests in which

the rate of heating had been nearly constant over the plastic range.

The heating rates in such tests varied between 2425 and 2+75°C/min.
Subsequent work on other coals ghowed that the sﬁelling réte\decreasea

with lower heating rates. The relationship is not sgtrictly linear, but
nmay be considered to be approximately so without appreciable error over

a small range of heating rate. The above results were therefore calculated
to a mean heating rate of 2+5°/min. on this basis in order to account

for the varistion from.test”to test.

The results of the series of tests on the Easton coal are
contained in Table 3¢ For ease of reference the tests are listed and
mmmbered in order of increasing applied pressure, as are the results shown
later in Tables 4, 5 and 6. This is not, however, the order in which the
tests were performed, the prbséures applied in successive tests being chosen
at randome This was considered advisable since any variation in swelling
properties obtained with increasging pressure cannot then be attributed

to progressive changes in the swelling power of the coal during storage.



TABLE 3.

| Baston Coal | | A
15 gme samplese Heating Rate 2.5°C/min.
R = 24.6 cc NTP/min. | Meen Temperature 705°A

Test P(A) TeSeT9C M.SsTe"C  Moasured av

No. ate dyn 3t cc.NIP/ 8 ™
db cc./mine mine.

E1 0ed? 415 443 1.60 0.88 5645 2,04
E2 0.42 416 443 2055 1.40 55e2 ' Le95
E3 1.28 418 445 .78 2.45 173 0,584
B4 1.70 417 443 3452 3.68 12,3 0,391
E5 2013 412 443 . 3.18 3486 9.7  0s302
E6 2455 419 444 3.65 5,02 7.7 04225
E7 2.55 422 448 3462 4497 7e7 04226
ES 2,98 413 440 3.00 4462 6.7 0,200
E9 3.40 414 450 © 3,40 5479 5e5 0,150
E10 3,83 414 443 3432 6420 448 0,133
E11 3.83 415 438 3017 5493 4.9 0,136
E12 4425 417 452 3014 6.30 4.3 0,118




TABLE 44

15 gume samplese

R = 25.6 cc NTP/mini

Kingshill Coale

Heating Rate 2,5° /mino

Mean Temperature 700°A

Test P(d)  I.SeT% .  M.S.T%, Measured dv .
No. at. | av" dt cc.NTP/ S 1
at cce/mine mine

K1 0.08 - 407 430 1.40 0. 59 314 11,60
K2  0e42 412 437 2447 1.37 576 2.06
K3 1.50 | 407 432 4,72 4,60 14.0 0.431
K& 2,57 - 407 437 6424 8468 658  0el64
K5 3.40 410 442 5468 9,71 4,67 0,109
K6 4425 | a5 443 4465 9451 3.79 0,090
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The results obtained by Taylor(26) for the Kingshill coal,
using a similar procedure, are given in Table 4 and the relationship
between the swelling rate, YAt in c.ce at NoT.P. per minute, and the
applied pressure, P(d) in atmospheres, which he obtained is compared
‘with that of the Easton coal in Figure 10. The increase in swelling rate
with initial inerease in applied pressure, noted by Taylor, was also
found for the Easton samples, but no inflexion in the curve wds obtained
at the highest pressure used, although it will be seen, from Figure 10,
that the swelling rate values appear to be approaching a maximum.

Ag already discussed in Chapter II, Taylor(26) expressed the
swelling process by the equation |

R= () = pa) . (s) (1)
where (8) is the "permeability" of the coal megs and R is the volume
rate of generation of volatile products during swellinge The values
of R for the Kingshill and Eegton coals were determined experimentally
as described in Chapter VI, and hence the permeability, (s) in c.ce. N.TeP.,
atmosphere/min. , of the coal samples in the various tests was caleulated,
the results being shown in Tableg 3 and 4¢ It ghould be noted that
the permeability figures shown in Table 4 are not the same as those
obtained by Taylor, since he egtimated the value of R by extraspolation
of the swelling rate/pressure graph, as shown by the dotted line in
Figure 10s This extrapolation has heen found to give a lower value for
R than that determined experimentallye
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Figure 11 shows the variation of (s) with applied pressure for
the Kingshill and Baston coalse It is not intended to discuss the
results obtained at this stage, beyond noting that the curves are very
similar, a minimm(s) value being approached in both casess The signi-~
sficance of the value of T , the permeability coefficient, shown in
Tables 3 and 4, will also be discussed subsequently in Chapter VIL,

In view of the difficulty experienced in maintaining the correct
heating rate in the experimental work on the Easton coel, and since it
was also desirable to émploy higher applied pressures, the alteratiens to
the apparatus already described in Chapter IV were undertaken, before
further series of tests wore attempteds This work occupied several weeks
and at’the end of this period it was found that the Easton coal had
suffered a serious loss in sweliiﬁg power. A gample of a second coal,

naﬁely'Hartley Dross was therefore obtained.

Hortley Drosse
’ Preliminary tests on the Hartley Dross, using the modified

apparatus, showved that the heating rate during the test could now be
controlled within narrow limitse It was also pessible to measure the
swelling rate of the sample much more accurately from the recorded
swelling graph than from the volume indicator readings obtained previously.
Becouse of thege improvements the general reproducibility of the results

obtained was considerably greater than in previous tests.
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Tt was noted that in all the experimental.tests the heating
rate tended to increase when swelling commenced and that the power
input to the generator had to be reduced at this stages This effect
wags similar to that which led to variation in the heating rate during
swelling in the experiments on the Easton coals Unfortunately it is
impossible to tell whether this tendency is due %o variation in the
dielectric properties of the coal sample or resuits from a heat evolution
during coking, which might be expected from the work of Tettweiler(43)
who reported that Ruhr ceoals showed exothermic heats of coking.

In the work on the Hartley coal, some difficulty was encountered
due to deterioration of the swelling power of the coal during storage.
As already described in Chapter IV, the test samples were taken, not
from the main bulk sample, but from smaller portions of it stored separ-
:afely, in order to minimise exposure of the main sample to air. On
iwo occasions the portion of the bulk sample in use showed a marked
decrease in swelling power, accompanied by an increase in the initial
swelling temperature of the cecals The loss of swelling power occurred
very suddenly, there bheing no indication of any gradual deterioration in
previous test samplese It was found that the remainder of the bulk
sample still retained its original coking properties, so that further
testba on another portion of the main sample were possible. Invesbtigation
of this coal was, however, ultimately terminated by a similar decrease in
the.swelling power of the bulk sample. Rose and Sebastian(44), in a
study of oxidetion dwring storage, also noted sudden deterioration in

the coking properties of some coalse It was found that a congiderable
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increase in oxygen content could occur with little change in agglutinating
power, while rapid decreases in the agglutinating velue were obteined with
no appreciable change in oxygen content.

The relationship hetween swelling rate and abplied pressure
was studied with the Hartley Dross at two different heating rates, 1+75
and 2+5°C/min. , both series of tests being carried out concurrently, so
that the swelling power of the coal would be strictly comparable in the
two sels of experimenbtss Details of the results and the calculated
permeability velues are given in Table 5. From the swelling rate/pressure
curvegs shown in Figure 12 it is evident that a definite inflexion occurs af
an applied pressﬁre of about feur stmespheres and that the swelling rate
thereafter shows a progressive decrease with increasing pressure.

| There is a striking s'imila_iity in the variation of swelling rate

with pressﬁre for the two heating rates useds Lower swelling rates are
obbained in the lower heating rate tests, the difference between the
rates of swelling being approximately constant over the whole pregsure
range so that the curves are almost parallel, (see Figure 12)s The
other notable feature of the result is that the permeability of the coal
mags is lower at lower heabing rates as may be seen from the permeability
graphs for the Hartle& Dross ceal in Figure ll.

Since a ;satisfactory technique had now been established and
consigtent results obtained with the Hartly Dross, it was decided to

carry out similar test series on obther coalgs.



TABLE 5.

15 gm. samplese

R = 20,0 cc NTP/min.

Hartley Dross

Heating Rate 245%./mine
Mean Temperature 715°A.

Test P(d) I.S.T.°C. M.S.T.°C. Measured dv |
Noe atbe , av® dt ce.NT®/ - S wo
a&. co/mine mine -
HL  0.68 427 443 086 0. 55 28,6  0.990
HR L1.02 429 455 3451 271 1649 0. 520
H3 1.70 423 454 3.53 3.64 9,60 0280
H4 .04 425 455 . 4,32 5.01 7e¢34 Qul96-.
H5 2438 430 456 3.19 4.12 6667 0.189
H6 Re7R 428 456 4.27 6.02 5.14 0.128
H7 3.06 431 462 3674 5.80 4.84 0,117
H8 340 432 459 3470 620 4,06 0,100
HS 4.08 423 432 336 6. 51 3430 0.079
HllL 4,83 430 458 2e34 5,21 3.06 0.080
H2 5.40 430 458 1.95 4.75 2«83 0.077
Heating Rate 1.75%/min. R = 14.7 cc/min. Mean Temperature 710°%A
H3 1.02 425 440 0,93 0.72 137 0.482
H14 1.70 421 442 Rel4 2e32 Te27T  QR27
H15 238 423 447 238 3.09 4,88 06143
H1i6 3.06 423 448 2468 4,19 3443 0.091
H? 374 422 450 2453 4,60 270 - 0,069
H18 4.25 427 451 1,93 3.89 2455 0.069
HLS 4.25 424 447 2418 4440 2e42 0.063
H20 4.83 424 442 1. 50 3.36 2437 0,068
H21 5.40 423 441 1.02 251 226 0,068
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Cwymtillery Coals
It had been intended te use a Welsh Cwymtillery coal on the

next part of the experimental worke Initial tests on this coal,
however, showed that ibs swelling properties could not be determined
by the technique used for the other coals testeds Shortly after the
initial swelling temperature wag attained in the experimental tests the
rate of heating suddenly decreased and the temperature of the sample
rémained practically'constant, even whan the power input was increased to
the maximum possibles This effect was found in all the tests which
vere attempted and further investigation of the swelling characteristics
of the coal was therefore impossible.

A proncunced endothermic reaction during coking could account
for the observed decrease in heating rate, but such an explanation is .
unlikely in view of the increased heating rate obtained with the other
coals and the work of Tettweiler(43) who found the heat of coking to be
exothermic for a wide range of coalse It was also found that while
variation of the power input to the gensratorAhad no effect, the ﬁemper-
sature of the coal sample could be raised by increasing the current
;upplied to the resistance furnace surrounding the crucible. This
behaviour can only be attributed to an alteration in the dielsctric
propexrties of the ceal sample and a resultant failure of the applied high
frequency field te'produce further heating, but no explanation for such

an alteration in the properties of this particular coal has been obtained.
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Backworth Cosls

The Backworth cozl was the lagt to be investigated in the
present worke The behaviour of this coal was similar to that of the
Baston and Hartley Dross, in that there was a tendency for the heating
rate to rise during swelling. Some difficulty was experienced, however,
in confining the coel in the crucible at high pressures, since the
plasgtic mags appeared to become very fluid and tended to escape round the
gides of the retaiﬁing discse In some tests escape occurred shortly
after the initial swelling temperature snd no measurement of the swelling
rate could be made, but in several cases, even slthough escspe took place
towards the end of the test and the maximum swelling temperature was not
reached ,the swelling rate was determined from the portion of the swelling
graph obtaineds

Two complete series of'tests-were carried out at heating rates
of 1.75 and 2.5°/min. , under applied pressures of up to six atmospheres.
This involved a direct load of about 2% cwis. on the upper electrode and
higher pressures bthan this were found to be impracticabley indeed some of
the crucibles used failed during the high pressure testse  The results
of the experimental tests on the Backworth coal are given in Table 6, and tl
corresponding swelling and permeability graphs are shown in Figures 13 and
14, from which the general similarity in the behaviour of the Backworth
coal to that of the Hartley Dross (see Figures 12 and 11) is evident.

