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INTRODUCTION..

An anelysls of the industrial development of coke
moanufacture with 1ts present blas towards oubpub
productivity, and the problem of the fubure evolution
of the industry in the control of coke quallity.

If current sclentific literature 1s indicative of future
industrial evolution, then the trend of these developments in
the manufacture of coke will 1lie in the gradual superseasion
of the present empirileal methods bf préduction.by acientifié
reproduction of coke qualitles to specification. In publica~-
tions concerned with coke research this probable converslon
in industrial prectice finds 1ts expression in the attempbed
particularisetion of considered fundamental coke qualities,
not merely by theoreticel definition but supported by guanti-
totive measurement bf_such~qualities in themselves and of their
behaviourism. In the author's opinion this is not a fortuitous
development, but & logical resetlon charecterlstic of present
industrisl practice ageinst the pronounced absorption of in-
dustrialists in introduclng modificatlons and extenslons .of
plant, which increase productive output without effecting a
corresponding improvement Iin the quality of the marketed pro-~
duct for 1ts 1ntended uge (1,2). The modicum of sclentific

cpntrol; where exercised in modern coking practice, 1s but the.

laboured experlence of repeated trisl-and-error tests, by‘whigh
elther partiel or temporary adjustments have been made to thé':
newer condltlions opefating in the coke consuming industries. i
If 1t be conceded, however, that the future of the coke 1ndugt§y j
lies in the quality rather then in the quantity of coke produéed,f
then the increasing pressure of sclentiflc advences 1n these |

essociated Industries will inevitably have to be perallelled b:,r@‘i

e similer intensive mtteck on coke problems, incepable of solu~. -
tion by the previous laggerd and unsstisfactory methods of ré—

search. The inherent difficulties smssoclated with the eontrolledi
reproduction or eliminetion of quelitlies, desirsble or.othevwiae ;
~in coke, are only too apperent and the further complicetions - ;

afforded by the Incidence of loeal peculiaritles of tha»coalj




2;
bese equally discouraging. UNevertheless, such circumstances
should not act, ms in the past, as a complete deterrent to the
initietion of a systematlc Investigmtlon, which, with a com-
plementary effort on the part of coke users, will assure the
sultabllity and efflclent performance of a coke, under the
speclfled conditlons of its proposed use.

The feilure to establish s proper balance betwesn pro-
duction end quality is not to be attributed entirely to the
shortecomings of research workers, since the stages of 1ndustria1’
growth of coke processing are the resultent of the interplay of
economle, soclal and geographicsl forces at the level of
sclentific knowledge of the pericd. This introduction is con-
fined tec the influence of research in the development of the
Industry, while recognising the role played by other faectors.
Originelly, the coklng industry wass initleted by the discovery
‘ of the sstonlshling veriety of products to be obtalned by the
destructlive distillaetion of coal. The market for such products
extended over the whole renge of Industrial sctivity. Dyes,
explosives, olls, fertllisers, disinfectants were all to be
obtalned by a simple thermel trestment of & rew materiel,
indigenous to the country and avellaeble in slmost unlimited
quentity, and to the organic chemiét was glven the problem of
classifylng and sugmenting, Improving end extending the uses of
this lerge verlety of cerbon compounds. So'long as the value
of coke was economiecally and Industrially of secondary import- -
ance compared with the volatile by-products of the distilletion,
the problem of coke research was not considered as of any grest
moment. The essentlally analyticel outlook of the chemist
naturelly devised methods for ascertaining the chemlcal purity ‘;
of the cokes, and these quantitetive determinations served,
wlithin the 1limits agreed on by producer and consumer, as s re~
striction on the ash, moilsture, sulphur and, in specisl cases,
phosphorus content of the cokes. The asdvence since these eafly

deys can be gauged by recognising that today chemieal
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stendardisatlion of the produets from the ovens is the only
purposeful c§ntr01 of quélity finding practical epplication,
and 1is exemplified in industrial practice by the washing and
blending of the céal charges, although4other‘advantages are to
be gelned from such pre~treatments.

With the 1mpesiﬁion of economlc forces from cutwith the
industry 1tself (mentioned below), the status of coke on the
production sheet was ralsed end compelled a greater measure of
selentific control end improvement of its basls properties to -
be teken. The problem was not simply one of Iincreasing output
to meet Incressing demand, which could be, and was, successfully
teckled by the co-operstive effort of the refractories expert,
the chemleal engineer and the metallurgist. Whet wes required
was o speclelised knowledge for research on surface chemistry,
8.8., A~ray technlque, whiech 1s only now becoming avallable
with sufficlent precision for scilentiflec work on coke. The
purely chemlicsl test had obvious limitations in the study of.
coke activities, since chemlesl equlvelence belweon cokes was: ‘
no criterion of ldentity of physicel cherecteristics. The exact,:
significence of the one other lsboratory chemlecal tealt, the wet
oxidation test, has still to be determined and 1ts results
correlated with the behaviour of coke in practice. Alternative
procedures for the study of 80l1id surfaces were rendered uselags'?
by those inherent difficulties of coke surfaces, quoted pre-~
viously; 1ts heterogeneity, petrographlically and chemical;y,
its 1Insolubility in chemieal resgenis, which pﬁacluded‘staining_.i
or etching and the problem of prepéring polished surfaces of
representative gsemples. The obvlous method of ellminating
these handlcaps was by the proper use of statistlcal methods,
i1.e., the use of bulk samples in a small scale test, which
could be made to simulate the condltions of 1ts later industrialw
oxperlence. Such tests ms the shatbter test, the producer test,
the Mldland Combustibllity test, are examples of thls type of

technique, which contributed in whole or in part to the adOpﬁion
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of the emplrical concept of coke testing (3). "It 1s doubtful
Af such an approach to solve the preasing need of a measure of
scientific control in coke manufacture wlll lead o evenbusl
success, and as en exemple of the complexity of the problem
conslder the followlng two extreme conditions of the use of
coke.

The blast furnace technielan with his modern methods of-
Intensive working, greater burdens, poorer ores, etc., is de-
manding improved quelities of coke. At the other extreme, the
householder with his awakenlng soclsl awereness of the benefilts
to be galned from a purer atmosphere, but unwilling to sbandon
the paychologlcal warmth to be obtained from 2 "coal" fire, is
cfeating 8 demand for 2 solld smokeless fuel. Since 1t 1s un-
likely that the seme type of coke will satisfy both consumers,
1t behoves the manufacturer to creste the appropriate cokes.
Yet, even were he wllling to seb eside part of his plant for the
productlion of cokes with different propertles, he would be hendi-
capped by an ignorance of the desirabls qualibtles of the fuel
for the conditlions of its proposed use; or, if these gualities
were known, the problem of thelr guantitative reproduction in
industry would still remain. Responslbllity for the present
lax state of affairs (and for its solubion) 13 not solely that
of the coke mekers, hut must be apportioned bhetween the Iindus-
trial consumers and the makers of combustion appllances. Thé
latter, recognising the positlon, are dischargling thelr re-
sponsibility through the work of their own research institubion
and, to thelr credit, lles the adoptlon of the well flreplace
as an alternstive to the inefficlent grate, and the maﬁﬁéﬁing
of controlled sutomatic stokers for boller equipment. As for
the 1ron producer, the introductlen of a selentific preparation
of ecke must follow on & solution of the mechanism of ore re-
duectlon and the removal of other obgeurltles surrounding blest
" furnece reactions. The role of coke in the blest furnece is by

no means certaln, and thls uncertainty 1s reflected in the
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results of the many fleld. tests which have been made to-
escertaln this function. There 1ls no lack of evidence thet

the problem has been recognised by responsible clrcles, who
have 1nitiated some movement to remedy the present situation.
The British Iron snd Steel Federation, for exsmple, partially
support three Coke Committees, who sre charged with condueting

a "progremme of research on & natlional basis, which........has
full regard for those fundamental sspects that reguire con-
sideration” (4). This national aspect has been stressed by com-
plete Government maintenance of the Puel Resesrch Board, and

the co~operation of the Blast Furnace Owners of the country end
other interested consumers, precticelly and financially in these
Institutions, testifies to thelr ramifying importance. Such
orgenisaetions are significant of a2 resl desire to end the pre-
gsent trial-and-error deadlock and, 1in its place, develop certain
guiding theoretlcel principles based on the co~ordinated re-
search of the interested industries.

In 1937 the Scottlish Coke Research Committee determined on
8 long term progrsmme of research to study the function of coke
in the blast furnsce and, za a flrst stage, the property of
‘combustibllity (as defined 1n Chapter 2) wasz chosen as an
esaential quality to be measured within the terms of its deflinl-
tlon by some laboratory test, and corrvelated with blast furnacé
practice In respect of the deslrable values of combustibility.
The results of these investigatlions are the subject matter of
this thesls.

The experimentel work of Chapter 1 1s designed to determlne
the physico«chemicaljchangss in coke on heatling in vacuo, and
the superficlal reactions with oxygen and nitrogen. This
chapter 1s complete in 1tself, since its results could not be
logically developed to create further possible methods of
solution of the problem of combustibility.

Chapter 2 introduces & particulerly adapteble technlque for
measuring the veloclty of a =20l1d/gas reasctlion which, if adopted
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ag part of the routine testlng of coke in industry, could be
uged in an interpretation of the working anomalies of the
blest furnace. It affords a gimple quantitative method of -
distinguishing the combustlble properties of industrial cokes
within wide and prectical 1limits of combustion conditlons, and
it confirms the existence of a mathematicel relationship of the
varlables of oombnstion based on & generally assuwmed theory of
the  process of cémbusticn.

Tﬁe menifest deflciencles of industriel cokes as standards
for the accurate debermination of general laws relating the
variables of solld fuels lead to the laboratory production df
unliform coke test pleces under known and reprodiucible ccnditions.:
Chapter 3 is virtually en essay on the experimental permutation
of carbonising variebles and the singulsr effeet of each of
these varisbles on combustibility, as wessured by the test of :
Chopter 2. The importance of the partiele size of the coal and~'£
the rate of heuting of the charge are demonstrated, and a
theoretical co-ordination of the results of these tests ventupr-

ed to Iinclude all aspects of coke productlon.

e W Y AT D T e S S0 W Ve S W



The physico~chemical changes in cokes on heatilng
to 1400°C in vacuo, and the superficilel affecta of
oxygen and nitrogen atmoespheres at thls temperature.

The experimental work detailled In this chapter had as its~

consclous gulding feature an attempted estimation of the

activity of any coke qurface when allowed to proceed to nearnuf
equilibrium under wvavrious atmospherle conditions. Such exper1~§
ments were expected to translate into quantitative measurementﬂ
the cnncaption that the reectivity of coke wes a eontinuoualy
repeated reaetioﬂ, tonding to equillbrium, affected primarily -
et the boundary of the solid/ges system. The pnobable nature w
of ‘this resction 1s indlcsted, and its dependence upon the sugg; ;
face condition of the solid, in itself a variable with tempera§A ;
ture, has also led to an investigation of the physico—ehemiﬁallr
stablllity of coke at high temperatures.

The spparatus designed for such high bemperature work hasn'
been developed in the conduct of the»metallurgicél nesearch of,;

the Royel Technical College (5), but for the particular con-

ditions of the preaent.research certein modifications and im-
provements of the orlglnal design have been introduced. For.
ccnvenience, the description of the’apphratus wlll be consider- T%
ed 1n three separate sections; {a) the cracking train, {b) the ;_;
furnace proper, &nd (¢) the messuring instruments. / ’
The oxidatlon of molybdenum In slr et temperatures above
500°C and the volatilisaticn of this oxlde at higher tempera- o

tures farm :! chemical eyele, which in the cmse of an exposed

electrical winding of this metsl would result in & conbinuous
reduction in the croas-sectlional srea of the wire, and 1atterly¢'5
in fallure. The use of such a heatlng elewment, therefore, '

necessltated a sultable atmosphere for the preservation of the -

molybdenum winding of the furnace proper. This "neutralising"
atmosphere was the mixed product of the dlissocistlon of ammsnié. :
vapour‘(nitrogen and hydrogen), and was obtained by the several

stages of the cracking traln shown disgremmatically in Fig.l. Ji'i
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Sufficient concentrated smmonia (sp.gr. 0.88) was added
to flask A to provide a steady current of mixed gases for 10
hours. The ammonis vepour from A, cpntrclled by the rete of
heating, passed to the empty wash bottle C, s trap to prevent
eny ligquild being sucked into the furnece D. B, & messuring
eylinder holding 6 1nchea'of mereury, acted as e safeby valve.
and outlet for the relesass of{any dangerous excess pressure

developed by the ammonia. Fpom C, the vapour pessed through

three lMorganite combustion tubes (36" x 1" I.D) - these connagfeﬂi

ed iIn seriles by glass adapters in the elundum furnace tube.
These Morgenite tubes were filled with steel turnings, whose
functlion 1t was to catalyse the cracking of the amménia. The
furnece tube, which‘was woﬁnd with & nlchrome element, was

capeble of meintalning a temperature of 850°C to 900°C when

carrying 6 to 7 amps.; ond was insulated thermally, atmnspheriéa é

ally and electrically by teased asbestos wool in a sheet metalr “i

casing. The mixture of gases (nitrogen, hydrogen and emmonia)

leaving the furnace pessed through the trep E (similar in puﬁ#Sg,f

pose to ¢ but with the stopper lemds reversed) to the washer F.

The weskness of the origlnal design of washer lay in lts prenep- g

ness to leakage of both water and ges -~ a direct result of its
complicatéd construction. Efficlent ﬁashing was obteined by
using the simple four stoppered gless bottle of the type ahbwn
in Flg.,l. Essentislly this wes asn axéggeraﬁed Wolffe's bottle,
the large mliddle stopper 1n the head of the bottle serving as

an inlet for the geses from the erackling furnace, and exit for

the washed geses by one of the other smeller openings. Perlod-

icelly, the heavily ammoniated water was emptied through the
lower cock of the washer and replaced bﬁ fresh water through
the remaining stopper in the head. The train clrcult wes com-
pleted by passing the washed gases through two wash bottles
contalning concentrated sulphurilec aclid snd thence through two
calcium chloride towers to the bottom of the furnace proper.

These least stages removed the final traces of smmonle and







moisture.

‘The constructlion of the high temperature furnece 1s shown
in Fig; 2. A mild steel cylindricél casing with removable top
end bottom plates slits on three equl-spaced legs bolted to the
bottom plate. This plate hed a2 central hole cerrying a screwed
steel tube bend from which & rubber tubing length wes taken to
the outlet end of the second caleclum chloride drler of the
cracking trein to form the link between train and furnace. Over

the hole in the bottom plete rested on alundum gas disbtributor,

a device which diffused the gases to every part of the molybden- -

um winding. A second hole eccenbrically placed to clear the
distributor had a stralght screwed tube Inserted for the entry
of one of the tefminal leads of the winding. The eylindrical
casling filtted into & groove in the bottom plate, and an alinr
tight jbint wés made by £11ling this groove with asbestos cord
sosked Iin water glass and plastering the outside of the easing
et the Joint with s hard setting cement mixture of china eclay,
ball clay and water glasa; “

The furnsce tube was made of slundum, properly gradéd, and
wound with 42 ft. of molybdenum wire (0.04" dlam.). The free :
ends of the winding were attachqd to thick plalted nichrome wire .
as leads to the terminals. The winding was covered with a
thickness of alundum. The tube sat in a groove in the solid
top of the gas distributor, one of the lesds goling through the
stralght tube In the bhottom plete, but was insuleted from it by
e 81llca sheath fitting over the plalted wire. A plug of -
asbestos and a covering of the cement, mentioned above, closed
the free end of the steel tube to the air. WMldway between the
furnace tube and the‘easing was Iinserted an slundum sheath;
between the sheath and the casling wes a lagging of teesed
asbestos for thermsl insulation, and between the shesth and the
tube the neutral atmosphere cilreculated.

The top plate with a central hole surrounded by screw
threaded bolts was placed in position and jointed as for the
bottom plete. A third and smeller plate was fitted over the
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furnece tube and bolted to the top plate by the serew threaded
bolts. All jolnts were made as alr tight as wes possible by
the cement mizture. The second leed was Iinsulated from the top
plate by an slundum swsb. - The top snd bottom plates were conw
nected through six bolted steel rodas. In seriss with the
furnace wes & mobile varlable resistance unit with zmmeter,
designed to carry 48 - 45 amps. The terminals of the furnsce
were connected through this resistance to the mains supply.