It was intended te perform a further series of tests on the

Backworth cosl et a heating rate of 3.75%/min. In several of these

tests, however, unexpectedly low swelling rates were obtainedy the

n



TABLE 63

‘ Backworth Coal -
15 gm. samples Heating Rate 2.5°C/mine
R = 25.9 cc NTP/min. Mean Temperature 695%

Test P(d) I.ST°C. M.S.Te%C. Measured d4v

Nos ate av" dt cc.NTR/ S ™
. A% cc/mine min.
Bl 0e34 401, 440 5448 Re89 6767 2,18
B2 0. 34 402 436 574 3.02 6743 2e15
B3 1.02 398 434 5030 4420 CRLe3 0. 845
B4 1.70 400 445 4492 5.21 . 122 0.354
B5 2.72 404 - 4455 6465 7.08 0.191
B6 2.72 403 449 4473 6491 6497 0.185
.B7 3.74 403 - 4434 8.08 476 0,119
B8 374 399 - 4432 8.04 4477 0.119
B9 44,25 401 - 4462 9. 53 3.85 0.088
B1l0 4.83 404 - 3.84 8479 3¢54 0.085
B12 6.08 406 - e 98 8.28 290 0,072

Heating Rate 1. 75%/min, R = 101 oC NTP/mine Mean Temperature 687 A

Bl3 0.34 - 398 431 4,13 2420 49,7  1.59

Bl4 Q.34 399 430 4,33 2,31 4943  1.57

BL5 1.70 392 . 423 3494 4423 8e74 0,247
Bl6 2.72 392 - 3456 5,26 5,09  0.134
Bl7 2.72 393 431 3.62 5434 5,05  0.132
Bl8 3.74 401 439 3.21 - 6.05 3,49 0,086
Bl9 483 404 44.5 2492 6e75 2.55  0.060
B20 5.51L 387 426 2,33 6403 2.37  0.058
B2l 6.08 399 430 1.91 5437 2426 0,059

Heating rate 3.75°C/mins R = 37.8 cc NTP/min., Mean Temperature 715°

BR2  Qe34 415 - 4468 Re 3% - -
B23 1.70 412 - 6027 6e46 1344 0,604
"BR4 2.7 414 - 5.98 849 10.8 0,302
B25 3.74 424 - 238 Se20%k - -
B26 4483 416 486 4.98 11.09 545 0.140
BR7  5.51 42) - 3.46 8+ 60% - -

&« Very poor curves and indications of uneven heatinge
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swolling curves were also irregular and difficulty was experienced in
maintaining regular heabting. Subsequent examination of the semi. coke
produced in such tegte shewed that there were definite signs of uneven
heating of the coal sample, part of which had a greyish overheated appear-
sance, while the upper layers of the sample showed incémplete fusion of
the original coal particles. This was the first occasion on which such
an effect had been ebserved.

The results of six tests at the high heating rate are included
in Table 6 In tests B 23, 24 and 26, there was no indication of uneven
heating and, as shown in Figures 13 and 14, the results of these tests
confirm the general varistion in swelling rate and permeability found at
lower heating ratess Non uniform heating, however, occurred in the other
three tests (B 22, 25 end 27) and the swelling rates obtained are actually
lower then in corresponding experiments at a heating rate of 2+ 59/mine
I§ view of this tendency and since it was also found to be difficult to
prevent leakage of plastic coal round the retaining discs in high pressure,
high heating rate teéts, the series of experiments at 3.75%/min. was
not completeds

The Backworth coal was also used in a number of tests in which
the effect of coal particle size and packing density was investigated.

The swelling properties of 15 gme. samples of - 3/32"™ + 1/16" and ~36 + 100
megh coal were compared and the effect of packing density was also studied
by testing a composite sample of 65% - 3/32" + 1/16" and 35% - 36 + 100
mesh material, which correspondg approximately teithe maximum packing

dengity obtainable with two different particle sizea(45), since the voids




43¢

between the larger grains are occupied by the smaller particles when
the ratio of particle dismeters is about 10 to 1, as above. In order
to minimise variation in the petrographic composition of the coarse
and fine samples used, about 25 gms. of coal were taken for each test
and crushed to below the upper size limit required so that in each case
the tegt sample taken corresponded to the largest size fraction of the
crushed coale These resulls are given and discussed in Chapter VII,

The effect of sample weight was the final varisble to be
studied, 7;5, 15 and 30 gm. samples of Backworth coal of the usual size
grading being testeds The results of these experiments (see Table 20,
Chepter VII), will be discussed at a later stege. In some of the tests
in which 30 £ éamples were used non uniform heating of the cosl sample
wag again observeds It would appear that, since this effect has only
been found at high heating rates aﬁﬁf?hrge samples, i.e., when the
povwer requirements are high, non uniform heating mey be an indication,
not of the failure of dielectric heating as such but rather of the’
inadequacy of the generstor at present in uses

Before proceeding te the discussion of the results obtained
in this part of the work, it is proposed to describe, in the following

Chepter, the supplementsry work which was carried out on the determination

of the rate of generastion of volatiles from coal during the plastic

ranges
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DETERMINATTON OF THE RATE OF EVOLUTION OF VOLATILE MATTER.

If the view is taken that permeability is a controlling factor
in the swelling behaviour of coking cosls, then the time rate of generation
+ of volatile matter in the plastlc mass, which for simplicity will be
referred to aé'R,«becemes of primary importancey the exteat of swelling
being determined by thege two factorse ’
Paylor(26) expressed the swelling mechanism by the equation
dv

R-7g = ‘P(d). 8, and in order to obtain values for (8), the permeability

of the coal, R was determined indireetly from the graphical relationship
av

between = the rate of swelling in cc NTP/min., and the applied
pressure P(d), as described earlier in Chapter 2.  Evaluation of R by
‘this method is unsatisfactory, since it presupposes a strictly linear
variation of gas escape with spplied pressure, which supposition is
difficult to confirm accurately from ﬁhe experimental results.s It is
obvious that a direct determination of R would be of considerable value
in interpreting the date obbtained from the swelling tests and in providing
evidence on the validity of the above approach teo the swelling mechanisme
The main problem to be faced, in devising an experimental
techﬁiqne for a direct determination of R, ig that the oil and tar vapours
produced from the coal tend to be unstable and, if pyrelysis or conden-
ssabtion of thesge vapours takes place, the measured evolution rate will
ﬁot corregpond to that obtaining during swelling of the plastic coal.

Several workers have investigated the evolution of volatile

matter from coale Two main types of determination have been mades those

-~
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in which the rate of loss of weight is found(46,47), and those which
determine the amount and congtitution of the wvapour and gases evolved
(48,4950). A value could be obtained for R from results of the former
class, if the average molecular weight of the volatile products were
knowne Any estimation of the molscular weight, based on the congtitubion’
of the complex gases, oil and tars evolved, would, however, be liable to
serioug error and could give only a very epproximate value of R+ The
method which has been adopted in invesgtigations of the second type is
similar in principle to the Gray=-King coal assay btest, (51) in which the
moisture, tar and oil wvapours evolved ere condenged and the volume of
permanent gaseg only is determined. It was evident, therefore, that
a different approach would be reéuired>to determine the volume rate of
generation of volatile products corresponding to that occurring within
the plastic coal during swellinge

The principle of the method adopted for this d;termination in the
present work is egssentially simples The coal sample is heated in an
inert atmosphere in a long verbtical metal cylinder which contains a
number of close fitting but not, of course, gas tight, horizontal baffles.
The effect of these baffles is to prevent rapid diffusion of the heavier
congtituents of the volatile matter evolved from the coal, in the base of
the crucible, with the less dense inert atmosphere in the upper part of
the crucible. Thus the heavy oil and tar vapours do not escape from the
crucible and condense, but displace an equal volume of inert gas from the

crucible into a gas measuring burette.
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Experimental Apparatus.

The apparatus is shown diagrammatically in Figel5. The
crucible (A) was machined from a free cubtting sluminium alloy and had an
a
internal depth of 6%, with an internal diemeter of lg" and.%g" wall

thickness. The upper %‘ of the crucible was tappeddto accommodate the
screwed cap (B) which carries the long exit tube (C). The fifteen
circular internal baffles were of aluminium and were separated by
aluminium spacers (E).

Aluminium was chosen as the crucible material for several
reasonse High thermal conductivity is desirable to facilitate the
maintenance of an even temperature over ihe entire crucible length and
aluminium also has the réquired resistance to attack by the gases and
vapours produéed from the coal, especially thoge containing sulphure The
only disadvantage of sluminium is its relatively low melting point, bub
cére was taken that the temperature of the crucible never exceeded 550°C.

A vertical electric furnace (F) consisting of a 2 inch internal
diameter refractory tube, wound with Nichrome reéistance wire to give a
long even hot zone, and surrounded by insulating bricks (&) was used in
this part of the works The crucible was supported centrally in the hot
zone by insulating stools (H) and the wpper part of the furnace tube was
also filled by insulating brick (I) to prevent temperature gradients at
the top of the crucibles Temperature readings were taken by a 22 S.W.G.

chromel~alumel thermocouple (J) which fitted into a recess in the base
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of the aluminium crucible. The gages evolved passed out through a narrow
bore aluminium tube (C) and were collected in the gas burette (K) via

the tap system showmn in Fig.l5, the volume of gas in the burette being
measured by the use of the levelling bottle (L). The rate of heating

was controlled by a variac transformer connected to the furnace winding

circuite.

Experimental Technigue.
| The size of coal sample used must necessarily be small, since

the volume of volatile preducts must not be so great that condensible
‘vapaurs escape from the crucible. Another consideration in this
connection is that a small coal sample gives & thin layer of coal on the
bottom of the crucible and this is advantageous in obtaining even heating
of the samplees Oﬁviously, however, with a very small coal semple, the
volume of volatile products would become too low to give an accurate
estimabion. Preliminexry investigation showed that a sample weight
of between 0.5 and 1.0 gms. gave reproducible results and a suitable rate
of volume increase to allow accurate readings to be made. A standard
gsample size of 0.75 gm. was adopted thereaftere ;

It was also found that the coal sample tended to agglomerate .
This isg undesirable, since free escape of the volatile matter generated
ig essentials Inert meteriel was mixed with the coal to overcome this
effect, various additions being trieds Silica sand wag found to
sagregafe easily from the coal particles, while aluminium powder, which
it was thought would also increase the thermal conductivity, of the

sample, tended to sinter. The most satisfactory addition, which was
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generally adopted for the estimations, was 0.5 gm. of finely powdered
graphite pewder,'intimately mixed with the coals

The effect of coal particle size was also investigated. No
significant variation was found in the results obbtained using different
size ranges between 16 and 100 mesh (BeSeS.) and samples of - 36 + 72
mesh were used in all subsequent experiments.

The standard procedure used in the experimental determinstions
is detailed belows A representative sample 6f +1/4" coel was crushed,
0475 gme of - 36 + 72 mesh material being taken and thoroughly mixed
- with Oe5 gm. of fine graphite powdérs. The mixture was placed in the
aluminium crucible and the aluminium beffles were inserteds  The top
of the crucible was then screwed.tightly into plece, a jointing compound
being applied-to the joint faces to ensure a completely air tight seal.
The asgembled erucible was placed in the furnace and attached to the
gas burette by the rubber connection (M), shown in Figel5. The
crucible was then evacuated by opening the tap to the vacuum pump and
the temperature of the furnace was raised at the desired heating rate
till a temperature of 150°C was attained. Evacuation was then stopped
and the inert atmosphere admitted to the crucibles Hydrogen was used
as an inert atmosphere in the majority of experiments carried out, but
nitrogen was employed in some determinations, and it was found that the
resulting values obtained for R were ﬁbt affected by thig alteration in
procedure. Heating ﬁas continued and readings of gas volume and
température were taken alternately at suitable intervals till the
tehperature had reached 550°C and the coal sample had passed through

the plagtic range.
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Eggerimental Resultse

A gpecimen set of readings and the method of calculation
employed to determine the volume rate of velatile evolution are shown
in Table 7e

The first four columns ofvthe Table show the experimental
temperature and gas volume readings at alternate minute or two mimite
intervals. The temperature corresponding to each of the volume readings
(Goluﬁn.A) ig then faken as the mean of the temperature readings before
and after it. Since the volume of the aluminium crucible is known,
the vélume at NeTePs of the gases occupying the crucible may be
~ calculated (Column B) for eaéh‘of:the sbove temperatures and the total
volumé of gases in the system is then obtained (Column D) by summation
of Column B and Golumn C, which shows the gas burette volume comnected
t0 NeTePe The total volume is then plotted against temperature as
shown in Fig.16, and from the gradient of the straight line portion of
the curve the rate of increage in veolume, i.e., the rate of evolution
of velatile products, is obtained in éc per °C and hence in cc/minute
as shown in Table 7.

It will be noted that in the above calculation the assumption
is made that all the gas in the crucible is at the same temperature,
and no correction is applied for the temperaturelgradient in the
connections between the crucible and burette. Any correction for the '
latter effedt would be very small, and the above methed of calculatien
may be justified by the fact that blank tests in which no ceal was used
gave substantially constant values fér the total gas volume throughout

the experiment.



TABLE 7.

Baclcw_orth Coal

Test No. BV9,

Heating Rate 2.5°G/min.