The atmosphere in which the experiments were conduched
could only be controlled by the use of a materlal impermeable
to gases at all temperstures up to 1600°C (alundum faiied in thisf
respect), while still retaining sufficlent sbrength to resist
collapse at these temperatures. Pythagoras, s fused high
temperature porcelaln, fulfllled these conditlons., & tube of
Pythagoras (30" = 2" I.D.) with one end e¢losed was placed with
this end in the furnece and was susyen&ed'%" above the top of
the gagndistributar from a Tixture resting on the top plate of
the easing. An alundum cruclble was used to hold the charge of
coke, end this eruclible was supported on an glundum stool at
such & helght as to recelive the meximum of heat from the furnace ;
wall.

The open end of the Pythegoerss tube had a rubber bung withbfﬁ
a T plece insertion, one end of which was connected to @ Cenco !
Hyvee pump and the other to one limb of s mercﬁry maenometer,
graduated in milllimebtres. All connections were mede with
~ pressure tubing, sesled with an amyl acetate solution of cellun-
loid. .

At the higher ﬁemperatures of the furnace certaln electri- -?
¢al dlsturbances were superimposed upon the normel thermo-
electric effect of the thermocouple. The preeise origins of _
this phenomenon sre stl1ll lndeterminate, but i1ts effect has been ?
nulliflied in the followling menner. If that part of the 7
Pythégoras tube In the hot zZone of the furnace was covered on
1ts outside with & length of molybdenum sheet (the grid), bound
by molybdenum wire to the tube, the true temperature/E.M.F.




rélationship of the thermocouple was presepved. ‘Between the
grid'gnd;the-Pythggbras was inserted the thérmocouple‘of
tungsten/molybdenum wires, insulated from each other and from
the grid by silice sheathing. The thermocouple point wes ad-
Justed on the outside of the Pythagoraé to: the helght of the
bottom of the cruclible in the inside, the temperature differ-
ence in the two positions never exceeding 5°C. The E.M.PF. of
the couple was balanced on a Tinsley. Vernier. potentlometer.
ageinst an E.M.F. of known value. The standardisstion curve
of the partlcular. tungsbten/molybdenum wires, which is a function;f
of the state of the wire as received, was obtalined by comperi-
son with a gstanderd chromel/slumel couple to 1000°C. Far
temperatures above this limit, the melting polnts of copper,
Armeo iron and the Y/B,traﬁsformation-were sufficient to ﬁatera“jé
mine the curve of the couple. An Ayrton Mather galvesnomeber
and seale Indiecated the point.of.balanee of the couple E.M.F.
Three varletles of cokes with differing characteristics
as to orlgin and menufacture were considered with respect to
the followlng sequence of defined opersations.

{a) Recerbonisation.

Heating the coke semple, lump or ground, In vacuo to
1400°C. Evecuating the evolved gases at the maximum tempera-
ture of the treatment, followed by eooling to 200°C under con-
tinued evacuation.

(b) Decoking of the Alundum Crucible snd Stool.

. Removal of the carbon deposited in the pores of the
crucible and stool es s result of {a). This operatlon was un-
necessary and was omitted with a Pythagoras cruclble.

(¢) Desorption.
Repetition of operation (a) with the recarbonised product

of {(a). This was omltted when using a Pythagoras stool and
contalner.

(@) Oxygen. Treatment.

The effect of low pressures of oxygen on (e¢) to 1400°C. Y
Evacuation of the gaseous products of thils econtrolled combustion -
at the maximum bemperature waos continued to 200°0C.

(e) Nitrogen Treatment.

The effect of low pressures of nitrogen on (¢) or (d4)
to 1400°cC.

A simple graphlcal representation of the variation with
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temperature of the gaseous pressﬁre of the Pythagoras system

In the presence of a coke charge has been found wanting in the
1nterpretaﬁlon of the behaviour of ecoke under the conditions
(d) and (Q). This 18 due to the many complicated factors of
the blank system 1ltself, which belng incalculsble have to be
elimlinated by a differential method of grephlical construction
depending upon the repested estimatlon of the thermal expension
of various pressures of oxygen and/or nitrogen in the closed
Pythagores system with no coke charge. The conduct of this
standardlasstion was es follows.

The Pythagofaa tube wlth slundum stool and container was
evacusted, tested for leskage overnight and e quantity of
oxygen (or other gas) filtered in to the closed system to give
a deslired pressure, epproximetely equal to that pressure 1t was
proposed to use in tests (d) and/or (e). The tube plus 1its
contents were heated to 1300°C = 1400°C, the equilibrium reasd-
Ings of pressure belng tsken at arbltrary tempersture intervals
of 200°C to that renge. The definition of equllibrium was
limited for convenlence to that maximum reading which after 15
minute periods did not differ from the previous reading by more
then 2 mms. In all these standerdisations the tube with 1ts
gaseous contents was allowed to cool overnlght, and the degree
of vacuum obtaining the following morning consldered evidentlal
exclusion of possible sbsorption, volstile emlisslon or atmoapher-f
ic leakage. Only such experiments were valid where the room '
temperature readings of pressure on the successlve mornings of
an experiment ere markedly the same.

Fig. 3, curve (a), shows the typlcel standardisation curve
of the procedure outlined sbove. The linear relationship of gas
pressure and temperasture is meintalned to the highest tempera-
tures, the only departure from the stralght line (outwith
experimental error) lying in the reglon of 0°C to 100°C, which
is of comperatively minor interest. Fig. 3, curve (b), 18 sn
orlginal greph obtained with the virgin apperstus. Its consist-

ently higher velues in the pressure scele reletive to the
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corresponding temperatures of curve (a) indicate the emission
'of moisture or other volatile matter from the fresh elundum or
Pythagoras. Leakage 1s excluded by the constant vecuum readling
of the next day. The result of annealing the Pythagorss, etc.,
at 1400°C under continued evacuation and repesting the stendard-
isation 1a shown in Fig. 3, curve (a). Durlng the compasrative-
1y intensive use of the epparatus under the later experimental
conditlions ~ conditions which were likely to effect the
standardisstion, e.g., earbon deposition, ~ the Individual
values of the points of this curve did not deviate by more than
*0.5% of the sbsolute value at any temperature.

The initlal pressure of oxygen of Filg. 3, curve (a),
(12.0 cms.) has been chosen as spproximeting to the partiel
pressure of the oxygen in the stmosphere (14.0 cms.). The
standardisation hes been repested wlith & pressure of 45.5 cms.
In Table 1 these results esre shown in columns 2 and 4. The
penultimate eolumn caleculates the figures of column £ to sn
initial pressure of 12.0 cms., on the basis of an assumed direct
proportionality. The results of the experlimentel determination
of the thermel expsnsion with the lower pressure are reproduced
in the flnel colﬁmn. Comparison of the last two columns proves
that the rate of change of pressure with temperature is in-
dependent of the initlel pressure wlthin wide limlts of thst
pressure. This deductlon will be used in later work in con-
nection with the derivation of the differentlel curves. The
gradlent of these standardisation curves 1ls higher the greater
the 1nlitial pressure and this is explliceble on the recognition
of the lesser spproximation to the 1deel state of the perfect
.gas of the higher pressures (6). The difference, however, can
be eppreciated by the following figures:-

High Pressure, 45.5 cms. Gradient 0.69 mms./°C,
Low Pressure. 12.0 cms. Gradient 0.68 mms./°C.

Lastly, the standerdisstion curve 1s neither a function of the
gas In the system nor of the material of the crucible or stool.

The curves obtalned with nltrogen or alr, alundum or Pythagorsas



TABLE 1.

To prove that the thermal expension of the
gos In the Pythegoras ls independent of the
initisl pressure.

- e S o o ey v G - W -

Temperature. Oxyegen Pressure. Reculeculation Observed

“c., cms . to & basis of Pressures.
' : 12.0 cmag. cms. ‘
20 455 12,0 12.0
370 887  15.4 15.4
680 7.4 1 17.5
980 76.2 | 19.9 19.6
1280 84.5 . oa.2 21.8

1400 - a7.4 ‘ 235.0 = 22.6

Note: Factor of conversion from ¢olumn 2 to .column 3
is 1.00/3.80.

W e . . . oo

TABLE 2.

Proximate Analyses, Conditlons of Manufacture snd
REIQVann Date of the Cokes used in these. experiments.

. o - e TV B " A2 -

Proximate Analysis. Coke A. Coke B.- Coke C.
Moisture. 1.0 2.0 0.4
Volatile Metter 0.4 0.5 0.2
less Molsture. : o
Fixed Carbon. ' 96.7 88.7 B6.1
Ash. 1.8 8.8 15.3
Maximum Coking. 11200°¢. 1140°c. 1180°¢.
Temperature Range. 1180°C. 11800°C. 1220°¢.
‘Coking Time (hrs.). 25 : "R 17
Sereen Analysis ':lgg% 61.5 8.2 - -
(T.M.M.).

~100 38.4 61.7 -
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Figl 5.

To prove that the thermal expansion of
the gas in the Pybthagoras 1s independent
of the initial pressure.

Curve (a) - Initial pressure 12.0cms.

curve (b) ~ Virgin apparatus.
Curve (c¢) - Initial pressure 45.5cms. (See context).
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are ldentical with Flg. 3, curve (a).

o 'The first experiments with a coke charge were attempted
'with the low esh éoke, Goke‘A, ﬁsed in the meking of electrodes."
Its enelysis and the approximate conditions of its manufacture

ere given in Table 2. 500 grsms of the coke were ground, not

to specifled mesh limlts but rather to provide a large surface
ares per grem of material. The screen anslysis (also glven in
Teble 2) indicates the measure of the grinding. 5 grams of

this ground coke were placed in the alundum contalner, the tube
evacueted and oxygen to a pressure of 12.0 cms. passed into the
system. Heating to 1300°C and the teking of readings were con-
tinued as for the standardisation In Table 3, as an example

of the differentlial curve method, the results are reproduced in
columns 2 snd 3. Column 4 glves the corresponding readings of
oxygen pressure whlech would have been recorded ln the absence
of the coke, calculated by direct proportion from Fig.3, curve
{a), on the assumption of en initial pressure of 12.3 cms. as
agalinst 12.0 cms. The final column is the differsnce between
columns 2 and 3, and this difference is assumed as belng primar-
ily due to the reactions between coke and oxygen. These differ-
- ences have been plotted in Flg. 4 agalnst the eorrésponding
temperatures. Thls curve has proved to be compounded of seversal
- 8imulteneous reactions. There 1s, for example, a decomposition
of the coke itself, an adsorptlon of oxygen, pesrtlal combustlon,
ete., and it 1s with the Intention of differentlating between
these thaet the experimental procedure (a) to (d), imeclusive,
mentloned previously, has been asdopted.

2.85 grams of the grbund coke were pleced 1n the container,
as before, and heated in vacuo to 1400°C, readings of pressure
of the evolved gases belng taken at definite intervals of
temperature. Conditions of equilibrium were considered to have
been established under the previously defined limitation. The
total time for each reading thus varied from % hour to 1} hours,

belng a function of the temperature. The higher the temperature



TABLE 3.

Conatruction of the Differential Curve.

Showing the effect of oxygen at low pressure
on Coke A, as received.

B e T R R S 2 T

Temperature. Gageous Corresponding Differencs.
%¢. | Ezgﬁggxg- §E%§%%£Q- cms.
20 12.3 12.3 -

210 15.8 14.7 « 1.1
340 17.6 15.6 + 2.0
560 19.2 17.2 + 2.0
790 21,0 18.8 + 2.2
930 23.4 19.8 + 346
1120 55.2 21.1 + 34.1
1280 . 68.2 22.2 + 46.0

Note: Plotting geseous pressure directly sgainst temperature
" does not provide a satisfactory graphlical construction,

(see context). Instead, a differential method has been
adopted. The difference between the gaseous pressure
developed in the tube in the presence of the coke and
the pressure developed at the same tempersiure in the
ebsence of the carbonaceocus meterlal is plotted against
the temperature. (See curve, Fig. 4.).

D e T e e TR

TABLE 4.

Anelyses of the (Gsses evolved
on Heearbonlisation.

Gas Constituent. Coke A. Coke B. Coke C. Coke B. Coke B.
(Ground) (Ground) (Cround) T(Dried) (Messive)

Carbon Dioxide. - - - - -
Carbon Monoxide. 66.9 64.8 39.0 4.7 61.0
- Oxygen. ' 3.6 1.6 2.1 3.2 2.3
Hydrogen. 23.6 11.3 34.0 - 35.6
"%a liothane. 3. 2.9 - 86 -
Nitrogen 12.5 19.4 24.9 18.5 1.1

as difference.
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the longer the period for the attelmment of equilibrium. The
progress of the evolution of gas, which is a mesasure of the
coke stabillity, 1s shown as curve (a) of Fig. 5. The gases
evolved were collected at 1400°C and analysed on a Bone and
Wheeler appasratus. The enalysls 1s given in Table 4. Repeat~
ing with a 5 gram semple of the same coke, Flg. 5, curve (b),
shows thet the amount of gas evolved at the higher temperatures
1s proportional to the welght of ground coke used 1n the experi-
ment. Recarbonlisatlon of random lump semples does not provide
8 similar proportional ity of gss evolution to coke welght. The
differential method of grephlcel construction cannot and nsed
not be employed in the discusslon of recarbonlsation. The
analysis of the gas from thils dupllcation differs negliglbly
from that quoted in Teble 4.

In the case of Cokes A snd B, the same breakdown of the
coke structure is to be observed in varying proportiohs, accom~
panied probsbly by allotroplc changes not evidenced by these
experiments {7, 8), (See Chepter 3). The recarbonisation curves
for these cokes are reproduced in Fig. 5, curves (¢) and (d),
respectlvely, and the analyses of the gases evolved by the
separate cokes Iin Teble 4. The considerable variations in the
analyses between these three cokes are particularly noteworthy,
but two further observetions are deserving of mention. Firsély,
1t 1s doubtful 1if the flgure quoted in the proximete analyses
of the cokes as "volatile matter" bears any relation to the re-
carbonisation curves of the cokes. The usual teét for volatile
content is to heat the coke for 7 minutes at 925°C % 25°C in a
reducing atmosphere. According to Flg. 5. the amount of
volatile matter at that temperature for Coke B is only 2% of
that obtainable at 1400°C. Secondly, these curves indicate
that sbove some temperature differing from coke to coke but
constant for each coke, the coking process begins anew. For
Coke A this temperature is 800°C; for Coke B, 880°C and for

Coke C, 960°C. Coke mbove this temperature (deslgnated the
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recarbonlsing temperature) virtually becomes a coal with a
higher carbon content than the coal from which 1t was obtained
originally or, alternatively, coke is a complex at a stage in
an irreversible process, the beglnning and ultimete end of which
will be defined in Chapter 3. Its stability 1s to be measured
by the proximity of its approach to this ultimate end, which 1s
complete graphitisation of 1its organic content.

Note too, curve (e) of Fig. 5, where 5 grams of a dried
saﬁple of the ground coke B were recarbonised, The difference
in the type of curve for the "as received" product (curve c) is
particularly noticeable, and a comparison of the enalyses of the
gases on Table 4 obtained under equivalent conditlons informe-
tive. The sbsence of hydrogen In the gases from the drled
sample appears to be due to the Inltial dryling, the evolution
of’ moistﬁre from the basic semple in the original recarbonisa-
tion experiment mcting on the white hot coke according to the
well known water-gss reectlon. PFig. 5, curve () shows the
effect of heating a random lump semple of coke B, approximate
welght 5 grams (¢f. curve ¢) and the anslysis of the evolved
gas on Teble 4. The differences are those which would naturally
be expected from & haphaszard choice of a heterogeneous bulk
semple. .

Certain observations have also been made on the physlcal
changes accompanylng recerbonisation. Ground, the varlous
_cokes after a recarbonising treatment to 1400°C appeared
uniformly duller on the surface layers, but with the underlying
mess of the charge refaining its original appearance. The outer
surfaces of massive samples of these cokes, however, presented
efter the saﬁe treatment a peatchwork of 41stinctive.areas.