0e75 gme coale

0«5 gme graphites

I i

" Time Tempe  Lime Volume K B “C D
(mins.) ©“Co. (mins) GeCa Temp  cc NIP ce NTP ce .NTP
| Co | | o
122 300.3 124 4.7 305.7
126 311.2 128 6e3 31646 45,40 5.90 52430
130 322.4 132 840 328.,0 45,60 745 53.05
134 334,0 136 947 ‘3394 44,75 9,05 53480
138 345.1 140 1l.5 350.6 43,95 10.70 54465
142 35642 144 133 36Le7 434,20 12.40 55460
146 3674 148 15.0 3731 42450 14,00 56450
150 378.8 152 171 38445 41,75 15495 5770
154 390.4 156 19,5 39642 41.05 18.20 59425
158 402.1 159 " 2Le7 404,98 40,30 20420 60.70
160 407.8 161 R3e4 41046 30,20 21.80 62.C0
162 413.5 163 254 41643 39,85 23470 63455
164 419.,2 165 276 421e8 39455 R5.70 65425
166 42444 167 3062 427.0 39,25 28415 67.40
168 429.6 169 33.0 4321 39.00 30,80 6980
170 435.,0 171 3640 437.6 38,70 33460 72430
172 440.,2 173 39.2 44248 38,40 36.70 7510
174 4454 175 4266 448,0 38,15 39,70 7785
176 450.6 177 4549 453.,2 37,90 42,70 80.60
178 456.,0 179 4944 45848 37460 46,00 83.60
180 46l.6 1381 5248 46445 37.30 49,10 86440
182 467.4 183 5601 470.,2 37,00 52430 89.30
184 473.1 185 593 47549 36475 55420 91.95
186 4791 187 62 5 48le9 36445 58420 94465
188 484.9 189 65¢4 48748 - 36420 60,90 97.10
190 49047 '
e BoxDe
From graph, gradient of line = g5 °¢/°C = QEIJ%Q_@ ce/mine

1s3 ce/mine for 075 gime

26 cc/mine for 15 gme
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Determinations of the Rate of Evolution of Volatile Matter were
cerried out on the six coals listed in Table 2 (Chepter V)y i.e., all the
coals whose swelling characteristics have been studied. éeveral deter=
sminationg were made on each coal and it wag found that the results showed
; high aegree of reﬁreducibility and that a reasonably linear rate of
evolutions was obtained over a considerable temperature interval. A
standerd heating rate of 245°C/min. was employed for the mein series of
tests, but the effect of varying heating rates on the rate of evolution
vas algo invesgtigated with the Hartley Dross and Backwor@h coalss The

regults obtained are sumparised in Table 8 and will be discussed subsequentl

Effect of Pressure on the Rabte of Evolutions

Since the swelling tests described in previous Chapters were
carried out at pressures of up to seven atmospheres, a geries of experiments
wes undertaken to debermine whether the volume rate of evolution of
volatileswas affected by pressures of thisg ordere

The method used was essentially the sgame ﬁs that employed in
the previous experiments although alterations had of course to be made to
the apparatus to allow avpressure to be meintained in the crucible. Since
it weas doubtful whether the aluminium crucible uéed previously was capable
of withstanding the necessary pressure at high temperatures an aluminium
bronze crucible was used, the pressure in the crucible being regulated
by the pregsure gsuge and valve system shown in Fig.1l7. The assembled

crucible was first evacuated aend then filled with nitrogen under pressure,

via the valve (A). The crucible was then heated as before and the
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" Heating ' ‘) T
Coal Test Rate - Inert Tempe R cc NTB/ Average
_Noe °C/mine Gas. Y ‘min. R
. (15 em sample)
Eagton EV1 245 H 425 2446 2446
EV 2 - Ha 428 24,8
EV 3 - Ha 427 2446
Kingshill KV 1 Re5 Hy 422 250,5 N
KV 3 - Mo 424 2546
Hartley HV 1 Reb Hg 440 2064
Drosse HV 2 - Hy 440 19,4 20.0
HV 3 - B, 441 202 .
HV 4 - Hy 439 19,8
HV 5 - Y 438 2040 _
"IV 6 1.75 B, 438 12,7 ; 14.7
HV 7 - Ho 435 147 >
Backworth BV 1 245 He 426 2546
BV 2 - H 422 26.0
BV 3 - B 425 25.8 2549
BV 4 - N 424 2644
BV 5 - I 424 2640
BV 6 1.75 Ho 420 19,0 j 19.1
BV 7 - “Hp 420 1942 I
"BV 8 3475 i 430 . 37.8 5 3m.8
BV 9 = - 428 3748 ‘
BV 10 «0 Ho 435 49,6 ; 49,4
BV 11 - By 437 4942 *
Secriston AV 1 Re B Hp 450 24..4
AV 2 - H 448 2446 2444
AV 3 - Ha 448 2442
_ AV 4 - . 450 2446
Cwymtillery CV 1 2.5 Hy 443 23.2 3 3.2
oV 2 - B, 440 2342 .

* The temperatures shown are those at which the gradient of the volume
increase graph becomes approximately linesrs
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pressure in the gystem was kept.constant throughout the test by allowing
the gases produced to escape through the needle valve (B) to the gas
burette, readings of the incresse in volume with temperature being taken as
in the determinations carried out at abmospheric pressure.

Since the metal pressure gauge and valve system tended to be
hegted by conduction during the test and since the volume of these
connections wes considerable, it was considered that the effect of the
temperature gradient in the comnections could not be censidered negligible,
as in the meﬁhod of calculation used previeusly. Blank runs, in which
no coal was used, were therefore carried oubt at each pressure and the
rate of evolubion of volatiles taken as the differeﬁce between the rate
of volume increase in the experimental £93t and that obtained in the blank
TUle |

The results of tests on the Hartley and Backworth coals using
a heating rate of 2.5%/min. are shown in Teble 9, and it can be seen thab
there is no significant variation in the rate of evolutieﬁ obtained in any

of the tests from that found at abtmospheric pressure.
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‘TABLE 95
Absolute Total T
Test Noe  Presgure Volume Blank R (15 gm)
(ab) Increase " cc/NTP mine
HV = 1.0 - - 20.0 =
HVP 1 R¢36 14,55 44565 19.8
HVP 2 2.36 14,65 4,65 20,0
BV = 1.0 . - - ) 259 *
BVP 1 2436 17.66 4465 2640
- 2 304 1855 5455 2640
- 3 4‘006 19-70 6090 ' 25'6
- 4 4440 20,30 7440 258
-~ 5 4e74 21.00 7.90 2602
« Average value of runs at atmospheric pressures

Rate of Logs of Weights

' In order that a comparison could be made between the rate of
evolution of volatiles as determined above and the rate of evolution on
a weight basis, a series of tests was carried out in which the loss of
w;ight during heating was debermined, a contimuousweighing technique
similer to that of Audibert(47) being useds 0.75 gm. of = 36 + 72
mesh coal were placed in an open aluminium crucible which was suspended
by a platinum wire from one arm of the chainomatic balance in a small
vertical resistance furnace. The furnace tube waes cleosed with stoppers
at both endsy the lower stoppér was provided with a tube through which
nitrogen was’paSSed during heating, the gas escapling via a small central

hole in the upper bung through which the suspension wire passeds Since
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the attachment of a thermocouple to the crucible might have interfered
with the accurate weighing of the crucible, the thermocouple junction was
located in a small hole hored in an aluminium block supported in the hot
zone of the furnace tube just below the suspended crucible. |

The procedure used was simiiar to that of the volume rate
determinationsy the crucible wag heated at a‘ congtant rate é.nd readings
of ’éeméaraturehand welght were taken at alternate minute intervals during
the toste The loss of welght was then plotted against temperature and
the rate of evolﬁtion determined ZE‘rom the gi'éaient of the cu;vve obtained,
'i‘he results of ’c:ests, at a heatix{g rate of 2-'-:5°C/min. s ON tI;e various
coals used in the previous experiments are summarised in Table 10, the
val;les shown béing the average figures of two or moﬁe tests.

Table 10s

- .

Coal Tempe, °Ce Average Evolution Rzte
. ' gmn/mine (0,75 gme)

Easton 428 0.0034
Kingshill 420 0.0032
Haxrtley Dross 438 0.0029
Backworth 422 0.0040
Sacristan 446 . 0s0027
Cwymtillery 438 0.0025

& Temperature at which gradient of evolution curve becomes

approximately linears
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The'geﬁeral shape of the weight evolution curves was found to
be very similar to that of the volume evolution rate curvess as can be
seen from the comparison shown in Fig,1®. The ﬁariatioﬁ in the rate of
loss of welght values for different coals was however considerably greater
than that found in the veolume evelution figurese Further reference will
be made to this in the general discussion of the volatile evolution resultg,

which followss

Discussiéh'of Regultse

The‘primany consideration with regard to the results of the
volume rate determinations was whether the values obtained did actually
represent the total volume of tharmai»decompesition products as produced
from the coal, since any condengation or decomposition of the vepours evolve
in the crucible would lead t0 erroneous results. No signs of cendensation
were observed in the exit tube from the crucible in the actual tests bub
there is, of course, no direct evidence ag to the conditions within the
crucible. If, however, condengation or cracking of the higher molecular
weight products occurred this would have been expected to lead fo a
variation in the evolution rate in duplicate determinations since it is
unlikely that such effects would occur to the same extent in successive
testse Thug the degree of reproducibility shown by the experimental
regults, all the duplicate values obteined agreeing to within + 2% of the
mean (Teble 8), is taken to be evidence that breakdown of the vapours
produced from the coal does not take place to any marked extent and that

the results may be considered to represent the total volume rate of volatile
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evolution during heatinge This view is supported by the fact that “the
evolubion rate is independent of the pressure at which the test is carried
out, since this variable would be expected to have a considerable effect
on the results if condensation did tend to occure.

The evolution curves obtained by measuring the loss in weigh
on heating are very similer to the corrésponding volume graphse This
ig shown in Fig.18 in which curves for the Backworth coal are compared,
the scales having been adjusted to give the game gradient over the linear
portion of the graphe It ﬁill be noted that the general shape of curves
is similar and that a linear rate of evolution is obtained over a
considerable temperature range in both cases. The temperature at which
the evolution rate becomes linear (points Ty and'Tv, Tig.18) is also
found to agree closely. |
i A typical swelling curve for the Backworth coal is also
shown on a comparable scaie in Fig.18s. It will be noted that the temper-
sature at which the gradient of the swelling graph becomes linear (Tg) is
épproximately 10?0 lower than that obtained in the volatile evolution
testse A similar difference was found in all the coals tested, the
swelling and gas evolution temperatures being shown in Table iI.

This difference is probably due to the position of the Thermc
scouple used to measure the teﬁperaﬁure of the coal sample in the swelling
énd volatile evolution experiﬁents. In the swelling tests the thermocoupl
is located in a siliqa sheath in the centre of the coal charge. Since

dielectric heating is employed the thermocouple is being heated by the
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Table 1ls
~ . Temperature At which linear gradient is found LoC
Coal IeSeTe . Swelling Volume Weight |
- °C. Graph(Tg) Evolution(Ty) Evolutien(Tw)‘
Backworth 404 414 424 422
Kingshill . 409 412 422 420
Baston 417 422 428 428
Hartley Dross 427 433 440 438 j
Cwymtillery 428 . 438 v 441 440 ’
Sacriston 435 438 448 446 ]

’su:reunding,coal and will therefore give a slightly lower temperature
readings than that of the coals In the volatile evolution experiments,
however, heat transfer takes place from the crucible to the coal sample and
the temperature registered will therefore be glightly higher than that of
the coal sample ﬁhrbugheut the teste Thus the additive effect of these
errors could account for the discrepancy of severai degrees found between

the temperatures measured in the swelling and evolution testse

Iffect of Heating Rates

" The effect of heating rabe on the volume rate of volatile
evolution wés investigated with the Hhrtley Dross and Backworth coalsy the
results of these tests were shown in Table 8+ The evolution rate inﬁcc at
N.ToPs per minute was naturally found to increage at higher heating rates
bu£ the increase was not directly proportional t§ the rate of heating,

the volume of volatiles being less than doubled by a twofold increase in
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the rate of tempergture rise. This trend may be shown by expressing the
evolution ratevfigures on a basis of cc at N.TsP. per °C, as in Teble 12
from which it is evident that the rate of evolution ig relatively lower
at higher heating rates. Shimmura and Nomura(52), have noted that a
decrease in the rate of gas production per “C was found with increasing
heating rate in tests on Jepanese coals. Their resulis are not, of course,
strictly comparable with the evolution rates determined above since the
volume of permanent gases only was measured in their experiments.