Some were covered with a sooty deposit,‘éeﬁavﬁble by scratehing
with a file but adhering too strongly to the uuder-surfeéé;of
the coke to be blown off. In other parts the coke ﬁpd a /
glittering irldescent appearance, while still O%ﬁer sections
seemed unaffected and of the ofiginal dull grey:colour. These

superficlal alteratlions mey be explalned by -
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(a). the oracking of the volatile hydrocarbons in their
Peras on s300s the microseoplo olegvages of the measive
semples or by carbon deposition at the outer surface from
the atmosphere created by the thermal decomposition of the
coke. ‘

(g). the breskdown reaction, 200 = CO5 + C.

(r). the dissociatlion of those parts of the orlglnal coal
structure, unaffected by the temperatures of the Industrial
coking but unstable at the muech higher temperatures of the
experiment.

The evldence for (a) 18 to be found in the discoloration
of the alundum crucible and stool after recarbonisation of the
coke charge. Thils phenomenon will be enlarged upon later In
this chapter. The evolutlon of geses In itself presupposes (Y)
and 1ts effects are to be seen on the surface of massive
charges in the varilous snd progressive decompositions of the
heterogeneous compounds of any coke, as mentloned sgbove, and
the high percentage of nitrogen in the evolved gases, Indlcative
of & breakdown of the more highly resistant nitrogenous com-
pounds (9), (See Teble 4). The reaction (R) only occurs on &
falling temperature, and since the gases are continually pump-
ed off from 1400°C\tolroom temperature, this reaction cannot be
effective. As further proof of thls contention, it can be
stated that experiments conducted in pure carbon monoxide do
not seem to affect either the ecoke or the ecrucible.

In the original experiments stages (b) and (c) were
omitted after the recarbonisation process (a), which was |
immediately followed by (d). A determlned pressure of oxygen
was sdded to the Pythagoras system carrylng the coke charge,
and the corresponding equilibrium readings of pressure and
temperature noted. The graphlcel expression of these results
13 to be found in the derived curve of Fig.8. The method of
its deduction has already been explained, but its validity is
baslically dependent upon the preclse knowledge of the blank
standardlsation at the period of combustion of the coke, and

the sssumptlon thet thils stendardisation 1s unaffected by the

recarbonlsation 1s disproved by experimental determination.
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In fact, such a blenk run gave a less pronounced version of

Fig. 6, curve (a), indicating the presence of carbon, or san
equivalent ectivator. The discoloration of the crucible and
stool is produced by depositlon of carbon (resulting from the
dissociation of the gases evolved during recsrbonisation) in
the pores of the alundum and to this 1s to be attributed the
unsatisfactory null conditlon of the standard. By burning out
the deposit previoﬁs to repeating the stendardisation, the
normel curve of Fig. 3, curve (a) 1s obtained. To do this,
however, exposes the recarbonised coke to the satmosphere, which
mey affect the surface propertles, created by recarbonlsation.
As & precautlonary messure, thils coke was reheated, therefore,
to 1400°C under continued evacuation (in so far as this was
necessary), a procedure which left the coke ez 1t was virtually
et the end of treatment (a), together with a standardised blank
which has been proved independent of the vagarles of uncontroll-
ed deposition. The decokling of the slundum and the desorption
of' the recarbonised coke, étages (b) and (e) in the sequence

of these experiments, will be considered as automatically per-
formed before attempting (d) or (e) in 8ll further. descriptions.

Returning to the recarbonised semple of ground Low Ash
Coke A, Fig. 5, curve (a), the effect of oxygen (Inltial
Pressure = 12.0 cms.) on thls coke to 1240°C is shown in Fig.6,
curve (a). Thils curve 1s typlecal of the actlon of oxygen on
recaerbonised cokes, asnd will be analysed 1n detall before pro-
ceeding to a description of the results of other cokes under
varying condltlons of pressure and maximum temperature.

From room temperature to approximétely 200°C, no change
relative to the stenderd, 1t must be emphaeslsed, is apparent.
Between 200°C and e maximum of 830°C, there is & negatilve
difference denoting an adsorption and/or absorption of oxygen
st the surface of the coke. To 480°C this absorption 1s a
purely mechanical effect of the open pore space of packing of

the coke partlcles upon which is superimposed an adsorptive
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surface action, which is looze In nature and easily disrupbed
on cooling. This 1s slmply proved, since heatling the eoke to
500°C produces no permanent reduction in the value of the
1aitial pressure when the tube 1s cooled to room temperature.
From 500°C there is a gradusl curvafure to a minimum at 830°C.
The egsentlial feature of this droop 1s its irreversibllity on
cooling (ef. heatlung to 5009C as above). By analogy with
similar phenomena (10,11,12,13), this 1s to be accounted for
elther by chemleal actlivity at the surface of the coke or by
the creetion of intense adhesive (1nter-atomic) forces {24).
The aveilable evidence eannot resolve thls subtle distinction
of the physicistsg, but the existence of a mooted earbon/oxygen

complex, CXO (13,14.15.16), could be mecepted as a compromise.

v
The quantltative dependence of' the adsorption in this
temperaturse region on the maxlimum temperature of reemrbonisa-
tion, treatment after recarbonisationrand partlele slze of the
coke 1s %1llustrated by the following experiments. Referring
to Mg.6, curve (a), on attaining 1240°C, the gases of the re-
action were pumped off and the tube cooled. The following day
the oxygen treatment was repeated and the resultant Fig.6,
curve (b) obtained. Parbicularly noticeable is the lessened
adsofption minimum of this run compared with the first. There
are two possible explanations. Elther the adsorptive surface
loses 1ts affinity by reason of the double hest treatment or
the partial removal of the upper layers by combustion exposes-
less active surfaces. The degree of adsorption 1s also greater,
the greater the surface area presented to the gas and the higher
the maximum tempersture of recarbonisatlon of the coke, assuming
in the latter cese that the metlivation of the carbon surfaee is
affected by temperature by reason of graphitisation or de-
composition. Both these statements are to be asccepted by the
evidence of curves (a) and (¢) of FMg.7. Fig.7, curve (a) shows
the effect of oxygen on ground recarbonised coke B and Flg.7,

curve (b) on Coke C. This latter was obtained when using a
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Pythagoras crucible and stool and 1t is to be remarked thet

the adsorptlion 1ls very much less proncunced than in previous
cages. Thls 1s a pecullarity of the coke and not a function
of the contalner, as dupllication of the experiment in an
alundum container proves. The difference in.the adsorptive
cepaclty between Coke A and Coke B efter recarbonisation to
1410°¢ may be due to the difference In the degree of fineness
to which they have béen ground or a difference inherent in the
cokes themselves. That particle size is a vital fector in
determining the extent of the adsorptlon can be shown by a com-
parison of Fig. 7, curve () with Fig. 7, curve (c), which is
the oxygen differential curve for recarbonlsed massive coke B.
It 1s questionable, however, if comparison of these two curves
is feally valid. The snalyses of the gases obtalned on re-~
carbonisaetion of the ground end solid samples (;ee Table 4)
indlcate a radleal difference in the composition of the charges.
The effect of doubling the pressure of oxygen is shown in Fig.
7 for the case of Coke A. Tts coincldence with the eurve for
the lower pressure shows (see below) that, slthough there 1is
insufficlient oxygen for the complete combustion of the coke
charge, there 1s & sufficlency to satisfy the adsorptive
cepecity of the coke and that this sdsorption is 1limited to the
surface layers to a definite molecular thickness (17).

To complete the survey of the typleal oxygen curve, it
must not be assumed that the chenge from the negatlve to
positive gradlent of the curve in the reglon of the minimum 1is
s discontinuous process resulting in the formetlon of carbon
monoxide. There may be atomic changes on the surface of the
coke of the adsorbed gas, which would not affect the pressure
readings, but which are necessary preliminaries to the formation
of ecarbon monoxide. Above this maximum adsorption, there is an
evolution of monoxlde and dioxide in Indefinite proportions.
These experiments with oxygen provide one of the finest examples
of consecutlive reactlions of the type -

Carbon + Oxygen -+ Carbon/Oxygen complex -+ Carbon NONoxide, (18),
: (adsorpiion) b1
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where the intermediate afage, the formation of the complex, 1s
a necessary precedent to the chemlcal reactlon, 2C + Oy = 2C0
or C + Oy = COp,

The cokes after the okygén treatment were heated in an
atmosphere of'nitrogen providing the gaseous products of the
previoﬁs combustion were continuelly evacuated from the meximum
temperature to 200°C. The differentisl curve for operstion (e)
efter (d) 1s shown in Fig. 8, curve (&), and in the ssme flgure
- curve (b), the effect of performing the nitrogen treatment

after recarbonisetion without the Intermedinte oxygen trestment.
With nitrogen as the gaseous medium, the absorptive and ad-
sorptive effects are to be seen on a small scale, whille the
formatlon of any nitride can be discounted by reason of.tha
complete absence of the minimum, which was a feature of the
oxygen curve. The cylinder nitrogen was freed from oxygen by
ﬁaséing the ges through pyrogallie acld before entering the
Pythagofaa tube. The following nitrogen experiments indicsate
the intensity of the physico-chemical forces of adsorption snd
show the effect of tempersture In diminishing their influence.
Ground Coke A after evecuetion at 1080°C in the experiment of
Fig. 6, curve (b), was used in 8 further trestment with nitrogen
to 900°C. The differentisl curve of this operation is shown in
Fig. 8, curve (¢). The gases resulting from such an experiment
-analysed only traces of carbon monoxide and oxygen. The bulk
appeafed to be nltrogen. In a similar experiment the heating
in nitrogen was continued to 1400°C. The readings of pressure
end temperature were identical to 910°C, but above this tempera-
ture the results are as shown in the dobted part of the curve of
Mg. 8, curve (c), and the gas evolved at 1400°C had & monoxide
econtent of 33.8%. Such & gas could only be evolved 1f the
oxygen and/or earbon monoxlde sdsorbed in the previous two ex-
periments were removed on hesting to a temperature above the
maxlmum tempersture of the previous two experiments with oxygen
or, elternatively, sbove a temperature at which the carbon/

oxygen reactlon takes place.
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The possibility of dispensing with operatlons (b) and
(¢), the serles of firings between experiments, led to a
search for materlsls without a tendency to activete cerbon
deposition. The use of a platinum suspension end crucible
was obviated by the embrititlement of that materiel during re-
carbonisatlion. T%s known adsorptive powers would, no doubt,
also have militeated agalnst its use. One suggestive festure
of these experiments was besed on the observation that the
Pythagoras tube in which all the experimentel work had been
done, had shown no visible experimental effects of any Inter-
ventlon in the coke reasctions. That thils 1s so has been proved
conclusively by the colncidence of the tube standardlisations
before and after recarvbonisation without intermediste firing
of the Pythagoras tube. Nor 1s there any sign of carbon de-
position on the side of the tube. The alundum crucible and
stool were, therefore, replaced by Pythagoras ones, which were
used exclusively in the expérimentsvwith Coke CG. With the
eliminetion of the "greying" of the container the experimental
serles, recarbonisaeblion, oxygen and nitrogen treatments, can
be carried out without removing the coke from the btube.

The conclusions of this chapter furnish clues to the pro-
bable mechanism of coke combustion, but they find limited
applicability to the Industrial conditions of coke usage. The
method of this part of the research restricts the sceope of
development to the messurement of equilibrium conditions. This
knowiedge 1s importent only in so far ss 1t shows the ultimate
tendency of any coke/oxygen asctivity, and Chapter 2 concentrates
aettention on a possible solublion of the quantitative measure-
ment of this tendency to equilibrlum, the resction veloéity of

the heterogeneous system coke/oxygen.
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CHAPTER TWO.

The quantitetive messurement of combustibility.

In a survey of the work of the Coke Research Committees,
Evans and Ridgion state that "combustibility regquires precilse
definition and the whole guestion of the combustlon of carbon
at low and high temperatures requires further analysis"(3).
That some qualitative definitlon of combustibility mumast
necessarily precede a dliscussion of lts measurement 1s obvious,
and,pertinent to common usasge, the term combustibility will de~
fine the rate of reamctlon of coke with alr. The dlstinetlon
between alr as the gaseous medium of combustibllity and oxygen
is intentional, s=ince no proof hes =8 yet been tendered that
the role of nitrogen in combustion is confined to dilution of
the sctlve reactant, oxygen.

The method for measuring combustibility 1s essentlially &
contlnuous weighing of a messive coke sample at constant
temperature and under controlled air supply. An attempt on
somewhat gimllar principles has been reported by M. Mayers,
(19,20,21). The appsratus designed to determine combustibility
quantitatively 1= the high tempersture furnasce of Fig. 2 modl-
fied for the new experimentsl conditions ass 1llustrated in Fig.
9. The bottom plate of the furnace casing was reasmed centrally
to allow the Pythagoraa tube, now open at both ends, to protrude
below as well as above the casing. This involved positlonal
selterations of the entry tubes for the train geses and winding
lead, besldes requiring a reconstructed gas distributor in the
form of a hollow, channelled, trunceted cone. The Pythagoras
tube was held vertically in the furnece tube under the con-
trolled pressure of the shoulder screws of the gripping device
of Fig. 9, and danger from sllip was minimised by cementing tube
and bottom plate. The Insulation of the terminal lead,
electrical connections, train errangements and safeguards for
the exclusion of alr to the winding were as described In the
previous chapter.

The coke was suspended from the arm of an sssay balance

®
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by & hook and eye arrangemént of two lengths of nichrome wire
of fixed length. A 3poked ring on top of the Pythagoras tube
centyred the\suspen&ion for free movement.

In the prelimlnary triel experiments, the air supply for
combustion was the natural draught induced by the ehimnéy
effect of the hot Pythagoras tube. For precision work such &
source of draﬁght suffered from three defects.

(1). The rate of updrsught varied with the temperature

of the furnace. o true comperison of the com- -
bustibillities at different temperatures was possible
therefore.

(2). The emount of air induced, and

(3). The pressure of the ailr draught did not approximate

sufficiently to the conditions of slr blast Iin the

blast furnace.
The arrangements for the mainbensnce of a supply of ailr et con-
stant rates and pressure within the practical limits of this
work ere shown in Fig. 10. Experimental inconslstencies (see
later) required that previous to compresslon the ailr should be ’
‘dried. This was aschieved in tank A, which was half filled with
concentrated sulphuric acid, and from which the air was drewn
into the compressor through the empty tenk trap B. The com- -
pressor ltself was electrically driven, single actling and water
cooled. After compression the sir passed through the length of
. 2% in. steam pipe pecked with calcium chlorlde. The efficacy
of the drying arrangements can be judged from the fact that
excepting 3 Ins. at the Inlet end, the desiccabling agent even
after six months continual use preserved 1ts solid appearance.

The clireult was contlnued from the drier to a differentisl

manometer vie a controlling wheel valve. This manometer had
been constructed on the Venturi meter principle, l.e., the
difference In pressure between the ends of & econstrictlon plae-
ed parallel to the aly stream ls a funetion of the rate of alr
flow. The cholce of Jet was fixed by the following considers-

tions.

(1). The required quantity of alr must pass freely through
the constricted pesssage at the worklng pressure.
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(2). with the passage of the required .quantity, the
seale reading should be a maximum and at that part
of the scale where the change of reading was st
1ts most sensitive.

The method of calibration of the menometer will be described
later. ‘ | )

The alr wes finelly brought to the bottom of the Pythagoras
tube through a model sfeam velve. Besldes the injector tube
goldered to thils velve, there was, in psrallel with the main
stream, a eonneetign to a mercury‘pressure manometer. The
outlet tube was inserted eentrally in a rubber bung fitted to
the bottom of the Pythagores, the blast thus entering the fur-
nace vertically. Exposure of the rubber to radiant heat from
the hot zZone of the furnace snd charring due to occasional
falls of burning coke led to the substitution of an asbestos
stopper. The poor resilience of thls material prevented air
tightness however. The asbestos bung was, therefore, halved
transversely and used as & pad surmounting the rubber. The
combinatlion of resilience &nd non-inflsmmebility gave such &
fitting a permanence In contrast to the repesnted renswals re-
gqulired with the simple rubber stopper.

The suspension of the thermocouple of platinum/platinum-
rhodium in the furnace was effected as follows. A thin walled
alundum tube (13 ins. long) was made a sliding fit for the
Pythagoras. This sleeve was supported from the rim of the
Pythagoras by two nichrome wires hooked nesar the top of the
alundun tube. The couple point was Iinserted In the apex of
the trlangular arrangement of holes drilled in the sleeve, and
each wire was threaded through one of the remalning holes, as
shown 1In Flg, 9. These wires were covered with thin quill
silica sheathlng as a protectlon against breaskage due to em~
brittlement. Thls was traced to floating particles of ferric
ash dislodged from the burnt coke settling on the previously
bared wires and, ﬁnder repeated reheatings, forming a brittle
iron/platinum elloy. The thermocouple wires were finally drawn

through two glass lengths fltted Iin the bung. These tubes were
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covered with rubber btubing, which,when‘glipped, sealed the

furnece effectively from all ingress (or loss) of alr, other

than that intentially blown Into the furnacef The free gnds

of the couple were connected to the potentiometer. The thermo-

couple point lay 3/8 ins. sbove (and of course to the side of)

the top surface of the coke. The cholce of this particular

position was & campromise betwoen locallsing embrittlement to

the couple point and maintaining 2 true temperature coincldence

between coke and thermocouple during experiment. The average

temperature of the alr entering the furnsce is given in Table

5. The chilling effect on an 11l-placed thermocouple 1s

obvious.

The difference in tempersture between the coke semple

and the relatively displaced thermocouple 1s reproduced in

Table ba for qeveral temperatures.

The success, or otherwise, of the test depends primarily

upon the proper preperation of the coke semple for combustion

The standard test plece has been arbitrarily fixed ms a

geometric cylinder, the dimensions of whieh have been determin-

ed In fulfilment of the following eriteria.

(1)‘.
(2).

(3).

(4).

The sample should be as large as possible.

The diameter of the alundum sleeve fixed an upper
limit to the dismeter of the coke sample. The
coke must not touch the wall of the sleeve before
or during welghing.

The sample, 1f too long, wlll nobt be svenly heated,
since the zone of even tempersture 1s limlted.
Further restriction on the maximum length of coke
procuraeble was due to (4).

Random sampling of the bulk sample of coke does not
admit of lavrge pleces being obtained sultable for
grinding. Such a block was psrtlicularly lilsble to
shatter along hidden inside fractures.

Practical considerations of the sbove factors have resulted

in the adoptlon of a standard test plece of 1 in. digmeter and

1 1/8 ins. long throughout this work, unless otherwlse stated.

The effect of such an srtiflclial limitation of the dimensions

on the conbustibility of any coke will be shown later in this

chapter.

While the welight of such a standard plece varied

between coke and coke, for any one type of coke the welght




TABLE 5.

Showlng the average temperature of the sir entering
the furnace.

Point where temperature Temperature.
is taken. oC.

At compressor tank. 21.5

At outlet of drier. 18.8

Before entering furnace. 18.2

TABLE 5(a).

Relatlon between coke temperature and temperature
recorded by thermocouple (No air streem).

Coke Temperature. Thermocouple Reading.

oG, ©oC.
707 704
844 840
940 937
1040 1038

1160 ’ 1185

- - - o W W i e . D



27.

remained sensibly congtant to within to.as grems. A hollow

axis was drilled through the centre of the cylinder (32 S.W.G.),
and a finsl grinding was made to bring the coke weight within
the sbove welght limit. Where the welght of the standard
gsample was found to differ considerably from the averége, a
corresponding veriation in the "ecormbustibllity rigure" wes slso
ocbserved.

The type of suspension for the coke depended upon the pro-
posed temperature of combustion. For the higher temperatures
to 1500°C, this toock the form of & crook of silica sheathing
bound by ssbestos cord to a lsngth of nichrome wire. The totsl
length of the suspension was arranged to have the upper coke
surface at 3/8 ins. below the level of the thermocouple point.

The conduct of g typlcal combustibility experlment was as
follows. The compressor was started up and, by maenipulation of
the large wheel valve at the outlet end of the drler and the
smaller steam valve loeated at the bottom of the furnamce, the
required condltions of alr rate and pressure, as recorded on
the differential and pressure mgnometers, were obtgined. Only
the lerge valve was then ecompletely shut off, but the setting
of the small furnﬁee valve was maintained. The suspension was
balanced by thin lesd sheet, and then removed, fitﬁed with the
coke sample (the wire/silica jolnt was remade with the same
length of asbestos string each time) and lowered slowly into
the furnace, when thils was at or about the tempersature at which
the experliment was to be conducted. The furnace tempereture
dropped rapidly st first snd e black band, indicating the zone
of heat extraction by the cold coke, appeared on the wall of
the sleeve. The egqualilsation of tempersture between coké and
thermocouple was consldered effected when waell end coke became
indistinguishable. The coke was centred iIn the furnace and the
wall temperature allowed to rise 0.20 millivolts (+ 20°C), above
the proposed working temperature.

The large alr valve was opened untll the pressure meno~

meter recorded the working pressure of the enterling sir blest.
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The fixed setting of the small furnace valve naturally passed
the requisite rate of alr already decided upon, The tempera=-
ture dropped 0.2 mv, when the blast flrst enbered. With the
original weight of the sample about 0.7 gms. heavlier than the
welght at which readings of time were btaken, this Interval was
used to allow the operator to adjust finally the air reate,
pressure and temperature conditions in the furnace. Thereafter,
the tlme teken to balance the coke at 0.5 grems Intervals was
observed. This was continued until the ash began to bresk up,
which occurred usually after 80% of the coke sample had been
burnt off. Durlng the experiment the temperature was not sllow-
ed to vary more then % 0.1 mv. (approx. 10°C) after the initisl
transient conditions of temperature fluctuestions in the furnsce
had subsided. On finlshling an experiment the coke plece was
broken and examined. The suspensiqn wes rewelghed to estimate
the loss due to devitrificetlon of the silices rcd, which varied
between 0.01 to0 0.03 gms. sccording to the temperature of the
experiment.

The originel itrial experiments were responsible for one
important experimental modificétion. For any one coke, the
result of a combustibillty test at any temperature eoculd be
duplicated with reasonsasble aécuracy, provided btoth experiments
were done In Immediste succesgsion. A repetition'at some later
date, however, showed varlable inconsisbtency outside the self.
imposed experimental 1imits of accuracy. A redebterminstion of
this later duplicate on the same day gave sensibly constant
results, and thils pointed to some distburblng fector, which
operated unsystematically from day to day. This varisble was
traced to the moisture in the atmosphere 222), oliminated by the
insertion of the tank of concentrated sulphuric acid on the
precompression side of the air circuit. The orliginal design
of the apparatus relied only on the caleium chloride drier,
which after 2 very few runs was found to be waterlogged. Refer-
ence has already been made to the success etbtendant upon this

alteration, and a further measure of thils success 1s to be
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found in the constancy of duplication of any result after sny
interval. As to the.error between duplicate results, this may
be sald to lie within * 2% of the totel time taken for the ex-
periment, the lower the tempereture the greater the error. If
thls figure was exceeded, a third repetition wes made, although
in faet this was rarely necessary.

Under these condltlions, the combustlbility test has been
used with 7 varietles of industrial cokes, z manufacbtured
graphlte and two anthracitic coals at temperature intervals
between lgnition and 1500°C. The proximate analyses of these
carbonacecus materlals wlith the exception of the 2 anthracites
{to be considered separstely) are listed in Table 6. It is
impossible and unnecessary to dilscuss every curve of these
materinls, but a few general considerstions, which ultimately
led to the final mathematlecal presentation of the results, will
show the method by which these results were co-ordinated. The
pencll of .curves of Figs. 11 and 12 1llustrate graphlcally on
different scales the behavlour of Coke ¢ end the Norgan Cruclble
Co's. Manufactured Graphlte under the specifiled condltlions of
corbustion. These materisls have been taken as répréSentative
of the complete experimental work of thils sectibn. In Mgs. 11
and 12 the graphs have been plotted to sh§ﬁ~direct1y the re-
latlon between time and welght, while In Plgs. 13 and 14 these
co-ordinates are replaced by log. welght and time.

It will be seen immedliately that, whlle the curves relet-
ing welght and time do not admit of an obvious mathematlcal
analysis, they do exhibit cerisain general properties.

(1). The curves tend to run asymptotically to the time

exls, where the ordinate of the welght equals the welght

of the ash in the coke sample. Practlcally. of course,
the adsh breaks off before this stage 1s resched, but
estimates of the percentage ash 1n the coke have been
made from these curves and these agree approximetely with
the anelysed value of the ash conbtent.

(2). The curves more nearly approach the weight axls as

the temperature Increases, l.e., the rate of combustlon

Increases with increase in temperature.

(3). At the higher temperatures, 1250°C and sbove, the

inlitial part of the curve is approximately a stralght
1line. This dilrect dependence may be useful in the
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simplification of blast furnace estimetes of the rate -

of combustlon, even although the rest of the curve does

“hot bear outb this éarly relationship.

The measurement of the curvature differences ss In Figé.
11 end 12 is compliceted and unworkable. The change in co-
ordinate to log. welght end time of Flgs. 13 and 14 was based
on a2 gupposed similarity to the exponential curve, y = ne™P%,
This equation ean.bQAexpressed alternatively as log.ey " —bXWrG;'E
the conversion permltting a linear construction of the relation-
ghip between the VRriables with its attendant simpllfication
ovér the original form of the expresslion. That such an
assumption has a seeming basils In fact 1s shown by the curves
of FPlg. 13, and this 1s borne out by the curves Tor all the
other cokes given in Table 6. The two exceptions are those for
manufactured graphite and the carbonaceous brigquette. Hence on
an emplrical choice of a possible methematical reletlonship,

W = pe ~ Xt e (1)

where W = welight of the speclmen in grams at any time, t minutes.
The cholice of units is arbitrary. :

Eqn. (1) may be trensformed
. 1ogew = 2kt 4 C ———— (2,
where C = log,A = constant.

Differentiating eqn. (2)

d{log.W) .
& T T
or 1l 4w =. -k
W+ at
or = - kW e e 3).
dat

But by the definitlion expressed at the beginning of this chapter,»
the term %% 1s the mathematiecal expression of combustibility,

and this by eqn. 3 has been shown to be proportlonal to the
welight of the reactling substance. Egn. 1 1s typleal of a
monomolecular resetlon (15), l.e., & resetion whose rete at any
Instant is determined by the concentration of the rescting subw
stences, and by eqn. 3 concentration eand welght would sppear to
be Interchangesble terms. It 1s Important to realise that the

form of graphleal construction of eqn. 2 was used for the durs-




Fig. 13..
Log. Weight/Time Curves for Coke G.

Note - Rate of air supply for these experiments
is 59.9 gms./min.
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Log. Welght/Time Curves for Graphite.

Note - Rate of air supply for these experiments
1s 59.9 gms./min.
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tion of the experimentsl estlimatlon of combustibility of the
cokes, ms & means of defining quantitatively the differences

in combustibility of the varlous fuels. Whatever slight de~
vistion from the stralght any pesrticulsr curve mey have shown
could be attributed to possible "experimentel error" with
justification. (This statement excepts the initiel deviation
at the start of the experiment which will be referred to later).
In the two exceptlional caeses quoted above such an explanation
was not possible, and later becsme completely Indefenalble ss

further "exceptional! dats accumulated. The final mathematilcal

trestment ss a substitute for the logarithmic theory is explain
ed below.
In heterogeneous resctlons a3 between & solid phase and a

gas (24), 1t is generally assumed that the surface area exposed
‘t0 the gas is g determining factor in the rete of the resction:
and the term "surface srea" includes the very irregular surface,
cracks and mlcroscople flssures sccessible to the reactant.
Conslder, therefore, an irregulerly shaped body of coke with
such & surface a8 shown In the sccompanyling diegrem, Fig. 15.

By & geometrical thereom, the welght W of the specimen ls pro-
portionel to the cube of any of 1ts lineasr dimensions,

(Ll,Lg, etc. ), end the surface area A to the sguare of the

chosen linear dlmension. Mathematicallgy,

¥ o 1.8
and A o LE
from which A o Wo/3, mmee- (1).

Let the chemlcal remctlon between coke
and alir proceed at this surface for a
time t in such a way that the original

volumetric outline is preserved in

minlature as the surface decreases.

This proviso 1s the characteristic con-

dition of the process of combustlion and

wlll be amplified later.
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The total weight of the sample W comprises -

(a). the weight of the still unburnt coke, which 1is
represented in Fig. 15 by that part of the dlagram
within the unbroken outline, and

(b). the welght of the ash layer resulting from
combustion during time t.

If L' and L be simllar linear dimensions of the,coke at zero
time and time t, respectively, and D and D' the welght of unit
volume of the coke and ash, then by (&) and (b)

W= M{(DLS + D' (113 - 1.3))

1]

M(D = D')I® + MD'L'S

1;ef, w
or Wz=al® 4b  eeemmmemmcme—ee (2)
where 8 is & constant equal to M(D - D') and b 1s 8lso &
constant equal to the welght of the ash in the original specimen.

Combining (1) and (2), thus eliminating T, _
‘ 2/3

A (W = B)%/° e 3).

a 55 (3)

At this stage let us mssume that the rate of the vesction de-
pends upon the surfsce sres exposed to the air, then

L

= A
o W-p)/3 from (3).
a
Hence by Integration,
W-)YB 2 cut & O commemee (4),
or, alternatively, eqn. 3 may be expressed,
1/3
QLEE%LEl 1s a constant.e--wa=-- (5).

The linesr relationship of (4) or the gradient constancy of

(5) have been substantliated by the several hundred coke com-
buétions performed in the manner of this test. The log. welght/
time curves of Figs. 13 end 14 have been redrewn to the new
scale co-ordinates to illustrate the unlversallty of the cube
root relationship, even In respect of exceptions %o previous
mathematical lews. While recognising the negetive eharactéf of
the gradient of (5), for convenlence the curves are plotted as
shown and the positive gradlent of the acute angle between the

time axls and the curve used a3 a measure of the combustibllity




. Fig..16.

Combustibility Curves for Coke G.

Note - Rate of air supply for these experiments
is 59.9 gmss/min.
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Combustibility Curves for Graphite.

Note - Rate of air supply for these experiment
is 59.9 gms./min.
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under the recordsd conditions of temperature and air supply.
The units chosen are gram—l/sminutes and the noted value of the
gredient 1s 100 times the real value, thus preventing confusion
by the use of Ateo_ many zeros. These gradlients at the corres-
ponding_tempgratures of combustion are shown in columns 1 and

2 of Tebles 7 to 14, Incluslve, for the varlous carbonasceous
materials, whose anslyses are glven in Table 6.

The most striking characteristlic of the above expression
1ies in 1ts unusual term, the cube reoot of the welght less
unfamiliar i1 described as the welght of the sample per unlt
area of surface. This "substitution" function defines the con-
centratlion of the resctant indirectly, but avolds the ;nsur-
mountsbls héndieap of measuring the absolute ares of the coke
surfece at any defined instant.

The apparent linear dependence of log. welght and time in
coke combustibility graph constfuction cannot be dismissed
without comment. In the ﬁerformanca of & combustibility test,
the range of observed welght readings of an average burning
sample extends from approximetely the initial welght (es an
exemple, say, 15 grems) to a point where 80% of that welght has
been burned away (3.5 grams). The time teken to effect com-
bustion of such & mass of coke varies with the experimental con-
ditlons of test, e.g«, the coke itself, the temperature of
combustion, etc. The exact location of a smooth curve with re-
spect to the 24 observations of a combustibllity test of this
‘everage" coke depends upon the subjective judgment of the opera-
tor, and thls llcencs has in the case of the logarithmic
hypothesls obscured a resl slight concavity of the log. weight/
time curve for cokes burning under the present‘experimental
conditions. The greatest irregularitles occur at a time when
the vitlating conditions associated with the loss of aéh at the -
canclusipn of an experiment are operstive, and to this fector
was sttributed the curvature of the "straight" line. With no

theoretlical basls for the then existing data, the acceptance of
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In the following Tables k 1s expressed as (grems) /5/m1nute
end T In the absolute Lemperature sesle. The ecaleculation
of k¥ in the lgnition range has not been attempbed.