It was found that volatile evolution occurred at lower temper~
sature when lower heating rates were used, the variation being similar %o
nthat found in the initial gwelling temperatures of the coal gsamples in.
the coking tests with different rates of heabing,

Volatile Evolubtion and Coal Rank,

The resulbs of the various weight and veolume evolution rate
experiments earried>out at a heating rate of 2.5°/min. are summarised
in Table 13 There appears to be no direect correlation between the
actual volume evolution figures obtained and the rank or volatile content
of the coals studiede Previoug investigators:(50), have attempted to
relate the rate of gas_production obtained during the swelling range in
Gray-King assay teste with coal rank.and swelling properties. No relation-
vship was found however, and Mott(50) noted that similar rates of gas
évolution were obtained for widely different coals, a finding which is

in line with the volatile evolution rates obtained in the present work.

The fact that there is no simple correlation between the swelling



TABLE 123

~_Rate of Volatile Evolubion. ce NTP/°C,

Coal .

107506/1’111110 2 500/1115..1'10 3.7500/]115.1'1. Ha OQC/minc
Hartley Drosge 8440 8.00 - -
Backwortha 10.95 10435 10.08 9.86
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TABLE 13+
Volatile  Volume Rate Loss in Weight  Average
Coal Matter % = cc/min. mine Molecular

(dry basis) (15 gme) 15 gm. ) Welghte
Backworth ‘ 37.8 2549 0.80 6942
KingShill 3442 25 e’ﬁ Q.64 56e4:
Easton 32.1 2446 : 0.68 61.8
Hartley 3049 20,0 0458 6500
Cwymbillery 2848 2342 0e50 48,3

" Sacristan R8e5 b o4 0.54 49,5

characterigtics and the rate of generation of volatiles in no way detracts
from the imbortance of this facter in the swelliﬁg process, since it is
the combined effect of gemeration of volatiles end ‘the resistence to gas
escape or permeabililty of the plagtic mass which determines the swelling
properties of any given coals

The temperatures of volatile evolution show a definite wvariation
with volatile content, lower evelubtion temperatures being found with
higher volatile matter coals, (see Table 11). This is in general agree-
sment with the work of Holroyd and Wheeler(48), ﬁho noted that lower
aecomposition temperatures were observed in lower rank coalse The initial
swelling temperatures of the coals tested also show thisg trends

Although the volume evolubtion figures are not related to coal
rank, the rate of logg of weight is found to increase with higher voletile
content, as is shown in Table 13. From the evelution rates determined
on a weight and volume bagis, the awérage molecular weight of the gases
and vapours evelved during the swelling range mey be calculeteds Molecular

welghts of between 50 and 70 were obtained for the series of coals tested,
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the individual values being shown in Table 13, from which it can be seen
that the average moleculay weight tends to increase with lower rank coalse

By measuring the contraction due to condensation on cooling the
crucible after the volatile matter estimetion, it was estimsbted that about
20% of the total volatiles evolved during swelling qons}sted of'tars and
condensible vapours. An average molqcular weight qf about 25 for the
permanent gases produced, i.e., the remaining 80% of the volatiles, may be
calculated from representative gas analyses given by Helroyd and Wheeler(48)
Since the average molecular weight of all the constituents is betwsen 50
and 70, it follows that the condensible vapomrs and tars produced have an
average molecular weight qf about 200, which appears te be a reasonable
figures There is, howevér, no data with which this value could be
compared.‘

The main conclugions drawn from the resulis of this section,
which are of particular interest with regard to the swelling investigations,
are as followss

The method used has been shown to give reliable values for the
volume rate'of generation of volaﬁile matter from coal samplesg. | The rate
of evolution has been found to be practically linear over the sweliing
ranges of the coals testedy it is independent of pressure, but the

evolution rate is relatively lower at higher heating rates.




- CHAPTER VIT.

DISCUSSION OF RESULTS:
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DISCUSSION OF RESULTSs

Before eﬁtering upon a discussion of the results obtained from the point
of view of an explenation of the swelling of coking coals based on the
rate of gas escape from,and hence the ﬁermeability,of,plastic coal, it
is proposed to consider certain observations made on the characteristic

temperatures of the plagtic ranges of the coals tested.

The Initial Swelling Temperature.

It hag been noted(1l) that the initial swelling temperature
(I.8.T.) of an aggregate of coal particles is the most reproducible of the
various "eritical temperatures" of the plastic range and that it remains
constant over a wide range of applied pressures This is borne out by the
results obtained in the presentvﬁork, the initial swelling temperatures
shown in Tabiés 3 ~ 6, being reproducible to within a few degreesg centigrade
in 2ll the tests on & given coal at apny fixed heating rate. In fact,
as has been‘mentionedjearlier, any marked alteration in the initial swelling
temperature was an indication thét deterioration of the coal had occurred.

As stated in Chapter IV, it was found that if pressure was
applied to the coal sample under test before the plastic range was reached,
the initial swelling temperature was somewhat lower than that obtained if
pressure was not applied till swelling starteds This fact may be
explained by a consideration of the primary stages-of swellinge Mott(53)
showed that the primary swelling temperature of individual coal?particles

wag coincident with the temperature of initial contraction of an

Bgeregate of coal particles under loade Thus in the interval
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between the initial contraction and initial swelling temperatures of the
aggregate coal sample "softening" and swelling of the individual perbticles
is occurring, resulting in a gradual reduction of the voids present and
the production of a homogeneous mass of softened coals It would be
expected that the application of pressure during this period would result
in greater homogeneity and lower permeability being attained, so that,
with increase in the rate of gas evolution, swelling would be expected to
oceur at a lower temperature than if pressure wag ﬁot spplied till
swelling commenceds

Slightly.lower initial swelling temperatures were obtained at
lower heating rates, the figqres for the Backworth coal being 414,;;0*;
and 396°C for heating rates qf 3¢75, 25 and 1+75° per minute respectively
This is in agreement with the obéervations madé by various authors
including Audibert(47). and Mott(23).

A further‘conclusion which can be drawn from the results is that
the initial swelling btemperatures tend to increase ﬁith.highar rank coals,

as can be seen from the figures shdwn in Table 14.

Table 14

Coal Kingshill Easton Backworth Hartley Cuwymtillery Sacristan
. Drossg -

yAe 8448 8547 8642 8647 8942 8945
Parg)

T.8.T«“C 409 417 404 427 428 435




It will be noted that the three Scottish coals (Kingshill,

Bagton and Harﬁley Dross) show rather higher swelling temperatures, in
rolation o the others than would be expected from their carbon contents,
a fact remarked upon by Davidson(54)e Holreyd and Wheeier(ﬁs) investi~
sgating the thermal decoﬁposition of coal found that the temperature af
ﬁhich active decomposition of the cozl material occurred alse increased
with rank, which tends to support the view that the swelling of coal is
closely connected with the temperature ot which decomposition, accompanied

- by marked gas evolution, occurse

Lengbh of the Swelling Ranges

-The maximum swelling temperétures (MeSeTe) of the individual
tests carried out were noted in Tables 3 ~ 6 (Chapter V). It is apparent
that these temperatures”show greater variation with applied pressure and
heating rate than the initial swellingtemperatures, resulting in a variation
of the swelling range, i.e.y; the temperature interval between the initial
and moximum swelling temperatures, in different testme

The swelling intervalsg obtained in the various test series are
summarised in Table 15.

The swelling ranges obtained in the tests on the Easton coal
are not included since, due to the variation in heating rate from test to
‘test, referred to earlier, the maximum swelling temperatures lose much

of their gsignificances
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TABLE 15.
Kingshill Hartley Dross Backworth
P(d)at. 2+ 5% /min. P(d)at. T+ 75%Mmin, 2+ 5o4mn ?(d)at, 1-75%/min 2+ 5% /min.
- Swelling Swelling Raﬁge SWelling Range ;
Range. |
008 239G 068 - 16 0-34 3R 37
0«42 R5 1.02 15 R6 1.02 - 36
1450 25 1.7 21 3L l.70 31 45
Re 57 30 Re04: .- 30 272 38 46
3.40 32 " 2438 24 - R6 3672 38 -
4,25 2.8 Re72 - 28 4.83 4'.1 -
, 3406 25 31 5451 39 -
: 340 - 27 6.08 31 -
3.74 8 -
4‘008 - 29
4425 P23 -
. 4483 18 28
5440 18 28
~ Indicates taét in which M.S.Ts was not obtained.

From the results shown for the Hartley Dross and Backworth
coals it is evident that when lover heating rates are employed the swelling
range of the coal is shorter at any given pregssure. Such an observation
is considered to be in accord with the generai dependence of the swelling
properties on rate of heating .

Hirst(24) has postulated that the softening of coking coals
is due to the less complex molecular‘units of the coal micelle which, on
heating, attain a certain degree of mobility and act as "boundary lubricents'
leading to plasticity and cohesion of the coal micellese A%t a higher
temperature however the structure again becomes rigid due to thermal

decomposition and evaporation of these lubricantse Irrespective of
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whether the above view is held or whether the older theory of certain
fluid congtituents of the coal material causing cohesion of the coal
particles is retained, it is obvioug that the length of the plastle range
.must depend on the rate at which decomposition of these fluid constituents
or boundary lubricants occurss

In the results on the determination of the rate of gas
evolution (Chepter VI), it was shown that with lover heating rates tﬁe
rate of geﬁerat;en.of volatile products, expressed in ¢c/°C, increased,
which indicates that at any stage of the swellingjrange decomposition is
more complete, the lower the heating rate. Such an effect would be
expected to lead to a éhortening of the range of temperature over which
the above mentioned fluid constituents or plasticising molecules can
induce plagticity and swelling as the heating rate is reduced.

Taylor(zﬁ) pointed out that the maximmum swelling temperature
for the Kingshill coal tended to increage with pressuree This effect
ig reflected in the swelling intervals shown in Table 15 for this coal.
It will be noted, however, that a glightly lower swelling range is
obtained under the highest pressure useds If the results obtained for
the Hartley Drogs and Backworbth coals, heated at 1.75°/min. are
considered, it will be seen that with inecreasing pressure the swelling
intervals shéw a definite maximum. This effect is algo apparent, though
not so markéd, in the 2.5°/mine Hartley Dross tests. In the corres-
sponding Backworth series the swelling range could not be determined over

ﬁhe whole pressure range due to a tendency for escape to occur at high

pressures towards. the end of the‘experimental Tests, bub an initial
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increase in swelling range with pressure is obteined.

It is significant that the maximum swelling range is found at
approximately the seme pressure, namely about 3+75 atmospheres for the
Hartley Dross and 4.75 atmospheres for the Back&orﬁh coal, as the maximum
obtained-in the swelling rate - pressure curves shown in Figs.12 and 13
(Chapter V). Since the swelling rate (g%) expressed in cc. at NeTePs
is equivalent to the rate at which gas is entrapped in the plastic coal
mags and since the rate of gas éscape is given by (R - %%) it follows
that the swelling range increases with a decrease in the rate of gas
escape from the plastic masse ~This is considered to result from the
samaAtype of mechenism as that discﬁésed above in connection with the
variation of swellihg range with heating rate, a decrease in the rate of
gaes escape hawingvthé effect of reducing the rate of loss of the fluid~
tiﬁing constituents or plasticising molecules by diffusion and evaporation
%hrough the plastic coal and hence increasing the temperature range over
which swelling occurse.

It may be noted here that the average swelling inberval for
the Backworth coal was censiderably greater than the others. The average
valueg of thé swelling ranges were 27, 27, 28 and 41°C for the Easton,
Kingshill, Hertley Drogs and Backworth coals respectivelye The range of
coals studied is, however, congidered too limited.for any conclusion %o

- be reached on the gignificance of this facte
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The Swelling of Plastic Coale

Congidering the natural haterogeneity of coal, the results of
the swelling rate determinations show a considerable degree of reproducib-
+ility and confirm the view that the rate of swelling of coal samples
ﬁnder preésure, as measured in the present work, is of fundamental import-
sance in the behaviour of coking coals during the plastic state. .

’ Thg fact that the swelling of coking coal during the carbur-~
vization proéess is due to the entrapment of the wvolatile products of
&ecomposition in the plastic mass of coal material has been stated by
sevefal workers, including Foxwell(31l) and Devies and Mott(11).
Audibert(47) showed experimentally that all the volume increase during
swelling was atbtributable to entrapped gas, there being no expansion of the
coal material itself. He concluded that variation in the swelling of
coal must be due to variation in the ease with which the products of
decompogition could escape from the plagtic coal masse It hag also been
shown (30,56) that poorly swelling coals show superior coking powers when
high heating rates are employed, due to more rapid gas evolution offsetting
high inherent permeability and resulting in the production of sufficient
internal pressure to produce coking and swellinge

On this bagls the swelling of a plastic coal mass would appear
to be governed by two main considerations, namely (1) the rate of generation
of volatile decomposition products (R), and (2) the permeability of the
material, which for a given value of the former will determine the.extent

of swellings This view was taken by Taylor(26) who expressed the

swelling mechanism by the equation ! -
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(R - g‘:%) = P(d)' S tesscssnsNtetassesstrnse (l)

(g%) being the volume rate of swelling in cce at NTP/min. under a constant

applied pressure P(q) atmospheres and S being the permeability of the
4coal in cceNTE/ate/min.

Ts&ior postulated, as has already been described in Chapter II,
that the permeability of the coal material decreased with increase of
applied pressure, due to cloging of pores in the material by plastic
-coal, until a constant "S" value was reacheds If this is the case and
1f the above equation is satisfied, then on plotting the rate of swelling
(g%) againgt pressure thg graph sheuld show an inflexion, corresponding to
the peint at which the constént permeability value is attained, and
become linear and of negative gradient at high pressurese Also,on
‘extrapolating this iinear portion of the graph back to zero applied
vpressure,the value of R, the rate of evolution of volatile products, should
be obtaineds The experimental results of Tgylor, wﬁich are ghown in
Chépter v, suppofted an interpretabion of this typees It must be pointed
out, however, that the number of results obtained was insufficient to
confirm a strictly linear relationghip between(%%) and P(g) at high
presgures, as required by the above equations

In the present work data has been obtained on three further
coals, namely Easton, Hartley Dross and Backworthe It is significant
that the trend of results for all three coals is similar to that obtained
by Taylor for the K;ngshill coale In the case of the Hartley Dross
and Backworth coals a definite inflexion is found in the plot of swelling

rate against applied pressure while for the Baston coal, although there
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is no break in the curve at the highest pressure used, there is an
indication that a maximum is being approacheds The similarity in the
behaviour of all four coals becomes more apparent when the relationship
between the permeability (8) and applied pressure is studied. As can
be seen in Figs.1l and 14 (Chapter V), a minimwm permeability value is
approached in each cases

Twé points;lhowever, arige from this preliminary consideration
of the vegulte. The definite linear felationship betwesn (g%) and P(q),
postulated by Taylér, cannot be said to have been established from the
regults obtained, wince the constant permeablility cendition is reached
only at pressures approaching the maximum possible with the apparatus,
thus restricting the range of pressure ovef which the relationship can
be studieds It was also found that‘if a straight line relationship is
asgumed, the extrapolation of the graph to zero pressure gives a lower
value of R than that determined experimentally, as described in Chapter VI.
In the case of the Backworth coal, for heating rates of 2.5 and 1.75°C/min.
the extrapolation leads to velues of 20 and 14 c.c. at NIF/min. for R,
while the corresponding figures obtained experimentally are 25.9 and
19.5 cecs per min. respectively. A decreage in the actual rate of genera-
stion of volatiles at high pressure would account for a discrepancy of
%his nature, and for this reason experimental determinations of the
evolution rete under pressure were carried out, (see Chapter VI)e The
regults however, showed no significant variation over the range of pressure

used_.
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In view of these facts it was considered that further theoret-
sical considerstion of the swelling mechanism would be advisable with a
;iew to determining whether the simple interpretation given above is
justifieds It will, in fact be shown later that the permeability (S) is
a function of the "effective thickness" of the coal gample and that the
swelling equation given above requires to be modified to take this

factor into accountes

Theoretical Consideration of the Swelling Mechanisme

In general the swelling mechanism may be regarded as being
described by'the equations

Volume of gas generagbted = Volume of gas retained in coal + Volume of gas
, escaping.

It has been shown, iﬁ the experimental work described earlier, that both
the‘rate of swelling and the rate of evolution of volatile matter remain
constant over a considerable temperature range during heating through
the plastic states Since the rate of gwelling is equivalent to the rate
of increage in the volume of gas trapped in the .coal, it féllows that
the rate of escape of gas from the coal is algo congtant, and this figure
will be a function of the permeability of the coal material and the
‘applied pressure. In order to express the loss of gas in terms of these
quantities the mechanism by which gas escape occurs must be considered
and this will obviously be dependent on the structure of the coal masse
Initially there are a large number of veoids present in the

granular mags of coal particles. On hesbing to the plastic range,

softening of the coal meterial occurs and the original veidage of the
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sample decreases due to the applied pressure causing‘flow of the softened
, éoal materials The rate at which voids are eliminated will depend on the
pressure causing flow and will also be coennected with the fluldity of

the softened coal and the wettability of the infusible particles present
in the mass. The greater the epplied pressure the greater will be the
tendenc& for the existing pores to be reduced and it would be expected
that ab high pressures a limiting gondition would be reached at which

all the small pores present are closed by a continuous film of plastic
material.

The mechanism of gas escape from the coal sample would there-
sfore be expécted to alter,with increasing pressure,from flew through
ﬁores and voids at the lowest applied pressures to flow through a network
of increagingly fine pores and micro-pores and eventually to escape of
gas through a continuous plastic coal membrane which must occur by some
diffusion mechanisme Diffusion of this type should show some similarity
to the flow of gases through elagtic membranes of highly polymerised
organic substanceg such ags rubber, (The micellar theory of solids
has been exbtended to include bétﬁ coals(24) and ﬁ&bbers(ﬁ?) and the effect
of high oxygen contents on the caking properties of coals has been atiri-
sbuted to a cross liﬁking of the coal micelle nuclei in a manner analagous
to the vulcanisabtion of rubber by sulphur(24)).

Barrer(57) has discussed the flow of gases and vapours in
organic solids. When macro pores are presgent it is probable that

Poiseﬁille or gtreamline flow ocecurs, the gas escape being expressed as
77 (P, +F3 ) (Py ~-P5)

YV =
’ 20‘

where V is the quantity of gas passing per unib
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time measured as the product of volume and pressure in atmospheres,

(B - PBp) is the pressure difference causing flow,(gk-gégi) is the mean
pressure and 7T 1s the permeability coefficient, 4 being the thickness
of material through which the gas passes . With very fine pore systems,
hbwever, molecular stfeaming or Knudsen flow is found, according to the

equation

V= 3:%5&92.,'P(d) being the pressure difference.

In the case of diffusion through continuous membranes the rate of
diffusion is flound to be proportional to the pressuré difference and
inversely proportional to the thickness of membrane, although with
vapours slight deviﬁtinns from this law may occur. The equation for

diffuéion may therefore be expressed as V = TT'P(iéfé‘t‘ where V

.is the volume in cc at NeT.P. passing in t seconds tﬁiough o membrane

of thickness-é?mm.-and ares A cm.” under a pressure difference of P cm

of mercurye It will be noted that this expression is similar mathe-
wmatically to that for molecular streaming and that there can, in fact,
ge no strict distinction in the mechanism of flow through very fine micro
pores and diffusion through peres of molecular dimensions or inter=-
smicellar voidse

) ‘The minimum S value obtained experimentally for the Backworth
coal is 2.90'cc at NeTePe per atmosphere per minute which, on cenﬁersion

to the above units,gives

M = 2090x0e5 . 1,50 x 107 cc/sec/enl’ /emHg/mn thick
76x20x60 )

(The mammer in which the value of!%; i.o., the thickness of the coal, is

determined is discussed’helaw.) Barrer(57) has given data illustrating
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‘an exporéntial relationship between the permeability congtant and temper-
sature for geveral elagtic membranes of the rubber type. By exirapolatlon
Sf his results, aé shown in Fig«l9, to temperaturés corresponding to the
plastic range of the coal it is found thet permeability coefficients of
between 10 ° and 10”% are.obtained. While the validity of such an extra-
spolation over a wide temperature range may be questioned, the fact that
the permeability of the coal falls bétween the above vaiues ias considered
to support. the view that gas escape occurs by some type of-diffusion
mechanism at high pressurese At lower pressures higher permeability
values are obtained, but the permeability coefficients of the various coals
at an applied pressure of 1 atmosphere are still of the order of 10 *.
From daté given by Bﬁ&ér(S?),.the probéble mechanism of~flow in materials
wlth permeabllitles of this order 1s molecular gtreaming or Knudsen flow
~‘the mathematical. treatmenﬁ of which is similer to that of diffusion as
has been_pointedAout above. Thus the mechanism of flow over the range
of pressuré used in the experimental tests, wiih the pogsible exception
6f tests under very low applied pressure, may be represented by an eguation
of the type glven above for diffusion flowe
| The swelllng process may be treated mathematically in the
followmng manner. Slnce the rate of gas escape from the coal sample, and
hence the permeability of-the'sample, remains constant during the period
in which swelling-tékes place, it follows that the permeability constant
depends not upoh the total thickness of the swollen coal, but on the
actual thickness of coal material, which can be calculated from the weight
: anﬂ specific graﬁity of the coal samﬁle. During the plastic range part

of the gas evolved causes swelling while the reméinder escepes through



0 A)Y

LL

Ww/

v)

jE: S

0o

o. M Ui

$2



73e

the plagtic mass. Thus. the coal sample may be regarded as consisting of
three zones, as shown in Fige20(2)e All the gas evolved in the central
zone is retained within the plastic coal and causes swelling, while all
the gas generated in the uppei‘ and lower zones is considered to be lost
by diffusion. If the total thickness of coal material is teken as d
then ‘the i'rac‘blon of coal material, .2. which supplies the gas which
escapes will be given by the ratio of the gas escaping to the total gas “
evolution, i. Coy & = .(R v) d and the effective thickness of the upper
_._R_..._

and lower zones referred to above will be 1/ 2e

| Thus, from the point of view of diffusion of gas, the coal
sample may be regarded as a ‘l'aj'rer of thickp.ess 4 in vhich gas is generatec
uniformly and losgt by.diffus_ioﬁ at the gurfaces x = 0 and x =4, as
shown in Fig.RO(_b). - This problem is similar mathematically to the
conduction of heat in a réd, lengthh& » in which heat is generated .
uniformly, “there being no heat loass at the sides, and whoge ‘onds are kept
at zero femperéture. Garélaw and Jaeger(58) show that for such a 'sysf.am
the sol’ut.ion ifor steady temperature .condi’ciéns s ilees, for the case in
which all the he\‘a’cl generated is lost, is

Ao x(& - x) .
=" o where T is the temperature

K is the conductivity and Ao is the heabt produced per unit volume per unit
times
Applying this to the case of ges diffusiony at the centre

of the coal layer x = 4/3, T the temperature difference ncausing heat flow

is equivalent to the applied pressure P(q) camsing diffusion, and the



(&)

(b)

FI1& ZO



74

permeability v corresponds to the conductivity K, while Ao is the wvolume
of gas generated per unit volume of ecoal material per unit time and is

- @wvy -
given by (R 'c'l’o') .
area x &
The equation for diffusion flow therefore becomes

, _dvy &L :
P(q) = (R 3_'5) X é X t/z hence, since the areaof the
 area X £ X RTr

crucible used is 20 gqe.cms the permeability
av ]
= R-FE) £
160, P(d)

([ AAN A AR A AN EREEAE N AR N AN R XX LN NN NN Y ) (2)

v being in cc at N.T.P./atmosphere/cnf /min/mn thickness.

(

R -0, g
E;E s 1t follows from the above

expression that, when Tr reaches a constant value (R - %%)2 o P(q) and

Since {. is equal to

hence the graphical relationship between %%r and P(gq) at high preagures
is parabolic and concave upwards. An accurate extrapolation of the
curve could not be made from the number of results obbtained, as will be
apprecié.ted from Figs.12 and 13, (Chapter V). Such a relatienship,
however, explains why a linear extrapolation of the curve, referred io

earlier, leads to a lower value of R than that determined experimentally.

The Permeability of Plastic Coal.

| It is nowy proposed to discuss the results shown in Chapter V,
with particular reference to the view oﬁ the swelling mechanism derived
above, The experimental values of permeability (7T) obtained for the.
various céals tested, including the Kingshill coal investigated by
Taylor(26), were given in Tebles 3 - 6 (Chapter V), while the graphical

relationships between the permeability a,nd, applied pressure are shown in

FigseRl ~ 23,
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It should be emphagised that, apart from the units in which
it is expressed, the permeability coefficient (77) differs from the
"permeability", (S), values referred to earlier in that the former takes
_the effective thickness of the coal sample into accounts The general
variation of <7 with pressure is very similar to that of S, as will be
apparent from a comparison of the gfaphs referred to above and those showing
the relationship between S and applied pressure (Figs.1l and 14 Chapter Ve
From the reéults given for the Backworth and Hertley Dross coals in Tables
6 and 5, however, it may be seen that whilst at high pressures the value
éf 77 for these ceals becomes congtant, the 8 values sbtill show a slight
decrease. This is due to an iﬁcrease in the effective thickness (£) of
‘the cgalvsample atb high pressurés which ig not taken into account in the
lattar.+ permeability wvalue.