TABLE ¥.
THE MORGAN CRUCIBLE CO., MANUFACTURED GRAPHITE.

For thils material, the relation between k and T is given
by the equation,

log.k = - 8232 +  1.0979.
k. Temperature. log.k. Calculanted
2,203 930 , 0.3424
2.670 975  0.4265 0.4281
3.0850 ~ loss 0.4843 0.4837
3.310 1173 . 0.5198 0.5198
3,550 ’ 1262 0.5502 ‘ 0.5533
3.800 1360  0.5798 | 0.6860
4,250 1471 o 0.6284 . 0.6179
TABLE 8.

COAL, BRIQUETTE J.

Por this material, the relatlon hetwesn k snd T 1ls glven
by the equation, ‘

log.k = -588 4+ 1.0302
k. Tempersture. log.k. _ Calculated
Q. . TIog. k.
3.111 765 0.4928 0.4830
34430 858 0.8355 0.5380
3.6092 942 0.5670 0.5628
3906 1034 0.5911 0.5987
© 4.110 1108 0.6138 0.6253
4.283 1178 0.6314 0.6380
4.500 1240 0.6532 0.6548
4.670 1300 0.6693 0.6691

5.103 1425 0.7076 0.6957

i e aTE e e S £ T e = o s



TABLE 9.
CORKE D.

For this meterlial, the relatlon bebtween k and T .1s glven
by the equetion,

. - 510 0.9684
log.k ‘F e ot 6 o
» . B830YC.
between the spproximate limits of temperature, 945°C
Above 896°C, the relationship 1s given by,
logak = - g-gi + 1.3490.
k. - Temperature. ' Log.k. Calculated
,. ’ ) .-O-—C-. ' Iog.k'
2.335 s . 0.3674
3.175 830 0.5011 0.5061
3,640 930 0.5611 ’ 0.5445
4,037 1000 " 0.6053 0.5096
4,170 . 1042 0.6200 0.6236
4,533 , 1110 0.6561 0.6549
5.364 1222 0.7292 0.7193
5.650 1342 0.7520 0.7583
6.320 1485 0.800%7 0.8084
TABLE 10.
COKE E.

For this materlal, the relstlon between k and T is glven
by the equation,

log.k = - 210 * 0.8336
' 800°C

between theé epproximste limits of temperature, ;..000

Above 1040°0C, the equatlon takes the form,

log.k = = lﬁgﬁ + 1.5880. |
k. Temporature. log.k. Celculated
‘ °C. “Tog.k.
2.310 . 804 0.3636 0.3601
2.560 915 0.4082 0.4043
2.733 B 1022 0.4378 0.4398
2.860 ' 1075 0.4771 0.4772
FeB12 1128 0.5198 0.5178
3.590 1182 0.8551 0.5572
4.000 1250 0.8030 0.603%7
4,830 1328 : 0.865861 0.65158

5.050 1430 0.7033 0.7076

i o e W O -




TABLE 11.
COKE F.

For this meterial, the relstion between k end T 1s given
by the equation,

log.k

= -2 -

0.8224

840°C.

between the limits of temperature, spproximately, 10500¢

k.

2.260
2.500
2.732

54360

Temperature.
oC,.

840
955
1040

1132

TABLE 12.
COKE G.

log.k.

0.5641
0.3979
0.4562

0.5263

Calculated

Tog-k-

0.3642
0.4003
0.4340

For this meterial, the relation between k and T is glven

108.1{

by the equation,

0.7614.

This condition holds between the 1imits of temperature,

Avove 1200°C, the relationship is given by,

1.803
1.963
2.070
2.162
2.333
2.500

2.800

3.290

log.k

8350C to 1200°C.

= _ 3030
T +

Tempersature.
O -

820
855
863
930
1025
1128

1246

1338
1425
1510

2.3925.

0.2553
0.2923
0.3160
0.3365
0.3674
0.3979

0.4472

0.5172
0.6020
0.6928

Celeculated

IOg.E.

0.2998
0.3135
0.33756
0.3685
0.3974

0.5117
0.6081
0.6929



TABLE  15.
COKE H.

For this material the relation between k and T 1s glven

between the approximate limits of temperature, 1

by the equation,

log.k

510

= _-_If_

0.8565

Above 1000°C, the equetion becomes,

- 980

838°C.
000°C.

10g-k hnd T + 1'2752 .
k. Tempersture. log.k. Calculated
o oC. , Tog.k.
1.744 770 0,2405
2.500 855 0.3979 0.4044
2,760 952 0.4408 0.4402
2.900 1000 0.4624 00,4557
3.182 1025 0.5024 0.5202
3.571 1092 0.5527 0.8573
4,000 1175 0.6021 0.5991
4.480 - 1295 0.6513 00,6502
4,762 1365 0.6776 0.6770
5.080 1450 0.7059 0.70685

TABLE 14.
COKE K.

For this material, the relstion between k and T 1s given
by the equetion,

log.k = —'§%Q - 0.8744
820°c.,
between the spproximate limlits of tempersasture, 9759C
Avove 975°C, the relastionship 1s given by,
: log.xe = - 2900 2,0632. |
k. Temperature. log.k. Calculated
' oG- Tog.k.
2.163 775 0.3345
2.871 825 0.4099 0.4100
2.833 935 0.4518 0.4521
3.480 1040 Q0.5416 0.5400
3.700 1080 0.5682 0.5846
4,920 1180 0.6920 0.6868
5.444 1242 0.7356 0.7431
6.730 1345 0.8280 0.8272




34..

8 linear dependence of log. welght and tlme can be understood.

The exceptions to the emplrically formulated log. law
magnify the inherent curvature of these curves by extending the
range of observations of (a) weight and/or (b) time beyond the
confined limits of the "everage" grade of coke, and this is
11lustrated by the followling examples.

{1). A complete combustibility curve for the dense

menufactured graphlte of these experiments entalls 40

readings compared with 24 for "average" cokes. The

appropriate curves are shown 1n Fig. 12,

(2). The effect of burning ell cokes, etc., with reduced

eir supplies 1s to elongate the log. weight/ time curve

in the direction of the time axis. Thils produces the

bilinearity common to (1) and this 1s shown in curve

of Flg. 14.

Under 2ll experimentsl conditions, however, the mathematic-
8lly deduced cube root law satisfies fhe results of sny com=
bustibllity test rigidly. The one apparent exception, anthracite,
cén be correlated by & corollary to the fundamental sssumption r
of the cube réot equation, and this is fully treated below.

© An investigation of the combustible properties of the
"semicokes" (of which family the anthracites may be considered
e natural member) was a loglecel step 1n the appliéation of the
present test, 1n whole or in modifled part, to the problem of
the burning of gl11 solild fuels. The analyses of the anthracltes
used in these experiﬁents are shown in Table 15 under columns A h
and B, together with the self-explanatory diagram of the
geologleal conditions of Pig. 18. The effects of whin intrusion
near the Knott seam are reflected in the differences 1n physical
properties of the 2 types of anthreciltes. The burnt anthraclte,h
for exemple, while retaining the banded structure of the origin-
&l bedded meterial, ls dull, powdery, columnar and easily ground,
whereas the "normal" variety is lustrous, hard and splintery.
These contrasting cheracterlistics complicated the preparation of
the standard test pleces from elther meterial, since under
pregsure on the grindstone the samples cracked slong incipienﬁ

cleavage plenes or flaked concholdaelly. Drilling was impossible
and thils led to the introduction of a thin welled alundum



Fig. 18.

Diagraemmatic sketch of Coalfield from which
Anthracites were taken.

Surface.
Degth.

Seam. Fathoms. Thickness.
Rockhead 17 - I
Hartley Coal 23 - 119"

Greenyards 30 17"
Upper Main. 40% 2"
Main 43 Zrh
Enott 50 3T . =
(Burnt Anthracite
taken from here).
Whin Float - 14% fathoms.
Lower EKnott 80% 213"

(Normal Anthracite taken
away from necks of whin)

Whinstone 154 504 fathoms




Moisture.
Volatile Matter
less moisture.

Fixed Carbon.

Ash.

TABLE 156.

"ANALYSES o ANTHERACITES.
Burnt Normal
Anthrecite. Anthrecite

' Averaoge
Sample.
2.3 2.3
6‘9 7.9
84.7 a87.2
6.1 2.6
A B

Normal
Anthracite

g BCI&I
Semple

2.4

7.7

87.7

2.2
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conteiner as o modificetion of the ususl suspension. The
choice of design wes determined by the preheating conditions
of the test, since in attelnling the combustlon temperaturse the
normal hest saturation of the specimen was sccompanied by spall-
ing and mechanical cracking, and the semi-solid side wall of
the container prevents the collapse of the component fragments
of the shattered anthrecite. The conbtributory cesuses of this
rupture are twofold. -
(1). There is a large evolution of ges during the pre-
heatling time. The amount of this evolution cen be gauged
by the loss of 5.5 grasms during preheating.
(2). The 1lnherently brittle nature of the physicel
structure, which only weakly reslsts the high internsl
pressures developed by (1).
For the first series of experiments the semples were
chosen indiscriminately from the block masses of the "normal"
anthracite (as recelved), each semple providing two stendsrd
speciments t0 be used as duplicates. The combustibllity test
is compieted under the standardised conditions of alr rate and
pressure, hitherto used, and the usuel observations of welght
and time made. This experimentel technique 1s unsatisfactory.
however, since it fails to control the conditlions of the experi-
ment and, consequently, makes the duplication of results im-
possible. This lack of control 1s due primerily to the shatter-
ing of the anthracite, whleh 1s subject only to the statistical
laws of cheance, and in a lesser degree to the unknown distri-
bution and structural arrangement of the petrcloglcal con-
stituents. That the fregmentation of the anthracite cannot be
accurately estimated is shown by the following "counting" experi-
ment. Two mateched semples were lowered at the same rate into
e furnace et 900°C, and left‘for 5 minutes. When withdrawn, one
had split Into 8 and the other into 12 parts. ,
For various ressons, graphicael presentation of the results
obtained does not resdlily reveasl the effect of the compliceting
varisbles mentioned above, and the method of Table 16é has,
therefore, been sdopted for reference in the following explana-

tory stetement. All deductions from these results, however, are




TABLE 16.

Showing the effect of the”complicaﬁing varisbles,
affecting the combustion of anthracite. = =

Condition of Temperature Welght lost by Time taken

sample. of Combustion of to effect
experiment. Standard Semple. stated loss.
. OC. . m. 8.

With laminations

parallel to alr 822°¢. 8.0 grams. 30 05

blast.

A'

With laminations : .

trensverse to 8220¢. 8.0 grams. 34 05

gir blast. ) :

Laminatlons trensverse to elr blast
for all further experiments.

Showing the effect

B.of uncontrolled (1) 1200°¢ 9.5 grems. 25 .23
rupture of the
specimen. (2) 1270° 9.5 grams. 28 o7

Crucible with

crack slong its 1120°¢. 9.0 grems. 20 34
length.

C.
Crucible without . T )
crack slong its 1120°C. 9.0 grems. 256 35
length.

Samples taken

p.indiseriminately (1) 972°cC,. 8.0 grams. 22 12
*from the general X
semple. (2) 990°C. 8.0 grams. 35 52

Showing that

circumstances - (1) 1035°¢. 9.5 grams. 36 57
E.may operate t A
allow of (2) 1045°C. 9.5 grams. 36 51

duplication.
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contingent on a recognitlon of the assumptlion that in the
duplication of experiments with samples taken from the same
block, -the variebility of the shattering does not entirely
obliterate the effect, named as responsible for the difference
in combustibility.

By increasing the surface areas sccessible to the alr blast,
the rate of combustion is naturally sccelerated (25,26). The
origin of the aresl extension 18 the lsmellar junctlons of the
banded anthraclte which, ss plasnes of mechanlcal weskness, are
prone to inciplent eracking. Condition A of Table 16 would
appear to show that the rete of reasction depends upon the re-
lative direction of the exposed surface area to the air stream,
but since this conflicts with the proved statement that "the
origlnal volumetrlic outline 1s preserved throughout combustion",
the conclusion must be accepted with reserve. Neverthelééé; as7wf
a precautlonary measure, to eliminate this "varlable" in all
further experiments the anthracite ssmples ére ground to have
the bands horizontal, l.e., transverse to the dlrection of the
alr stream.

Condition B proves indirectly the essertion in the first
sentence of the lest paragreph. By the uncontrolled rupture of
the specimens, a coal can appear to burn quicker at 1200°C than
at 1270°C, showing thet the degree of shattering may neutralise
and, as in this case, even reverse the effect of incressed
temperature on combustibility. The sensitivity of the snthra-
cite to varistions in the alr supply (26) is 1llustrated by
Condition C. 5ur1ng g duplicate experiment, the alundum contain~-
er developed a crack in 1ts side well, which afforded the air
blast an alternative and easier route to the combusitible sur-
faces, The lncreased combustibility is a measure of the increass
ed concentration of the gaseous reactant. The Intentionslly
indiscriminate sempling of Condition D illustrates the effect
of petrologlical differences, whereas example E is an isolated
Instance of the possibillty of duplicating results. The chances
by these experiments of duplication are 1 1In 40.
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The . difficulties of proper sampling are apparent but are
eliminated by confining the second serles of experiments to
stendard specimens teken from a slab, 1 1/8 ins. thick. The
~analysis of this speclal sample 1s given In Table 15 under
that heading, snd a graphieal record of the changes In com-
bustibility with tempersture in Fig. 19. The cholee of ordinate
(W~b) for the construction of this Figure, though arbltrary,
forms & convenlent and derived meathematlcal mode of expressing
the further clrecumstances of the burnlng of anthraclte.

The fundamental theory of combustion stresses the vital
part pleyed by the surface ares of the materisl exposed to the
alr, but equally essential to the theory 1s the progressive

diminution of the original surface outline during burning. By

enlarging the scope of the underlined term to include the total
surface ares of all the fragmented portions of the mechanicelly
ruptured anthracite prior to the start of combustion, 1t is
possible to account mathematically for the progress of anthra-
cite combustion. There are two possibilities.

{1). That combustlion proceeds from the surface of the
defined sreas in such a way that the varlous and Ilrregular
shapes of the orliginal parts of the cylindrical whole are
preserved in minlature. This condition 1s comparable to that
used to express the mechanlism of coke combustlon, and as
previously,

(W~b)1/5 = -kt + C.

(2). That concurrently with the above actlion there 1s a
further shattering of the brittle anthracite, the effect of.
which 1s to expose & greater aree to the blast than would
normally be exposed at the same Instant by continued com-
bustion under the conditions of (1). The extent of this
secondary breskage 1ls not accurately known for any tempera-~
ture but the rate at which fresh surfaces sre formed may be

(&) less then,

(b) equal to, or

(e) greater then
the rate at which the total surface area is belng reduced by
combustion. Some uncertalnty surrounds the mathematical
expression of conditions (a) and (¢) but for (b),

- g% = k!
or, (W-b) = k't + C'. (23).

This 8implified formuls has been used ss a detum line to
determine whieh of the three possibilitles detalled sbove 1s
the appropriete for the specific experimentel temperature
under considersatlion.

The curves for experiments at 8150C and 880°C, which are



Fig. 19.

The effect on Combustion of Secondary Rupture
. of Anthracite.