Although the resulis oblained for the Hartley Dross and
Backworth coals show that s consﬁant permeability wvalue is obtained at high
pressure, as postulated by Taylor (26), the constant permeability condition
is not se clearly establishéd in the case of the K;ngshill and Easton coals.
In view of the inflexion found in the swelling rate ~ pressure curve
(Fige10 Chapter V) for the Kingshill coal, however, it is reasonable to
assume that consbant permeability has, in fact, been reached and the value
of TV obtained at the highesgt preséure uged has been taken ag the minimum
value for this coals Although no break\was obtained in the corresponding
swelling rate curve for the Baston coal (Fig.10), the results indicate

that o maximum value is being approacheds A slight extrapolation of

the permeability curve for this coal has therefore been made, as shown in
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Fig.21, in order to obtain a minimum permeability walue comparable with

those for the other coalse

Effect of Particle Size.

. The results of # number of experiments in which the particle
~ gize and.packing densily were varied are shown in Table 1l6s These tests
were carried out on thg Backworth coal and the method of preparation of
the samples was referred to.previously (Chepter V). From the results
obtained it is cleai that, within the range of particle gize used in the
présenﬁ work, the rate of swelling is practically independent of particle
size and packing density, any variation being within the limits of experi~
smental error. Such a finding supports the view that the swelling rate
k Sf a given mess ofjcoal isg determined-solely by the rate of generation
of gas, the applied pressure énd the permeability of the mags at that
pregsures.

TABLE 16

[ Backuorth Coal 15 gm, samples, Hesting Rate fe500/mins
Test Particle Size P(g)ate I.8.Te“C Measured g%
. oo ‘ : “g% ce/mine cc NIP/mine

B28  ~36 + 100 BSS  1.70 399 5412 5048
B 290  ~3/32" + 1/16" 1.70 395 - 4497 5430
B 30 =36 + 100 BSS  2.72 403 4470 6491
B 31  =3/32" + 1/16" 2,72 398 4455 6471

B 32 65} -3/32"+l/16e”;z.7z 398 4,68 6489
35% -36+100 BSS
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It should be emphasised that the above stabement, that the
swelling rate is independent of the packing dengity or voidage does not
conflict with the observations made on the effect of bulk dengity in
various reports (35) on investigations of the coking process in experimental
ﬁest ovense JIn the latter case both the extent to which the plastic layer
1s free to swell, and hence the swelling pressure developed; are related
to the voidage of the uncoked coal in the oveny bulk density would

therefore be expected to be an important variagle iﬁ such testse

Variation of Permeability with Presgure.

The rqpid.fall which occurs in the permeability of the coal
mass with initial increase of applied pregsure is shoun clearly in Figs.
21-23«  Such a variation camnot be éonsidered,to be due to a change in the
permeability of the sctual plastic coal, since preassures of a few pounds
per square inch could not be deemed sufficient to bring aboub any pronouncec
alteration in the structure of the coal materiel due to compression. It
has‘in fact been shown(22) that pressures of three tons per square inch
had rglativély little effect on t%e int§rpa} surface*Of plasﬁic coals ag
. determined by heats ofrwetting.

It ig considered therefore that the effect of pressure on the
permeability.must be due to the type of mechanism postulated above in the
discussion of the escapé of gas from the plastic mass, namely the gradual
reduction and elimination 0f>small pores by the application of incfeasing
pressures with a consequent increase in the registance of the mass to gas

escapee
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The swelling curves obtaiﬁed in the experimental tests show
a definite linear gradient over a considerable range of temperatures In
view of this and the linear rate of generation of volatiles, discussed in
Chapter VI, it feollows that the permeability of the sample remains
reasonably constant during the swelling period until,at higher temperatures
loss of plasticity due to decompogition of fluid constituents or plastic-
\ising.molecules and the gradusl formation of a rigid semi-coke structure
ieéd to an incréase in permeability. The effect of pressure i; reducing
the permeability as described above must therefore reach an equilibrium
ﬁith the effect of gas escape‘in preventing further closing of pores in the
material, so that a certain copstant permeaﬁility is maintained during
swelling at any given pressure,

W1£h the applicatidh of sufficiently high pregsures it is found
that a minimum permesbility value is reached which is unaffectedlby further
increase in applied pregsures Thig condition is considered to corregpond
to the stage abt which all the micro pores in the coal mass are e£fectively~
sesled and gas escape occurs by a diffusion mechanism through the homo~
sgeneous plastic masse The minimum value reached is therefore a measure
Sf the permeability of the actual plagtic coal material and is related to
itg diffasion congtante The diffusion congtant is a fundamental property
and has been used to derive information on the molecular structure of
highly polymerised organic materials(59). This aspect of the present work

could repay further studye
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Variation of Permeability with Coal Rank.
The minimm permeability values obtained in the various . series

of tests carried out are shown in Table 17.

TABLE 17,
4 Minim%$ ?érmeability Ultimate Analyses(Pamr Basis) |.
post 2+ 5°C/mine 6% 0% BZ |
Baston 110 x 107 85470 7.63 5423
Kingshili 90 x 102 ‘ 84484 8401 5e42
Hartley Dross 77 x 10° 8670 Be'73 5¢25
Beckworth 72 x 10 ° 86420 6.38 552

The wvariation in'bﬁe congbant permesbility figures obtained witl
a heating rate of 2,5°q/min. for the four coals tested ig considered to be
significants The full proximate and ultimate analyses of these coals were
given in Table 2 (Chapter V); for ease of reference the more impdrtant
details are alse recorded inhTable 17.

Hirst(21) and his co~workers have shown by determination of
éhe heats of wetﬁing éf coals in méthanol, that coking coals have a low
internal surface area, synonymous with a low porosity or permeébilityx
It was found that the heat of wetling varied with coal rank, a minimum
being obtained at a carbon content of about 00% It was also noted that
the heat of wetting decreased with a decrease in the oxygen content of the

coale This work is supported by the evidence of Dunningham(60) who

determined the porosity of coals from their inherent moisture content

and obtained & very similar relationship between rank and porosity to that
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obtained by Hirste.

It would be expected therefore that the permeability figures
obtained in the present work would show a decrease with increasing ranke.

It will be noted, however, that although the lower rank, higher oxygen
Easton and Kingghill coals have higher permeabilities than the higher rank,
lower oxygen Hartley and Backworth coals, the Kingshill and Backwérth coal
have lower respective permesbilities than the Easton and Hartley saﬁples.
It is considered, however, that this apparent discrepaneylin the permeabil-
sity =~ rank relationship can be attributed to the higher hydrogen contents
éf the Kingshill and Baékworth coalss Mbtt(ZQ)'has stressed the importance
of this latter factor in determining the swelling behaviour of cosls.

The higher permeability of the Easton coal may also be due in some

measure bo its markedly higher ash content, 7.7% compared with 4.1% in

the Kingshill coal.

From a study of the swelling properties of a large number of
coals, as determined by Sheffield Laboratory coking test, Mott(29) derived
an empirical relationship between the swelling power of coals and their
ultimate carbon and hydrogen contents, expressed by the equation

2
S _ (33 = 1¢5C) 8 + 0:55¢0 + 64250 + 105H ~ 15545 = 0

swelling 4 -
50

where 8 = € =C% ~ 807 and H = H% - 4%

The swelling percentages of the above four ceoals, calculated
according to this formula, are given in Table 18. It will be noted
that the swelling percentage values obtained show a progresgsive increase
with decreasing permeability. Since the swelling percentage figure is

baged on both the ultimate carbon and hydrogen contents of the coal,
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TABLE 184
Coal Swelling Percentage BeSeSe Nos B
(caleulated)
Easton . 57.5% 3 110
Kingshill ' 754 0% 4 90
Hartlay'Dross lGO.O%V ?% 77
Backworth. 15245% e 72

ﬁhe relationship found is considered to support the above statement that
the effect of hydrégen content accounts for the lower permeabilities of
the Kingshill and Backworth coals in relation to their rank.

Thus, while data on a much wider range of coals would be
required befere any.definite conclugions could be drawn as to the variation
of permeability with coal rank, the results obtained are considered to
support the view that the permeability of plastic coal as determined in
the present work does have a degree of fundamental significance in relation
to the composition and beheviour of coking coalse

The British Standaxrd Swglling Numberg of the coals tested,
given in Table 18, also show a certain degree of correlation with the
'permeability valuese This criterion, however, does not distinguish so
clearly the differences-shown by either the calculated swelling percentages

" or the permeabilities of the coalse




82e

There is comparatively little variation in the pressure atv
which the minimum permeability condition is obtained in the wvarious test
“seriese The values for Easton, Kingshill and Hartley samples are approx-
vimately 4%, 42 and 4 atmospheres respectivelys The Backworth coal,
ﬁowever, hés the rather higﬁer value of about 5% atmos. applied pregsure.
It would be expected from the view taken of the effect of pressure in
reducing permeability, that a more fluid coal would attain a constant
permeablility under a lower applied pressure than a more viscous one, due
to the great easge with which a homogeneous plastic mass would be obtained.
Full data on the fluidity of.the coals studied is not availablee The
results of Gieseler plastometer tests on the Eagston and Hartley coals
were, however, obtained from an independent sourcey the actual figures
showed a maximum fluidity of 70 divisions per minuée at 440°C for the
formef and 285 divisions per minute at 445°C for the latter coale Thus
the Hartley coal has an appreciably higher fluidity than the Easgton,
which is in accord with the lower pressure of 4 atmospheres at which
minimum permeability was obtained with Hartley Drogs sampless It is
surpriging to fiﬁd, however, that the Baclkworth coal, which appeared to
become very fluid during the swelling tests, attains minimum permeabllity

at a higher pressure than any of the other coalge

Variation of Permeability with Heating Rates

The effect of heating rate on the swelling behaviour has been

studied with the Hartley Drogs and Backworth coalse From a comparison

of the permeability curves for these coals (Figse22 and 23), and also-

from the minimum values which are shown in Table 19, it will be seen
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thét both coals give lover permeabllity figures with lower heating rates,
the difference between a rate of 2.5%/min. and 1.759/min. being quite
markede Thig variation is c&nfirmed by the results obtained for the
Backworth coal at 3.759C/mini, though this series of tests was incomplete
and the constant value shown in Teble 19 was estimated by an extrapolation
of the data available.

TABLE 19:

"~ Minimum Permeability
Coal 3475/ min, 245%/mine 1.75°/min.
Hartley Dross - 77 x10° .68 x 100
Backworth 130 x 10° 72 x 10° 59 x 10 °

The reagon for such a variation of permeablility with heating
rate is not readily apparent,since an "a priori" consideration of the
swelling mechanism leads to the view that the permeability would be
independent of heating rate. Several workers, ineluding Audibert(47)
and Macura(6l) have noﬁed the effect of more rapid heating in reducing
the viscosity of plastic coale Such a variation in fluidity might be
expacted to reduce the permeability of the plastic mass leading to the
opposite effect to that found above, ﬁamely a decrease in permeability with
heating rate.

An exélanation of the observed effect of heating rate based

on the effect of pressure on the permeability was considered.s It was

noted previously that pressure is considered to reduce the permeability
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of the coal mass by cauging flow of the plastic coal round the non
fugible constituents presents If this process is dependent on the time
for which pregsure is applied as well ag the actual magnitude of the
pressure, the lowér permeability obtained at lower heating rates might
be due to the greater length of time for which the pressure is appliede
Such an explanation was rejected however, since, while it could explain
a relatively lower permeability at a given pressure with lower heating
rate, the same constant value should ultimately be atbained at higher
pressures when the permeability measured is that of the actual homogeneous
plastic masse The wiew thal pressure produces a decrease of permeability
throughout the swelling range is also considered to be erronsous since
the linear nature of the swelling curves obtained in the experimental
tests over a considerable time and temperature range indicates that the
permeability reﬁain:relatively constante

It aébears therefore that ‘the reduction of permesbility with
lower heatihg rates must be due to some variation in the properties of
the ﬁlastic coal which is not fully appreciateds It is thought,however,
that this effect may be related to the variation of permeability with
sample welght which is discussed subsequently,and further reference will

be made to the effect of heating rate at that stage.

Effect of Sample Weighte

The effect of using different sample weights in the experi-
smental tests was the last variable to be studied in the present worke
Tt had been expected that the result of varying sample slze could be

predicted from a consideration of the effect of the depth of coal sample
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on the conditions for gas escape. Since, if the gample size is doubled,
there is twice the. volume of gas genergbted and the thickness of coal
through which the gas has 10 pass ig also increasedy it was thought that
the rate of swelling obgerved with the larger sample would be approximate:

four times that obta:x.ned with half the sample weight and that the

permesbility caleulated from -v7v = (R = E‘E) £ veeennn(2)

P(d).160
would be substantially unaltered. (A factor of four for the expected
increase in swelling is not strictly correct, as the relative values of
R and g% mist be taken into account, and the effective thickness of coal,
4> decreases with increase in the swelling rate).

The experimental results, however, do not agree with this
hypothesise It was found that on using twiée the weight of coal sample
the rate of swélling vas Ascarcely doubled, which leadé to a permeability
‘valﬁe y for Athe larger sample, approximately four times grester than that

calculated for the normal sample weighte The actual results obtained

are summarlised in Table 20, .

TABLE 20.
Backworth Coal. i Heatn.ng Rate 2.5°C/mine
: Sample R Applied Actual av
Tost  Whe co/mime Prese ~  dv at T = R-%:g X té .
g NIP P(q) at. dt NTP “B(d)-Rrea
B33 15,0 25490  0.34 el Re81 219
B34 1.0 1727 0.34 342 1.79 0,98
B35 745 12495 0.34 2¢95 le54 0. 54
B36 30,0  5Le80 3440 5455 9489 072 )
B37 15,0 25490 3440 3407 540 Oel7 )
B38 30.0 51.80 4483 5431 12.40 0e45
B39 15.0 25490 4483 2489 6460 0.11
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Owing to_the fact that this unexpected effect of sample weight
was encountered in the final stages of the experimental work, when the
time available was limitqd, the data obtgined are by no means as full
as might be desireds The variable has only been studied with the
Backworth coal and. the results although consistent within themselves are
not strictly comparable with the main set of results obtained with this
coal, since a slight reductlion in swelling power had occurred before the
tests on the effect of sample size were mades Nevertheless the results
clearly indicate that both at high and low applied pressures and with
larger and smaller than normal sample weights, the observed swelling
rate shows less variation than would be expected, and in fact,the
calculatgd permeability of the plastic coal increages with increasing

-

sample size.

Reference may be made here to the results obtained by
Taylor(26) using 7.5 gm. samples of Smcriston coal. A constant velume
technique was used in most of the work on this’ coal. However, some data
was obtained on the swelling under constant pressure and these results

are shown in Table Rl.

TABLE 21

Sacristan Coal 70 gm, samples. R = 122 cC NLE/mile  2e5°0/mine

. PR
Test No. Applied Prese  dv . (B 32). ¢ .,
2 ce MIP/mine TF = mmentoitls 4w
P(a) ata & " P(d) . 160 ,
S 0,32 | 2,80 0s40 1.60
s3 0a64 3,28 0,18 0,72

54 1.27 3415 - 0.094 0,38
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The permeability values of the 75 gme Sacriston samples are
compared in Fig.24, curve A, with thoge obtained in the series of tests
at Re5°C/min. on 15 gme Backworth samples (curve B)e On the assumption
£hat the permeability is nét affected by sample weight the Sacristoﬁ
permeabilities appear to be extremely low compared with the Backworth
figuress If, however, the former valueg are multiplied by four, which
is the approximate factor found for the variation in permeability of the
Backworth coal with double the sample size, the values of 4w , shown
in Fig.24 (curve G), give a graph very similar to that for the 15 gm.
Backworth samples but lying somahhat below ite A lower permeability for
the Sacristen coal is in agreement with the féctAthat it is the lowest
.volatile, lowest oxygen coal of thoge tested. .ﬁlso, the swelling
percenbage ?igure, caleulated from the ultimate analysis according to
Mott!s formula (29), which was found to place the coals tested in order
of decreasing permeability, is found to be 275% compared with 152% for
the Backworth coals Only one result is available ﬁor a 7«5 gme Backworth
sample but as can be seen from‘Fig.24 this resuit.is slightly higher than
the corresponding 7e5 e Sacristan value. Thus,.ﬁlthough there are
no actual results on the effect of sample size for the Sacristen coal,
it sppears that the same t&pe of relstionship between permeability and
saméle size might be obtained with it. Possible explanationg for the
oeffect of sample weight on the permeabililty coefficient obtained for the

" Backworth coal are considered helow.



%%

Ik

FIG. 24

TT SacA\ST”* N (1-Sura)
TT fokK Backw* ATH (“Scn.)
TT ~ 4- (SACRISTAN )

T SACKWOKTW (ig



88e-

If the results are due to a failure of the experimental
technique, the most probable cause would be'nonﬁuniform volume hesting
of the coal samples It is tiue that in a few of the experimental tests
carried out this difficulty had been encountered, egpecially at high
heating rates and in some céses with large samples. I{ was found,
however, that when this occurred a poor swelling curve was obtained and
the resulting semi-coke showed definite signs of uneven heating, part of
the sample still showing the original particulate natureof the coal
and part having a greyish overhested appearances This was algo
aecémpanied by difficulty in maintaining‘even operation of the high
frequency generators the supply current rising rapidly and fluctuating
conbinually. In'the tests undér discuséion'none'of these charscteristic
features was observed,'and the fact that both emaller (7.5 gm.) and larger
(30 gm.) samples behaved in a similar manner does not suppoft any
explanation baged on a falling off of the volume heating efficiency with
large sample sizege

Any tendency for the upper and lower surfaces of the coal
sample to be chilled by the refractory discs and electrodes should have
a reiatively smaller effect the larger the sample size and would lead to
higher swelling rates with large sampless These congiderations tend to
discount the view thalt igsothermal conditions were not obtaineds

The other feature of ‘the experimenﬁal technique whiqh might
be thought to affect the swelling characteristics is the effect of the

asbegtos discs used to prevent escape of the plastic coal from the

crucible. If, however, the permeability of the discs controlled the
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rate of gas oscape it would be expected that the amount of gas escaping
would have remained consbant with increasing semple sizes whereas it .
actually increased.,  Tegbs were also carried oubt on the asbestos paper
before and after use, énd its permeability was found to be much greater
than the permeabilities calculated for any of the coals studied. It
is congidered therefore, that the resulis obtained cannot be attributed
to factors arising from the experimental method employed.

It can be shown from the results given in Teble 20 that, for
tests carried out under the same applied pressure, the proportion of
the total volatile matter escaping [ieee, & - g%“ ] from different
welghts of coal sample is approximately constanty the resulis of
tests B33, 34 and 35 on 15, 10 and 7.5 gm. sampl;é showing a loss of
89, 89 and 88% of the total volatiles respectively. This could be
interpreted as evidence that only certain constituents.of the volatile
. products are able to escape from the plastic mass. Thus the condédsible
vapours pr;duced might be able to_escape by a solution and diffusion
process through thé plastic coal membrane, which, however, remaing
impermeable to the remainder of the gaseous productss Alternatively
é type of selectivé diffusion might be considered to operate allowing
escape of the congtituents of lower molecular welght while the larger
molecules are entrappeds The exbtent of swelling would then be controlled
by the volume of decomposition products unable to escape,which would be
proportional to the sample size,thus explaining the observed variation

in swelling ratees
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This is, to some extent, in accord with the view taken by
Berknwitz(zé) that coking coal had an inherent pore structure which acts
as a "molecular siéve", the swelling power being governéd both by the
amount of volatile matter generated within the coal'particle and the
"size and shape" of the escaping moleculese Such a hypothesis; while
expleining the effect of sample size, does not account for the general
relationship found, in the main serieg of experimental tésts, between
the rate of swelling and applied pressure.

The fact that, under increasing applied pressure,the calculate
permeability values decrease until a E&ﬁstant minimuﬁ ig reached points
to pregsure causing a progressiﬁe reductlon in the eage withwhich the
thermal decomposition producﬁs can eécape; presumably due to flow of the
softened coal under pressure resulbting in a graduai sealing of pores
in the coal mass. If this is the case increase in the sample depth must
be expected to reducé the rate of loss of gas, irrespective of its
compositions ‘The experimental results, however, show that an increase
jn sample Size.is'accompanied b& an increase in the raﬁe of gas escape.
Since this is a function of the permeability and the internal gas
| pressure, it would appear that the results must be due to either an incre:
in the permeability of the coal materlal or an increasge in the pressure
causing gas escape, witﬁ larger samplesg.

In the following paragraphs these two possibilities are
discugsed with a view to determining whether such variations are likely

1o occur.
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The agsumpbion has been made, so far, that the internal
pressure developed in the plastie coal sample during swelling is equal 1o
the external applied pressurey that is to say the force required to over-
come the regisbance to flow o% the plastic mass has been considered to
be negligible. Such an agsumption, however, may not be justified and
it is possible that a certain excess pressure must be developed within
the plastic coal to cause movement of the viscous mass in the crucible.
This pressure could be congidered to be analagous to the pressure drop

which occurs during flow of a fluid along a cylindrical pipe, which is

32mL v
statied mathematically in the form P = "E;agf“"“‘ in ceges. units where

P is the pressure drop, 4 the viscosity of the fluid, L the length of
pipe, D its diameter, v theﬂflow rate and g the gravitational constant,.
 Applying this to tﬁe movement of the plastic coal during
swelling, it can be seen that, although the values of L and v afe very
small, the pressure P required to cause flow could be substantial due
to the high viscosity of the coal mass. Also, since L and v increase
with incrgasing sample gize it would be expected that higher excess
internal pressures would be developed with larger coal samples, leading
to higher rates of gas escape.
| The above expression for the pressure drop msy be put in the
form PE = kLv, where Pgp is the pressure producing swelling, L is the
effective 1éngth of the coal sample and v is the swelling rate, k heing
a constant dependent on the viscosity of the plastic coal.s Since the

rate of gas escape from the coal sample and the amount of gas entrapped

in the swelling coal depends on the tobtal internal pressure, the swelling
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mechanism derived in equation (2) above may then be expressed in the form

= [B= . (Pas v+ 1)) 2
“ 160, (Pd + kIv)

where the term (g%)"(Pd + XIv + 1) represents the volume of gas entrapped
in the coal, (%%)" being'thé nea.sured swelling rate corrected to gtandard
temperature and (Pd + kLv + 1) being the abéolute pressures.

If 97 is assumed o be independent of sample weight the value
of K, and hence the excess pressure required to account for the observed
increase in gas escape, mey be calculated from the results of two tests
carried out with different semple sizes under the same applied pressure,
by eliminating —r between the two equations and solving the resulting
quadratic equation forvk;

If tests B38 and B39 (see Table R0) are considered,the
calculated éxcess pregsure is found to be approximately 2.2 atwmess and
8.0 atmospheres for the 15 and 30 gm. samples respectively, which corres~
sponds to a valu; of 10° poises for the vigcogity of the cosl masse
’ While a considerable amount of work has been done on the
viscosity of plastic coal in various types of viscometers and plasto-
wmeters there is little data available in which the results obtained are
;xpressed in absolute units. Macura(6l) determined.the viscosgity of
several German coals by using o modified type of Glesler rotational
plastomeber which was calibrated by means of sgtandard pitches of known
absolute viscosity. He reported minimum viscosities during the plastic

range of between 10° and 107 poises for strongly swelling coals. Soth

and Russell(62) using a similar technique, quoted viscosibies of Ffrom
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JLP to 1OP poises for a series of coals of varying rank. It would appeax
therefore that the viscosity of 10? poises calculated above is congider-~
sably higher than would be expected, which leads to the conclusion that,
if there is any excess internsl pressure required to csuse swelling, it
is\too small. to account for the results obtained in the swelling tesbs.

Another obvious objection to the above explanation is that,
while it would apply to higher applied pressures at which: the minimum
permeability ig reached, at low applied pressures the hiéher excess
pregsure developed in a large sample would be expected to cause a large
‘reduction in the permeability of the coal mass as will be appreciated
from the permeability ~ pressure curves shown in Figs.21-23. The
experimental results, however, show that the relative effect of

sample weight on the swelling rate and permeability is the same at
' both high and low pressurese.

The obvious alternative to all the views discussed above is
that the "perﬁeability“ of the’cdal‘masé actually increages with sample
size. It was noted earlier when.the diffusion of gases through
membranes was discussed,that although in general the volume of gas
passing was proportional to the pressure difference and inversely pro-
portional to the membrane thicknesse deviation from this law did take
places It has been shown(57) that when desling with gases some
deviation"from the linear relationshib between rate of diffusion and
pressuré difference may occur at pressures of several atmospherese.