Note - Rate of air swupply for these experiments
is 59.9 gms./min
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concave to the time axls in Fig. 19 are linear when redrawn to

& scale of (Wwb)l/a/time. This confirms an impression gained

in the first series of experiments, that at the low combustion
temperatures either of the conditions (1) or (2a) holds, i.e.,
elther primary rupture is completed during the preheating time
to these temperatures, or alternatively the amount of secondary
carcking during combustion is slight. From IGOOOC to 1150°C,
the secondary rupturing following on the normal primary cracking
approximates to a stage, where conditlon (2b) 1s effective, i.e.,
as much fresh su;face 1s formed by rupture as is removed by com-
bustion. Above 1150°C, there is sn acceleratlon of the finsal
phases of combustlon, witness the convexity of the ecurves to the
time axis, implylng & rapid rate of ereal Increase due to
shattering. It must be recognlised that these curves give no
idea of the extent of primary rupture durlng preheating, and
this can only be measured by the "counting" method. The com-
bustion at surfaces other then that of the supe&ficial area of
the eylindrical semple is very well shown by the presence of
1nﬁgrnal bands or layers of essh. The composition of the inher-~
ent. ash is varlable, illustrated by the different coloured bands
‘which geparate one constltuent of the anthracite from the
aedjacent oﬁe, but surprisingly no distinctions in colouring are
noticeablé in the usual esh layer surrounding the sample as a
whole.

The third snd final serles of experiments with the asnthra-
citic coéls was made with the burnt variety, the analysis of
which will be found in Table 156. The combustibility test con-
ditions sre the same for the present series as for the previous
ones. By slowly lowering the standard specimen into the furnace,
however, 1t was found possible to reduce to & minimum, i1f not
entirely prevent, the shattering so characteristic of the
ordinary anthracite. A amall amount of interleaving of the
coal with layers of ash is viéible at the end of experliments -
probeble evidence of a slight internal craeking. The usual

observetlons of weight and time are tsken and plotted to & scale




'e'éjlfjg

(W = b

L CBig. 200
Normal Combust:bllnty Curves for Anthracite
in the absence of secondary rupture.” )

Note - Rate of alr supply for bhese experiments,_‘~:
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of (W~b)l/3/time,-as shown in Fig. 20. The linearity of these
curves in the range of temperature quoted is in complete con-
trast to the varlable curvstures of the curves of Fig. 19. As
to whether this can beleonsidered e true satlzfactlon of the
general theory of combustion, or whether condition (2a) may

also be operatlve to some small degree, some doubt must remain.
The genersl appllcatlion of the same Formula, however, allows

of the comperstive measurement of the curve gradient for each
temperature and the construction of a“eembust1bility/témperature
curve on & thermodynamical basis to be discussed later.

The poslilon mey. therefore, be summed up thus. That for
all s011d fuels, whleh do not disintegrate during. combustion,
the condition Qﬁg%ﬁll/g remains constant for any temperature.
If coprrespondling velues of (W~b)1/5 and time are plotted
graphlcally, the above constant is measured by the tangent of
the acute positive angle between the time axis and the curve
itself. The particular value of the constant for any fuel
variety incresses wilth temperature, but the formulation of a
probable relationship between these functionas is postponed for
a survey of the physical characteristics of combustion,

At the end of every combustibility experiment, the sample
1s examined mmecroscopically. As removed from the furnace, the
test plece conslsts of a core of unburnt coke, 2 replica in
contour and dimensions within near 1limits of the originel
geometrlical shape and proportions. Thils core 1s surrounded by
an ash covering whose external surface is similar to the con-
flgurations of the initlal coke standard, but sbove the melting
polnt thls ash "coat" is dispersed indiscriminately on the coke
surfaece as molten globules. The reproduction in miniature of
the coke at any stage of the combustlon 1s independent of the
surface lncombustible, and this cannot be overstressed since it
emphasises the dlistinctlon between the logarithmic snd cube root
theories of burning. The choice of the latter is not merely an
academic guestion of exactltude ms agalnst approximetlon, buk a

distinction in the deeper and more fundesmental physilcal
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interpretation of the mechanics of combustion.

The empirlecism of the log. theory and the thieckening of
the ash cover as combustlon proceeds led to & tacit assumption
that the determining condltion of combustion was the rate of

diffusion of air through the ash cover, which when solid acted

as an increasingly resistant seml-permeable barrier to the
penetration of the alr stream to the underlying carbonaceous
surface. No explanatlon was tendered for the persistence of

the diminishing rate of welght loss when the ash melted, s=ince

by the globularisstion of the ash on liquefaction fresh coke
surfaces were exposed with no impediment to the alr blast. By
the essumptions of the cube root law, however, the ash in what-
ever form or content it may be present 1s relegated to secondary
importance as the neutral filling metter, and can be dismlssed
es the mechanicelly controlling factor of combustion. The out-
standing condition which regulates the rate of combustion is
+the extension of the combustlble surface area, the role of the
ash being that deflined sbove. To thls limitatlion of ash
fanction must be added the proviso that all ssh compositions have
s0 far been of low Interfacliel tenslion, and do not wet the sur-
face of the coke. The effect of a thin 1llquid film over the
burning surface would naturally introduce a new vlital factor.

| & distinction must be made at this stage between the ash
which appears as thin flat shaly pleces, brown or white In
colour, aﬁd the ash which exhiblts the cellular structure of the
coke. Tt 1s the latter with which this discussion is concerned.
The appearance and coherent stréngth of the ashes of the cokes
of this work vary because of the differences in both composition
and distribution. For example, the ash cover for Coke G 1s more
coherent than thaet of Coke E, snd this may be due to the larger
pores of the latter which burn to & "strained" or weskly support-
ed cell wall. Tﬁe percentage ash also affects thils strength and
the thickness of the cell well of ash may essume molecular pro-
portions or large thicknesses elther leading to ultimate

collapse. An analogy to ash behaviour would be the relative
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strengths of different sizes of soap bubbles wlth varying
thicknesses of soap film. The comparatively low ash of the
briquetted coal coupled with 1ts structureless character pro-
duce a furry deposlt, which below its melting polnt sinters to
aive the effect of a peeling skin. A somewhat simllar effect
is seen in the experiments wlth the anthraclte of the second
series of experiments.

Visual examinatlion of the transverse and longitudinal
sections of the core reveals a narrow metallic grey rim, 1.0 mm.
in depth, surrounding a still inner core. This rim iz apperent-
1y a shallow zone of renewed coking at a temperature higher than
that experienced in 1ts previous industrial manufacture, and & )
minlmum estimate of this skin tempersture in the inltlal stages
of the combustibility test as distinet from the recorded wall
temperature is shown in Table 17. The flrst few points of the
cube root curve lle on a curve of steeper gradlent than the
later reasdings due to the transient condltlons operstive at the
commencemenh of the test. By calculation of this gradlent of
intense combustion and the temperature corresponding to 1t,
column 3 of Table 17 has been complled. The observed tempera-
tures of column 2 have been obtalned wlth & Vanner opticael
pyrometer end are not truly comparable to those of columm 3, .
since the calculated figure refers to the shallow layer st the
surface of the coke, whereas the observed figure measures the
average rise over the whole top surface of the coke. This pro-
bably eccounts for the discrepancy in the two columns.

- In contrast to the invariebility of the eppearance of this
rim is the chenging aspect of the inner core. This may under
certain experimental condltions be indlstinguishable from the
original coke, sooty or even.olly but generelly, sincé infrequent
exceptions have beéen noted, the nsture and extent of core changes
depend upon the previous history of the coke in relatlion to the |
temperature and time of its combustion. This "historical®
condltlion determines the range of temperatufe below which no

poslitive visual change in the core 1s effected. Interruptlion




TABLE 17.

Rise 1n surface tempersture of coke assoclated
wilth the passage of alr blast.

Temperature of Observed temp. Caleculated temp.
coke before the rilse in coke rise in coke
passage of alr after passage after passsge
blest. of elr blast. of alr blast.
{oCy. (oC). (oC). ‘
GCKE E. 890 20 275
1000 60 228
1125 45 125
COKE D. 890 65 160
1018 65 110

1130 0 ' 0

T W T e e 436 B A e Al i e e W T T S S T n e
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of the combustibility tests at irreguler time intervals have
shown that within certain limits of observation the extent of
core modificetion is a functlon of the time intervel that the
coke is sbove the eriticsl tempersture range. These factors
evidence decomposition of the c¢oke ss the obvious explanation,
the instebility ettalnlng notlceable proportlons at snd sbove
the range of temperasbture of coking manufacture of the specimen.
under test, Thls statement sgrees with the deflinition of
-temperature of "recarbonisation" given in Chapter 1 and will be
more mccurately defined in the discussion of the curves of com="
bustibllity/temperature to follow.

A feature of the modern attitude to homogeneous chemicel
reactlions has been the thermodynemical blas attaching to the
elucidatlion of the problems of such resctions based upon the

Arrhenius eguation (27),

d(lo ok) - - B o > "
d(log.k) Z (1),

répresenting the variation of the reactlon veloclty k with
temperature T. R 1s the well known ges constant. Various
interpretations of the constant E the "energy of activation”
have been mooted, but for the present the author feels justified
in defining E as the minlmum energy which the molecules of the |
two reacting substances between them must possess in certaiﬁ
form or forms before chemical reaction can be initlated and
maintained. The difficultles assoclated with heterogeneous
reactions, however, are menifest and 1t 18 proposed without
proof to use an analogous concept to equation (1) to correlate
the observed rates of reaction of heterogeneous activity with

temperature, l.e.,

d{log.k
e — @).

k end T are interpreted as in eqn. (1). A is proportlonal to
the energy requirement for the combustible/air resction.

Integrating the above equation

log.gk = . £+ B ; C— (3).

B is the integratlon constant.
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The definite Integral limits sre Imposed sinece the linear ex-
pression can onlj be teken to apply within a range of btempera-
ture, Tl?’ where the mechanical processes of conmbustion are com- -
parsble and the only varisble 1s temperature. The method adopt-
ed for the presentetlion of the facts on this hybothesis is that
of Tebles 7 to 14. Columns 1 and 2 detail the observed values
of k and the temperature of its measurement. The equations
satisfying these results are glven In the prefaced remafks to
these Tables, and the difference between the observed values of
log. k and the values caleculated by these equations cen be com-
pared by columns 4 and 5. Fig. 21 reproduces graphicelly the
correspﬁnding values of log.k {the base of eqn. (3) 1s changed

from the Nepilerisn to the common logerithnm) end 1 of Tebles 7,

T
8, 12 for the "artificial" materisls, graphite and coal brl-
quette for Coke G. The curves for these meterials have been
chosen as representing all the possible curve types obtalned by
the dpplicetion of equation 2.

The linearity within certeln tempersture limits of the
curves for the pressure formed briguette and graphite would
appear to serve as prima faecle evidence of the proposed
theoretical assumptlons embodled 1In the equatlon. Below the
lower limit Tl of eqn. (2) and within & narrow range of this
temperature, the stralght line tends to develop a curvasbure
such that the rate of reaction falls rapidly to zZero, and this
deterioration in combustibility is due to the chiiling effect
of the elr blast on the coke surface layers, which ere cooled to
21 temperatufe at whlch contlinued combustion becomes impossible.
While the experimental technliqgue does not sllow of the accurate
measurement of the rate of reaction within this range at close
temperature intervals, the upper 1limit T

1
range" of & coke 1s advanced with an increase in the rate of

of the "ignition

alr supply end the density equivalent. Thils latter term 1s the
mass of the standard sample used In these experiments.
There 1s no reason to suppose that the curvature of the

1gnition range 1s discontinuous with respect to the assumed
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combuatibility/temperature equation. Consider the alternative
expresslon to the logarithmic form of eqn. (3).

- % _g Ty :
k = Ce ) T, e m————— (4),
where C = antiloglOB. This exponential form, though applicable
to the major portion of the graphs of Fig. 21, may be only one
term of a general expression. By delimitlng the temperature
range for which the Arrhenius conceptlon 1s valid for the same
resctants (l.e., excluding allotropic and other changes) the
- varistion of combustibillity with temperature from ignitlion can

be expressed by

=]

&
: T
= Ce + Fe @ seemcnecmnene (8).

The velues of the constants F (whlch may be negetive) and g afe
sueh that abové the ignltlon range the ar?thmetical value of k
is not significantly affected by the second term of eqn._(s).‘
>W1th the present lnsufflcliency of data, the author in Tables 7
to 14 has restricted the température 1imits to those of
stabilised combustion and excluded any mathematical considera-
tion of the conditions of the 1gnition range (28).

The hybrid curve for the typlesl coks 1s & comparsble re-
‘petition of the curve for graphlte from ignition to an upper
finite 1limlt, which varies for the particuler grade of coke.
Above this femperature 1imit the curve contlnues to the highest

temperature as another stralight line of steeper gradlent. WNo

one simple equation will perhaps setisfy all the observed rates
of reactionvfor any one coke, but the true import of the ex=-
tension of the linear relationship lles in the contimuity of the
mechanies of combustlon throughout the whole range of tempera-
tures, in the recognition that the difference In the upper

range of temperature ls a difference of degree, not kind, and thet
that difference 1s to be measured by a ehénge of constants and
not ﬁy & change 1n the fundamental equation. The composition

and particle size of the coal chargs to the oven, the carbonis->

ing econditions, etec. (29), all determine the particular
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temperature at which the dlscontinuilty shows, but slince indus-
trial practice does not confine these variables to precise 1limits
even in the ssme oven, the chasnge In some cases occuplies &

' fange of tempersture. The quotation of a specific temperature

1s convenlent, however, and 1s calculsted by the extrapolation
of the two stralght lines at their Junctlon.

The 1dentiflcatlon of the conditions determining the
transition temperature of coke beheviour with the conditions of
recarbonisation (see Chapter 1) emphasises the dlstinction to
be made between the "stable" and "metastable"™ phases of coke,
the transition boundary belng determined by the complete history
of menufacture previous to combustion. The term "coke" 1s in-
definite 1n that it is applled to all produects of a thermal pro-
cess of infinlte varleblllty, thereby obseuring the fact thet
any one coke is not an ultimate entity but = product stable
within the temperature limits of its production, though subject.
to further transformatlon when these limlits ere transcended.
Where, for example, the maximum tempersture of combustibility
does not epproach the formation temperature of graphite (2000°C)
or where the burning material undergoes the same processes of
change throughout the temperature range of combustlibllity as
for the coal briguette, for these materlals there 1s no hybrid
combustibllity curve but the stralght lines of Fig.21 since
there is no change in the mechanism of combustion within the
range of these tests.

In formulating a theory to accoﬁnt for the effect of temper-
atﬁre on reactlon velocity, the asuthor has rejected any mechan-
istlc explenatlon In the present state of knowledge of the com-
plications of atomic surface structures of coke at room and
(more important) combustion temperstures (13). Experience of
other heterogeneous resctlons has shown the value of the energy
concept of Arrhenlus, and the assumption of its modifiestion
here avolds the speculatlion of possible atomic and molecular
activity. By extending the snalogy further, A 1s defined &s &

function proportional to the minimum energy which the molecules
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_of the reactants of the coke/air resction between them must
possess in certain form or forms for the maintenance of com-

bustion. Any perticular minlmum value 1s operstive only within

_the temperature limits of similar internal activity (if any) of

" the fuel, whether due to recarbonisation or graphitisation, but

the dependence of combustlbility on temperature ls unaffected
by the degree of activity.

. With the sir supply of these experliments, the value of A
is peculiar to the individual meterisls listed in Table 6 and 15
for the burnt enthrecite. The arithmetical values of the con-
stants A and B of egn. 3 for these fuels ere essentlally
arblitrary functions of the system of units sdopted. In eddition,
however, both constants are the end products of the summation of
8 gerles of terms mathemetically deflining the effect of the
varlables affecting combustibility. These factors include the
catalytic activity of the surface, the volatlle metter and ash
of the fuel. the denslity equlvalent and shape of the burning
golid and the rate, pressure and molsture of the eir supply, but
the measurement and proper apportliomment of these factors in the
final figure A or B remains unsolved. Lacking mathématical CO-
ordination of these varisbles for calculating A, for all cokes
In the lower range of tempersture A has been réeported as the
constant =510. Thils simplificatlon hes no theoretical basis in
fact,‘but since thé number of points which can be observed with-
in this short range of 150°C is limited by the experimental
technique, the above gradlent has been chosen as g near approxi-
mation to the real value of the gradient. As wlll be shown
later, thils erblirary conatancy of A for all cokes ls not dupli-
cated for other lower rates of air blast.

The omisslon of any reference In the definitlon of A to

the initiation of combustion is intentionel (ef. E in eqn. 1),
and 1s & consequence of the diserepancy between experimental
results In the ignition range and those celeulated by egn. 3.
The second term of the extended Arrhenius eguebtlon, egqn. 5,

Introduced to correct thils existing difference 1s & measure of
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the complex activity of oxygen at a carbon surface (investi- -
gated in Chapter 1) at or preceding ignitlon, a2 measure of the
inertia of the carbon to burn. The negligible value of this
term sbove the ignition renge has already been noted. It 1is
doubtful whether this denotes a virtuel disaeppearsnce of the
precedent consecutlve reactions to combustlion or an intense
scceleration of these reactions.

The calculation of B from the constants of the fuel, 1l.e.,
ash, density equivalent, etc., has been unsuccessful also. An
attempted correlstion of B with the calorific value of the fuel
has shown some dependenceibut no deflinlte relatlionship has been
establlshed. There appesrs to be no definition of B comparsble
to that of A from the Arrhenius equation asnalogy.

No preclse argument has been adduced to justify the adoption
of the Arrhenius equetion to relate the resction veloclty of the
coke/alr reactlon wilth temperature, and other possible empirical
equations exist. Only consideration of combustion as an ordin-
ary heterogeneous chemical reaction obeying the laws shown
theoretically and practically to exist for simlilar types of re-~
actlivity, can justify the sssumption of these same lews for
this case. Untll further evidence accumulates to prove that
combustion 1s an exceptlonal chemlcal sctivity of Nature, there.
can be still less reason for sn emplirical formule to replace
that assumed in this discussion.

The research so far reported has been confined to the efféct
on combustibility of only one experimental varileble --
temperature. Two serles of experiménts were‘designed, there-
fore, to 1llustrate the changes in combustibility of -

(). variations of the rate at which air 1s supplied to
the coke sample (25,30), and

(b). alterations in the linear dimensions and contour of
the standard coke test specimen (31).

The proper determination of {(a) requires an exact knowledge
of the value of the alr rate and this is achieved by celibration
of the Venturi meter in the alr circult with the design of
apparatus of Flg. 22. (Cf. alr circult for combustibility test,




00T

06" ik

mWI-
08°*

OT X

—JE

SL°

CL*

G9*

09°

gg*

*UOT 1 SUqUI0)

107 L7ddng JIT¥ JO s918Bd

ETIOTJIBA

JUTST pPeuUIBlqo

Y

*STd

‘Q exon J0J seadn) A4TTTATIASNQUOD

-y 030,1

0g "

0G*

\O@ .

ION&-

To8”




gg*

B

1B t%or]:

Lrddng a1y IO

“UO0 T4 SNQWON J0J

seq8a

SNOTJBA SULSIL PAULBIQO § 930 J0J SeAdN]) AJLTIALdSTOUON

0350

o%°*

oG-

09°

oL®




48.

Pig.10). The meter is oﬁe corrected for érror between the
maximum end minimum rates of this series of experiments by the
appropriate department of the Board of Trade. The range of
alr rates 1s controlled by adjustments of the main and-model
valves and for several of these rates the times teken to pass
10 and 20 cb. ft., the Barometric preasure and the temperatuﬁe
of the air at the Inlet to the meter are noted. With the allow-
ance for the mccuracy of the meter and with a knowledge of the
density (gms./litre) under the experimental conditions of
temperature and pressure, the alr rate is calculated convenient-
ly as grems per mlnute. This method of quotation of rates dis-
penses with the recital of the alr conditlions, temperature and
pressure. Since the bore of the constricting jet of the
differential manometer 1limits the renge of rates which cen be
aceurately mesasured, thraé different jJets have been calibreted
and used to glve maximum readlings of pressure for combustibllity
tests.

The usual combustlbility test was performed with Coke D
"and Coke E with four and two different rates of alr supply,
respectively, and the complete data relating to these experi-
ments are tabulated in Tebles 18 to 21. The graphical repre-
sentation of these results 1s given in Flgs. 23 and 24 on the
agssumption of the valldity of eqn. 3. In general outline,
these hybrid curves are similar to those 1llustrating the com-
bustibility/temperature behaviour of a2ll cokes burned under the .
air condlitions of the previcous resesrch. There are, however,
certain differences which have been condensed for reference in
Tables 22 and 23 for both cokes. With decrease in the rate of
the alr stream, there 1ls -

(1). an increase In the value of A in both ranges of
the bllinear curve.

(2). a decrease 1in the value of B in the lower tempera-
ture range,

(3). an increase In the transitlon temperature, and
(4). & decrease 1n the temperature at which ignition

first becomes noticesble. This 18 not apparent ln the
curves themselves but 1s noticeable 1In practice.




TABLE 18.
CORE D.
Rate of alr supply = 43.9 gms./min.

For this material, burning under the conditlons of alr supply
detailed. above, the relation between k and T 1s given by
the equation, ’

logx = -2 4 .ge30

(e} .
between the limits of temperature, approximately, gégog'

Above 900°C. the relationship is glven by,

- . 954
log.k = +. 1.3085.
k. Temperature. log.k. Calculated
_0_0_. N ___'i() &-E'
2.050 745 0.3075 0.5074
2.195 81z 0.3404 0.3414
2.670 918 0.4265
3.360 ) . 966 0.5263 0.5386
3.630 1012 0.5599 0.5661
4.270 - 1125 : 0+6304 0.6261
4.761 1240 0.6776 0.6780
54230 1312 0.7185 0,7066
5.524 1400 0,7419 0.7383
TABLE 19.
COKE D.

Rete of Alr Supply = 19.1 gms./min.

For this meterisl, burning under the conditions . -of alr supply
detalled ebove, the relation between k and T is given by .
the equation,

log.k = -39 + 0.7962,

11 _ 735°C.
between the limits of temperature 93300 .

Above 933°C, the relationship between the two functions
k and Tp is given by,

loge k = = 2%% + 1.2070.

KL Temperature. log.k. Calculated

_g. log.k.
1,590 735 0.2014 0.2010
1.653 763 0.2175 0.2171
1,822 , 850 0.2601 0.2620
2,000 930 0,3010 0.2975
2.531 075 0.4031 '
2.994 = 1027 0.4787 0.4755
3.240 1088 0.5105 0.5066
3,390 1148 0.5302 0.5297
3,704 1230 0.5682 0.5723
4,083 1322 0.6117 0.6190

4.290 1380 0.8325 0.6299
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TABLE 20.

~ COKE D.
Rate of alr supply = 5.9 gms./min.

For thls material burning under the conditions of glr supply .

detailed. above, the relation between k and T is gilven by ’
the equetion,

log.k = - 880 + 0.8022,

T
between the limits of temperature, approximately,lgggog:

Above 1090°C, the releationship between the two functions
k and T, 1s givsn by,

log.k = . l%§é + 1.2460.
k. Temperature. “log.k. ' Caleculated.
.?_g-) IOE'!E'
1.470 763 0.1673 ' 0.1632
1.621 844 0.2095 0.2133
1.790 937 0.2529 0.2568
1.970° 1015 0.2045 © 0.2898
2.130 1102 0.3385 0.3340
2,350 1155 043711 0,3749
2.604 1242 0.4150 - 0.4183
2,811 1305 0.4487 0:4514
3,080 1360 0.4843 0.4781
TABLE 21.
COKE E.
Rete of sir supply = 5.9 gms./min.

For this materlal, the relation between k snd T 1s glven by

the equeation,

logk = =-8222  + oo
between the approximate limits of temperature, 1;8%02'
Above 1200°C, the equation tekes the form,
log.k = - l%éﬁ + 1.4621.
k. Tempersture. log. k. Calculated
- _O_gc o 1Qg-k-
1,571 782 0.1959 0.1899
1.640 843 0.2148 N 0.2179¢
1.900 1012 ‘ 0.2788 0.2755
. 2,000 - 1080 0.3010 0.3026
2.110 1168 0.3243 0.3270
2,333 1250 0.3674 0.5682
2.650 - 1330 0.4232 . 10.4228




TABLE 22.

Showing the effeect of varlous rates of alr supply
on the constants A and B in both ranges of the
combustibllity curve for Coke D, and with the rilse

1n tempersture Of Lho DLEAK WLLh loOWer aipr DL8sth.

A. A. B. B.

Rate of air Range HRenge Range Range Rise

augpl¥. below sbove Delow above in
(gms. min.) bresk break break bresek Temperature.

oC.

59.9 - 810 - 954 0.9684 1.3490 896

43.9 - 566 - 954 0.8630 1.3085 9200

19.1 - 600 -~ 9B4 0.7962 1.2070 935

5.9 - 660 ~ 1254 0.80028 1.2460 1084

TABLE £3.

Showing the same effect as Teble 22 sbove, but
' with Coke E In place of Coke D,

Al A. B. B. .

Rate of slr Range Range Range Range Rise

supply. below @&bove Dbelow ahove in
{(gms. min.,) breek bresk bresk break Tempersture.

. : OC.

89.9 - 510 - 15800 0.8336 1.5880 1034

5.9 - 540 -~ 1666 0.7017 1.4621 1200
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The dependence of A (end of B) on the rate of alr supply
1s. especially significent. It defines the essentlal role of eir
in combustion by emphasislng that the minlmum energy for the
continuance of combustion 1s not the contribution of one of the.
reactants but of both. (This conditlion had already been pre-
sumed in dlscussing the calculation of A from the fundamental
constents of the resctants). Further, the differentisl of A
with respect to the rete of air supply is a functlon of the
fuel charsacteristics,and the assumptlon of a constant graedient
for the btempersture range abéve lgnition for gll cokes burning
under the maximum rete of alr supply of these experiments has,
therefore, no factual evidence to support 1t. TIts mathematical
convenlence 1s obvious.

The rise in the transition temperature exemplifiles thet
tendency of 81l cokes to an ultimate stabllity, probably com-
plete graphitisation, and the mergence of the hybrid curve to
the single linesr combustibility/temperature curve of graphite.
Industrial coking, as the phenomenon of recarbonlsation showed,

'13 an interrupted stage in the sttalnment of this stabillity,

a stage whlch can be advanced by further annealing at a higher

temperature. The transition temperature defines the start of

e "metastable" region of pronounced internal sctivity, but does

not deny other possible internal sctivity below this tempera-

ture. The extension of the so-called "steble" renge by decresase

of the rate of slr supply ls an extension of the rogion of

lesser activity, simulating true stebility within the limits

of experimental error of the test for combustibility. The

rate of rise of the transition tempersture with the lowering of

the air supply rate differs for the two cokes and is more pro-

nounced at the lower rates of alr blast than at the higher. |

The peculiar breaks of the two middle curves of Flg. 23 have

not es yet been explalned, but 1t sppears probable that lack

of uniformity of the coke and Ilmproper sempling are responsible.
The depression of the ignition temperature with a reduction

of the rate of alr supply is to be iInferred from the curves of



TABLE 24.
Showlng the effect of shape snd dlmensions
of the stenderd semples on combustibllity.

(a) GRAPHITE.

Shape. Dimensions. Ratlo. Combustibility k
. cms . Calculated Aree meagured ab
Welght of sample. 9659C. 1154°C.
Cylinder  Length - 2.38 1.45 2.600 = 3.260
v Diameter - 2.06
Length - 2,85
Cylinder Dlemeter - 2. 54 1.24 2.588 3236
(b) COXE D.
Shape. Eﬂﬁenaions. Ratio. Combustibility k
ems. Calculated Area megsured at
Welght of Semple. the same tempersture
: 9300C.
: © Length -~ 2,22 - «
Parsllielo~- DBreadth -~ 2.22 5.49 4.000
piped. Height - 2.85
Sphere Diameter - 3,01 2.68 3.735
Length - 3.33 .
Cylinder Diemeter - 3.17 2.45 3.700
Length -~ 2.856 .5
Cylinder Dismeter - 2.54 2.38 5.540
Length - 3.81 ‘
Cylinder Dismeter - 2.86 2.37 3.429
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Figs. 23 and 24, since the curvabture at the ignition range is
not shown. Expérimental dlfficulties make the quotation of
¢combustibllitles in this Pange impossible slnce temperature
oscillations of even 5°C on either side of the experimental
temperature can meke differences out of gll proportion to the
amount of temperature fluctuation, e¢g.,lfor Coke ¥ the com=~
bustlon of 1.5 grems takes 34 minutes at 710°C compared with

7 minutes at 725°C under simllar conditions. Although the con-
ditions at lgnition have not been fully 1llustrated, 1t-w111-be
seen that measurements have been made at temperabtures outwith
the ignition range for higher rates of alr supply, l.e., at
temperatures too low to allow of measurement of combustibllity
with high rate of air blast.

The results of experiments showing the effect of shape and
dimensions of the coke specimen as affecting combustibility are
glven In Table 24, (51). These experliments were performed with
samples of Coke D and manufactured graphlite and the pertinent
data of the combustibillty test 1s gilven in the ssme Tsble. The
rotlio of calculated superficial erea to original weight of the
ssmple has been used as a messure of the various dimenslonal
and geometrical changes of the stendard test plece, and Table
24 proves that the higher this ratio the greater the combusti-
bility, although the 1limits of the ratio are not sufficlently
far apart to merit mathematical treatment. Some such dependence
of combustibility upon the shape and dimension of the standerd
sample was to be expected, and 1t was for this reason thet the
stendard sample of thls type of test was arbitrarily fixed from
the start. The reasons for the partlcular choice of shape and
dimenslons have already been delineated in the descriptlon of
the apparatus.

There are several obviocus geps in both theory and experi-
ment which 85111 require elucidation. Several of these unknowns
have been determined in Chapter 3. Others will have to walt on
the researches of pure physlclsts and mathematicians, but the

author conslders that with a proper allowance for the complexi-
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ties of the problem, the problem of combustlon has been brought
into a true focus. Coke (and this applies to other solld fuels)
has not been consldered as an exceptlonal solld obeying excep-

tionel rules. The reaction

Cs@lid + ans

is & chemical reaction subject to the same iaws as every other
chemical reactlion requiring only a knowledge of the fundasmental
constants. The identlity of these constants hes been indicated
in this Chapter and will be added to In Chapbter 3. The further
possibillities of controliing these constants in industrisl pro-

cessing of coal form the subject matter of Chapter 3.
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CHAPTER THREE.

The effect of the variesbles of carbonisation
on combustibility.

The deficiencies of industrlel cokes ss standaerds for the
accurate determinetion of general laws relating the physico-
chemical constents of solid fuels to combustibllity are obvlous.
By carbonlising on s controlled lsboratory scale, the indeter-
minate conditions of industrial coking are avoided, but even
more Important 1s the achlevement of uniformlty and repro-
duclibllity of en infinlte varilety of cokes by the permutetion
of the known varisbles of coking praectice. It 1s the purpose
of this Chapter to discuss the singular effect of each of these
varisbles on combustibllity and on the macroscoplc physical
features of cokes.

The apperatus of Flg. 25 was desligned to produce cylindri-
el coke blocks suffliciently long to provide two test pleces
as dupllcate standards for the combustibillity test and e
further»sample for proximate analysis. As a precaution agalnst
the excessive scaling of ﬁhé steel contalner of Fig. 25, a
current of corl gas was conblinucusly passed through the
Pythagoras tube, and with the geases evolved by the coal charge
during carbonisetion, was burned st the mouth of the copper
tube chimney. The other features of Fig. 25 are self-explana=-
tory.

Three varletles of coal of widely differing origin,
chemical composltlion and petrographieal distributlon were used
in the preperstion of five serlies of cokes, partlicularised
below. The anslyses snd other relevent date of the coel bases
are glven in Table 25. Each coal supply (1") was halved accord-
ing to standardlsed sampling practice. One of these portlons
was ground to psss 72 mesh B.S.3. from which baslc source,
samples of 80 grams were packed in the steel or slundum con-
téiner to glve the same bulk denslty or packed volume each

time. Such charges were then -
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TABLE £5.

'Analyses of the Cosls used in the preparation
of the Coke series.

Proximate Analysis. Coal A. Coal B. Coal C.

lMoisture. 2.3 1.4 1.5

Volatile Matter 39.6 24.5 21.4
less Molsture.

Fixed Carbon. _ 54.9 84.2 62.0

ASh.' ' 502 9.9 15-1

Ultimete Anelysis.