In the cage of vapours, much larger deviations occur and the linesar

relationship may break down at pressures of congiderably less than one
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atmosphere.  In general, increases in the permeation rate "congtant" of
organic membraneg are found(63) with indreasing vapour pregsure difference
and the permeability "constent" has also been shown to incresse with
greater thickness of membrane, this tendency being more pronounced at

high vapour pressuress

It would appear, therefore, that the increase in the calculate
permeability of the'Backworth coal with larger sample weights might be
expected to be due to the effect: of increasing membrane thickness
mentioned above. It is impossible to estimate the actual increase in
permeabiiity which might occur due to this effect,since the degree of
departure from ideal behaviour in the organic polymer-gas systems referred
to abo#e is dependent on both the membrané and the diffusing gases and
vapourg, diffusion of the latter being closely connected with the extent
to which the vapour is absorbed by the membrane. The data given by
Barrer(63), however, shows that variations in permeability due to such an
effect are relatively small and it is considered impossible that the large
increase in permeability obtained in the tests under discussion by doublin
the size of coal sample,can be atiributed solely to this phenomenon.

In his paper on the viscosity of coal, Macura(6l) reported
that the viscosity values he obtained were dependent on the rate of shear
used in the experimental tests. He found that if higher loads were
applied to the gtirring shaft of the plastometer, resulting in an
increased rate of rotation,the viscosity of the coal increaseds That is

to say the relative resistance to shear increased with increasing rate of

shear, Such an effect cannot be due to fictional losses in the
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rotation mechanism since this would lead to a relative increase in the
speed of rotation with larger loads.

Rheological systems which exhibit increasing resistance to
shear with increasing rate‘of shear are térméd dilatsnte This phenomenon
hag been encountered in various types of particle-vehicle suspénsions, and
is attributed(64) to a condition of minimum voidage in the suspension-
which is disrupted by any force or shearing action resulting in a dilation
of the volids and a partial hardening or drying of the material with a
consequent increage in resistance to shear.  Such an effect would alsc be
accompanied by an increase in permeability.  Lee and Markevich(65) have
reported that certain ssphalt mixtures show dilatant behaviour, an
expansion being observed under sheare

It is suggested, theréfore, that the viscosity data of
Macura(6l) implies that plastic coal, which may be regarded as a type of
colloidal dispersion, is capable of showing dilatent properties and such
behaviour could account for the variation of permeability with sample
" size observed in the present invesbtigation. Swelling of a plastic coal
mass is equivalent to a continuous ghearing of the ceal material. The
increase in permeability obbtained with larger coal samples would therefore
be due to their higher swelling rates, since, if coal exhibits dilatent
properties, it would be expected that higher rates of swelling would
produce greater resistance to ghear and a consequent increase in permea-

sbility due to some type of void dilation mechanism.

~
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It waps noted earlier, when the effect of rate heating on
permeability was discussed that lower heating rates gave lower values of
permeability and it was pointed out that the greater fluildity of coals
at higher heabing rates might have been expected to lead to the opposite
effects In view of the above observations, however, the variation mey -
be explained by the lower swelling rates obtained at lower heating rates
resulting in lower permeability. ~ From the = values obbtained it
would appesr that, as a first approximation, the permesbility decreases in
proportion to the swelling rates The fact that permeability shows a
greater‘dependence on swelling rate in the sample size experiments
(increasing roughly-as the square of the expénsion rate) mey be inter-
sipreted as an indication that the "true" permeability does decrease with
increased heatingArate, as might be expected due to greater fluidity(47,61)
but that this effect is reversed due to the higher expansion rateg at
higher heating rate. Thus a mechanism of the type postulated above could
account for both the effect of heating rate and sample size on the
calculated permeability of the plastic coal.

If such a view ig taken, the rate of swelling under steady
pressure for any given size of coal gample will be determined by a rather
complex dynamic equilibrium between the rate of gas evolution, the permea=-
sbility of the plastic coal and the rate of swelling., A given rate of
éas evolution together with a certain inherent permeability of the coal
material will tend to produce a certsin rate of swellinge The higher the

rate of swelling, however, the greater will be the resistance of the

coal to shear and the increase in permeability due to dilation. Both
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" these effects will tend to reduce the rate of swelling,which in turn will
lover the resgistance to shear and reduce the permesbility, leading to a
further compensating increase in the rate of swelling and so one It
would appear therefore, that the permesbility values obtained sre probably
functipns of the swelling rate, which is itself a function of the
permeability and rate of gas evolutions The interdependence 6f these
variables means that the relationship between permeability and coal
properties is not so simple as hitherto thought and that the experimental
permeability wvalues cannot be considered to be independent of the experi-
smental conditions as was postulated by Taylor(26).
’ The above effect of sample size does not invalidate the
general conclugions reached pfeviously on the variation of permeability
values of the range of coals studiede Since these resulis were all
obtained with 15 gm. samplesg, the permeability values should be comparable
as they represent the properties of a given thickness of plastic coal
alyers In so far ag the v +wvalues ars modified by the rate of expansion
this will tend to accentuate the variation in the permeability of the
different coals, since, ag shown in Table 17, the higher the swelling
power of the coal the lower is its measured permeability. Thus if
the swelling rates were taken into asccount this would lead to still lower
relative "true" permeability values for the low measured permeability
coald.

Further investigstion of the effect of sample size on the

swelling behéviour would be highly desirable in order to clarify the

position and determine whether the interpretation of the results suggested
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above is borne out by more complete data, or whether the view taken
of the mechanism of swelling and gas escape from the plastic mass requires
further modifications

Independent measurements of the permeability of the coal samples
would be of considerable value in reaching more definite conclusionses
Such méasurements could be attempted during swelling of the coal sample,
by the application of some.type of gas flow method, such as that used by
Foxwell (66). Alternatively, using the present technique, samples
could be heated to various temperatures in the plagtic range under
varying conditions and then cooleds  Independent measurements of the
gas permeability of such samples could then be made and it would be
interesting to determine the variation of such permesbility figures
with sample weight.

If the rate of swelling is an important facbor in determining the
permeability, the effect of this variable might be eliminated by calculatii
permeability figures from the rate of increase of pressure in constant
volume tests, since this value can also be employed to debermine the rate
of gas escape from the plastic masse Such calculations have in fact
been made from date obbtained by Taylor(RG) on the swelling behaviour of
the Sacristan coal, referred to previously, in constant volume testse
The basis for comparison with the constant pressure velues,given in
Table 2l,is not very sound, since the pressure increage results were
obtained from tegts on coal-sand mixturese Within these limitations,
however, the congtant volume results are consistent with the view that

movement of the plastic coal leads to higher permeability values.



90,

Coke Oven Conditionge

Finally‘it is propoged to discuss the coking procegsg in
commercial ovens with reference to the development of “coking pregsures"
within the plsstic layer and the role which may be played by coal permea~
sbility in this connectione
‘ In industrial coking plants, carbonization takes place by
transfer of heat from the coke oven walls inwardg through the coal charge
Thus the layers of coal adjacent to the oven walls are the first to pass
bhrough the plastic range and thereafter the two plagtic layers move
slowly inwards from the opposite walls of the oven until they finally
coalesce at the centre of the charge.

- After the initial formation of a thin layer of coke at the oven
walls, a type of dynamic equilibrium is set up within the oven, the
degree to whichthe plastic coal layer is free to expand being dependent
on geveral facﬁors, namely‘the packing or bulk density of the uncoked
coal, the extent of the pre-sweliing contraction and post swelling
collapse of the plestic mass, and the subsequent shrinksge of the rigid
gemi-coke already formed. ©Since the latter contraction is relatively
small, the extent ﬁo which eipansion,is possible will be determined
mainly by the other factéfs, which remain practically constént during the
‘coking peridd, go that the plastic mass swells under approximately
Yconstant expansion" conditionse

As carbonisation proceeds the temperature gradient within the
charge decrease$, There is a consequent proportional decrease in the

rate of temperature rige in the swelling layer. Bub at the game time

the thickness of this layer and szlso of the contracting layers on
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elther gide increases in inverse proportion. The rate of contraction?
under the same pressure, therefore, remains congtanta. During carbonig~
sation it is necesgsary to consider a plagtic layer, whicﬁ tends to swell
at the same rate but the rate of heating and thicknesg vary inversely
with one anothere The pregsure built up within the plsstic layer

and the variation of this pressure during colcing will depend on the
altering permeability of the plastic coal layer under these conditions.
Since the rate of swelling of the plastic cosl is relatively constant
and cannot affect the permeability markedly, the mein variable to he
congidered is the alteration of permeability with heating rate, as
discussed below.

Due to the fact that the heating rate and thickness of plastic
layer vary inversely, the total amount of volabtile matter generated
within the plagtic layer per unit time will remain approximately constant
 during the coking periods Actually, as shown in Chapter VI, a slight
increase in the rate of volatile evolution might he expected with
decreasing heating rate. Depending on the manner in which permeability
varies with heating rate, there are three main possibilities for the
variation of expansion pressure during cokings If the permeability of
the plastic coal material remains unaltered by a decrease in the rate
of heating, the rate of gas escape from the plastic mass will gradually
decreagse due to the increaging thickness of the plastic layer and,
since an increase in the rate of expansion is prevented, this will
lead to an increase in the pressure within the plastic layer as |

carbonization progressess. If, on the other hand, the permeability

+
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increases pr0portiopately s the heating rate decreases, these two
effects will tend to balance one another, so~that the pressure in the
plastic layer could remain relatively constant duriné the coking periods
Thirdky, a rapid increase in permeability with lower rabtes of temperature
rise would result in a decrease in the expansion pressure as the plastic
layer moves inwafds and~this could result in poor or incomplete coking
towards the centre of the ovens

Al1l the above conditions can occur in industrial coking practica
The first effect; namely incréasing pregsure during 6arbonization,
éorresponds to the behaviour of "dangerous" coals, which mey develop
sufficient pressure to cemse damage to the coke oven walls, while the
third case may ge encountered with poor quality coking coalss Invegti-~
sgations of expangion pressure in moveable wali test ovens(85) indicate
%hat many coals and blends heve relatively constant expansion pressures
throughout the greater part of the coking period which, as deseribed abov
could be explained by a éroportionate ineredge in permeability with
decreasing heaﬁing rates In such cages, however, a rapid increase iﬁ
expansion pressure is génerally found when the two plastic layers
coalesce at the centre of the oven (34,35)e The development of a "peak"
pressure at this stage follows logically from#the mechanism postulated
above, since the thickness of the plastic 1ayér has suddenly heen doubled
without any compensating decrease in heating rate, and since the swelling
is no longer partially accommodated in the voidage of the uncoked coals

The above consideratlon of the probable role of permeability in

the coking procegs is only tentative and is much simplified since the

relationship betwegn the variables involved is more complex than hag
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beeh assumeds Nevertheless, it hag been shown that it is possible
to explain the development and variation of coking pressures on the
basis of the permeability mechanism derived for the swelling processe

As already discussed, the most important varieble wibth respect
o the coke oven conditions is the effect of heating rate on permeability
Unfortunately the present work has afforded little information on this
particular problem, since the permeability figures obtained at varying
heating rates are not comparable, due to the effect of swelling rate on
permeability, evidenced by the tests carried out with different weights
of coal samples Thus although the permeability of the Backworth coal
appears 5o be lower at reduced heating rates, the effect of swelling
rete is more than sufficieht to account for this trend and, sﬁggests that
there is actually a decrease in the "true" permeability of the coal with
increase in heating rate. BExperimental tests, under both constant
pressure and constant volume conditions, in which sample welght and
heatihg rate are varied inversely, would be of particular interest in
assesging the validity of the above arguments and in indicating the
probable variation of expangion pressure during the coking of different

coals and blendsas
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CONCLUSTION,

The significant points of fhe preceding work may be summarised
as followss~

Tﬁe results obbained in the swelling and volatile evolution
tests carried out on various coking cosls confirm the general view that
the swelling of plagtic coal is directly related to the "permeebility"
of the plastic masé and the rate at which volatile decompogition
products are formed within ite I¥ has been shown, however, that the
relationship between these factors is not so simple as at first supposed.

The development of a direct experimental method allowing of
an accurate evaluation of the volume rate of volatile evolution has been
of considerable value in deriving permeability values for the coals
studied, and the minimum permeabilities attained by these coals under
pressure have been found to show a significant variation with coal ranke

Thg variation in permeability found with increaging sample welght
i.e., sample thickness, has proved to be one of the most interesting
features digscloged by the present worke An increase in the thickness
of the plastic layer was expected to resgult in a decrease in the rate
of gas escape frgm the plastic mass, whereas the rate of gas loss was
actually found to increases This behaviour is attributed to the plastiec
coal exhibiting dilatant properties, an increased rate of swelling

resulting in an increase in the permeability of the material.
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Due to the dependence of éermeability on the swelling rate, the
inter-relationship of rate of gas evolution, permeability, swelling rate
and heating rate during the swelling process is extremely complex and
cannot be éaid to have been fully elucidated by the present investigation.
Further invegtigations of the effect of sample thickness and heating
rate in the light of the results already obtained would allow more

definite conclusions to be drawn on the interdependénce of the above

variabless
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