Ash. 3.28 10.04 15.37

Carbon. 81.71 7'7.96 73.97
Carbon (es COS) 0.04 0.06 0.04
Hydrogen 5.60 4.43 4.50
Nitrogen. l1.66 1.48 1.75
Sulphur (Total). 0.74 0.83 0.858
Difference 6.97 5.40 3.29
(Oxygen and errors).

Colour of Ash. Pale Buff. Light

pink. buff.

Character of Coke Button.

For Coal A. Silver grey, lustrous, dull pstch at centre,
swollen smooth surface, slightly filssured,
cellular, hard.

For Coal B. Dark grey, very slight lustre, slightly
swollen, fissured, cellular, hard.

For Cosl C. Silver grey, lustrous, swollen, slightly
fissured, c¢sllular, hard.
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{a). hested from room temperature to temperatures of

500°C to 1200°C at 100°C intervals st 5°C per minute,

and maintained at the proposed final tempesraeture for

1 hour.

(b). heated as in (&), but at the rate of 3°C per minute.

(¢). heated from room btemperature to 900°C at 5°C per

minute, but verying the time of sosking st thet tempera-

ture for times up to 12 hours. '

(d). added to the steel pot, which 1s heated Inltially

to temperatures from 200°C to 800°C. After charging,

the heatlng 1s continued to 900°C as in (a).

The second portion of the original coal supply was dlivided
into six parts. BFach of these was ground in such a wey as to
ensure the maximum amount of materiasl just passing the specifi-
ed sleve.

(e). With specilal precautions to secure the same packing

for gll particle sizes, the usual 80 gram sample from

each of these six portlons is heated to 900°C under the

" conditions of (a). .

in ell the sbove serles, the coke was allowed to cool in the
furnece. The test pleces for combustion were cut from the 6
inch eylindrical blocks, trimmed to the srbltrary standard
dimensions for the combustlibllilty test snd burned at tempera-
tures of 850°C and 950°C under a constent rate of alr supply
of 102.4 cb.ft./hour (N.T.P.) supplied at 15 1bs./sq.in. at
the inlet to the Pythagoras tube. The proximate analyses of
the Individual samples of the serles of cokes prepared from
each of the coals by operations (a) to (e) are given in Tables
27 to 31 1inclusive. Besldes the analytical details, the
observed'values of combustibilities of the cokes at 830°C and
95090 are recorded, and these are graphicsally represented in
Figs. 29 to 34.

It is edvisable to Introduce at this stage the theoreti-
cel conslderations and experimental evidence which led to the
proposed co~ordinatlon of the results of the above combusti-
bility tests. In the previous Chapter, the suthor has stressed
the Indefinlite nature of the term "coke", in that it is applied
to all the products of an irreversible thermal process of in-

finite varisblility; produets, the physico~chemlcal stability

of which depend upon the conditions of their subsequent use.
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No quotation of combustlblllty cen ﬁe-of value, therefore.

if the temperature of combustlon is not given, since thevpro;
bable stability of any coke 1s In some measure determined by
the positive or ﬁegativé difference between its cokling tempera-
_ture and the pemperatufe of combustion. By considering the
positive difference, the author ellows for a possible continu-
ous Internal actlvity of the cokes not evidenced by the ex-
periﬁental limitations of the combustibility tesf, Befley
graphitisation. The temperature of combustion 1ls, therefore,
e transition tempereture dividing 2 region of pronounced in-
atability., l.e., cokes prepared at temperatures below the
temperature of combustlon, from one of lesser allotrople
sctivity.

To measure the chenges In the coal base on carbonisstion,
the apparatus of Fig. 26 was constructed (32). A modified
form of the combustibility test, 1t was designed to weligh con-
tinuously the loss by volatlle emlsslon of the organic con-
stituents of the coking coal. The curves of Figs. 27 and 28
are grephical records of the progress of cerbonisation of 15
gram semple of coels A and C heated from room temperature to
800°C et 5°C/minute snd 3°C/minute. The ordinate of the curves
is the difference in weight between consecutive observations.
The experimentel method dees not distingulsh between the vari-
ous éimultaneaus chemlcal resctions peculiar to the coal base,
end which combine to glve the complex curves of Figs. 27 and 28.

For all these curves of coke formatlon, the temperature
of the maximum loss of moisture (100°C) is unaffected by the
rate of heating of the coal charge. From 200°C, the curves of
the separate figures, although simllar in type, dlverge, wlth
the curves for the slower rate of heating showing less pro-
nounced maxima of gas evolutlon displaced in the tempersture
axls towards the origin. The minimum temperaeture of orgenic
volatilisetlion as determlined by these curves 1s the start of -
an irreversible chemliecal sctlvity - an activity which is

neither 1nstahtaneous nor uniform in elther volume and content.
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Whereas the onset of earbonisatlion cen be sccurately estimated,
1ts completion 1s indefinlte since, ss the phenomenon of re-
earbonisation (see Chapter 1) showed,volatile emission is con-
tinuous to the hilghest temperatures. By this experimentel
method, however, the loss due to recarbonisation (mainly
hydrogen and nitrogen)(7) is negligible compared with that of
the essentinlly organic discharge of carbonisatlion. For con-
venlence, therefore, the minlmum temperature of nearest approach
of the carbonlsstion curve to the temperature axis will be con-
sidered s&s apprbximately defining the end of ecarbonlsation, but
not the cessation of ell chemlcal sctivity.

All the eerbonisation range 13 not equally significant in
its Influence on coke formation or coke combustibility. Two
reglons can be distinguished. There is the caking and/or
plastic range, the dlstinctive characteristic of which 1s the
elimination of the individual physilcal features of the conl
charge. The temperature limits of this range asre the tempern-
tures of gelatinous liquefaction and later solidiflcetion of
the cosl base, and these are conditioned by the organle com-
pounds of the coal, the rete of carbonisation and the particle
slze of the cosl charge. The rate of gaseous volatilisation
and exheustion in this range are the sole factors determining
the pbsolute value of combustibility of thé resulting solid
semli~aoke. The combustlbility of s partlslly carbonised cosl
charge, obtained by interruption of the carbonisation within
the plastic range, discontinuously decreases with incressing
temperature to the 1imit of the plastic range. Only by the
eontrol of the variebles of carbonlsation wilthin thé reglon of
plasticity ean the "hereditary" (end desirable) chaerscteristics
of the rigld cellular structure of coke be acquired. The solid
semli-coke of -the end of the plastic renge 1s the transition
phese of the second reglon of carbonisation. The fundamentai
angd pérsistent éhafacteristies of thiSNbagic coke cen be modi-
fled both chemlcelly and physleslly by further‘heat treatment

in this raenge. This results from the continued evolution of
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the remaining organiec volatlle matter accompanied bybshrinkage
‘and/or fissuring (33). UNeglecting the complicating incon-
sistencies of meechenicel rupture on cembustibility, whieh have
already been discussed for anthracite (see Chapter 2), this
mutebllity of coke has but one effect on‘the'réta of combustion«-‘
a8 continuous decresse of 1ts value to some minimum with In- :
ereasing time and temperature of cokling, demonstreted by the
combustibility curves of cokes made by operations (a) to (d),
Figs. 29 to 33.

The graphs of Figs. 29 and 30 end the relevant proximate
analyses of Tebles 26 and 27 illustrate’tﬁe effect of the mexl-
mum temperature of coking‘and the rate of carboniszation on
combustibility (7,33,34,35,36,37)« Although all these curves
are of the ssme tﬁpe, no mathematlieal formula has been found,
as yet, t0 correlste the combustibility kT wlth the variables
of* coking under discussion. For mhy one series of cokes, the
combustibllity kT and the volatlle coﬁtent on & dry ash free
basi= decrease asymptobtically to a minimum value with inecrease
in the coklng temperatures investigated. This similarity in u'\f 
coke behaviour explains the ohvioﬁs combustibility variétiaﬁé
wlth éoking temperature on the essumptlon thet the greater the-_ﬁ
volatile matter of a coke, the greater 1ts cambustibili@y: Su&h B
a dependence has been noted slréedy for the conditlons of the
plastiec range. Since the effect of 1nereasing coking tempera-
ture can only be to reduce or malntain the volatlle content,
this dependence of combustibility on volatlle content aecountS',‘ 
for the shape of the curves of Flgs. 29 and 30. The gbsolute
value of the voletlle matter in itself 1s not, however, a basis]:_
of comparison for the relsative combustibllities of cokes pre- B
pared from different cosl sources, gince this tekes no account
of the chemicael nature of the coal constituents or of its later‘
decomposition (29).

That there is no dilrect proportionslity between_combustiwl‘
bility and volstile matter for any of the coke series cannot bel -

attributed solely to the standard method of estimation of -
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TABLE 26.

Analyses of the serles of Cokes prepared to show the effect of

maximum temperature of Coking and rate of carbonisation.

Rate of heating to maximum temperature
Time of soskiung at maximum tempersture

Moaxlmum Temp.
of Coklng.
Molsture.
Volatile Matter
less moisture.
Flxed Carbon.

Ash.

Volatile Matter.
dry ash free.

Combustibility
at 850°C, -

Combustlbility
at 950°C.

COAL A.

- 5°C./minute.

- lh

our.

500°C. 600°C. 700°C. 800°C. 900°C. 1000°C. 1100°C 1200°C,

2.7
29.2
63.5

4.6
31.5

3.1
26.2
66.5

4.2
28.2

4.3
10.1

81.0

4.6
11.1

4.9

5.1

85.1
4.9
5.7

4.4

3.9

87.1
4.7
4.3

3.400 2.954 2,928 2.937 2.910

3.944 3.530 3.520 3.500 3.520

1.4
2.6

91.0
5.0
2.8

2.920

34545

0.7
1.6

92 .r?
5.0
1.7

2.940

0.1
0.9

94.0
5.0
1.0

2.920

5.526

Maximum Temp.
of Coklng.

Molsture.

Volatlle Matter
less moisture.

Fixed Carbon.
Ash.

Volatile Matter.
dry ash free.

Combustibllity
at 850°C.

Combustibility
at 950°C.

COAL: B.

500°C. 600°C. 700°C.

1.9
12.3
4.1
11.7
14.2

3.2
7.8

77.4
11.6

9.2

3.9
7.0

T7.4
11.7

8.3

800°C. 900°C. 1000°C

4.5
5.5

78.2
11.8

6.6

4.3
5.6
80.5
11.6

4.3

~ 3.1256 2,781 2.536 2.522 2.500

1.5

1.6
85.0
11.9

1.8

2.422

. 1100°¢. 1200°¢.

0.5,
1.0

86.0

12.5
1.1

2.3856

0.3
0.8

86.4
l12.5

0.9

2.330

Maximum Temp.
of Coking.

Moisture.

Volgtile NMatter
less molsture.

Fixed Carbon.
Ash.

Volatile Matter,
dry ash free.
Combustibllity
at 8500C.

Combustibility
at 950°C.

COAL C.

5000C. 6000C. 700°C. BO0OOC. 900°C. 1000°C. 1100°C 1200°C

1.5
12.4

70.0
16.1

15.0

2.4
8.4
72.6
16.6

10.4

3.1
4.7

75.3
16.9

5.9

2.538 2.375 2.241

2.815 2.607 2.548

5.6
3e3
76.4
18.7

4.1

1.7
1.6
78.9
17.8

2.0

2.200 2,200

2.444 2,364

0.3
0.8

81.0
17.9

1.0

2.172

2.355

0.1
0.9

8l.3
17.7

1.1
2.143

2.352

0.3
0.5
82.1

17.1

0.6

£.138

2.344
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TABLE 27.

Analyses of the series of Cokes prepared to show the effect of

maximum temperature of coking and rate of carbonisation.

Rate of heating to maxiﬁum temperature - 3°C./minute.
Time of sosking st maximum temperabure - 1 hour.
COAL A. |
Moximum Temp. 500°C. 600°C. 700°C. B00°C. 900°C. 1000°C. 1100°C. 1200°C.
of Coking. : : . : .. : .
Moisture. 2,7 3.2 4.5 4.8 4.7 1.4 0.3 0.1
Volatile Matter 2g.1 20.2 6.9 5.6 3.8 2.0 1.8 0.6
less molsture. ‘
F{xed Carbon. 64.8 72,0 83.7 85.1 87.1 92.0 93.5 94.3
Ash. A 4,4 4.6 4.9 4.5 4.4 4,6 4.6 5.0
Volatile Matter. 50,3 g21.8 7.6 6.2 4.2 2,1 1.7 0.7
dry ash free.
Combustibility 3,220 2.856 2.808 2.770 2,780 2.7Y87 2,780 £.740
at 850°C.
Combustibility z w00 3.444 3.364 3.320 3.335 3.260 3.240 3,840
at 9500C.
COAL B.
Meximum Temp. 500°C. 600°C. 700°C. 800°C. 900°C. 1000°C. 1100°C. 1200°C.
of Coking.
Molsture. 4.4 4.9 4.1 2.2 1.2 0.1
Volatile Matter . .
1883 moisture- ‘7-5 601 2.9 106 1:5 0-6
M xed Carbon. 76.4 T7.1 82.2 83.7 83.9 86.2
Ash. 11,7 11.9  10.8 12.5 13.5 13.1
Volatile Metter,
dry ash free. 8.9 7.3 3.4 1.9 1.8 0.7
Combustibility
ot BEOO0. 2,406 2.353 2.320 2,300 2.281 2.222
Combustibility
at 9500C.
: COAL C.
Meximum Temp. 500°C. 600°C. 700°C. 800°C. 900°C. 1000°C. 1100°C. 1200°C.
of Coking. , . : . . ,
Koisture. 1.6 2.3 3.2 5.6 1.7 0.2 0.2 0.2
Volatile Matter 30,9 6.9 5.2 4.1 1.9 0.9 0.8 0.8
less molsture. ) , ‘ A : :
Fixed Carbon. 71.5 73.8 74.3 T4.4 %8.3 80.3 B80.5 81.3
Asho 16-0 l'?wo 1‘753 17 t9 1801 18-6 18;5 1'7 19
Volatile Metter, 33,2 8.6 6.5 5.2 2.4 1.1 1.0 0.7
dry ash free.
Cgfbggg%gility 2,850 2.220 2.212 2,166 2.148 2.143 2.143 2.125
Combustlbility o 465 2.420 2.387 2.378 2.341 2.320 2,320 2,320

at 950°C.
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volatile matter, which is only spproximate for cokes prepared
‘sbove 1000°C. .A more probable explenation is the postulation
of* a consecutive secondery reaction to volatlile emlission, the
allotropic reaction
- Carbon -— Craphite

for which other evidence exists (8). The initlal temperature
of transformation is doubtful. The presence of elements other
than carbon in the carbonised complex wlll inhibit grephitisa-
tion, but with no apparent discontinuity in the combustiﬁility/
coking temperature curves, there iIs no reason to suppose that
the phase change does not start at, or slightly above, the ~
beginning of the second of the regions of carbonisation (37,
38). Tﬁe distinctive feature of increasing graphitisation of
‘coke 1s‘the reduction of combustibllity, and the combustlbllity
of completely graphitised coke ls the asymptotle value to which
all cokes of comparable preperation tend (35).

For the two series of cokes prepared at different rates
of carbonisation from each of the comls, the combustibility/
coking temperature curve 18 progressively depressed in the
combustlbility axls with deeresse of the rate of carbonisstion.
This could be an effect of the time of coking (see below),
which for the same final temperature by & slower rate of heat-
ing increases proportionately the degree of volatile emlsslion
and graphlitisation, with the consequent decrease iIn 1ts re-
lative combustibllity to one of qulecker heating. Were thils
the only factor, however, the curves of combustibility for
cokes prepered at the two different rates should tend to coin-
clde 8t some temperature where chemlenl activity 1s almost com-
plete, but thls the parsllelism of the peirs of curves of Figs.
29 and 30 in the higher reglons of tempsrature disproves.
Therefore, raté of carbonlgsation itself is a determining con-
dition of combustibility. In the description of the con~
ditlons of the plastlc range, reference was made Lo the con-
trolling factor of the rate of gaseous volatilisation, and that

this is a function of the rate of heatlng 1s obvious on a
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. comparlson of the carbonisation curves of Filgs.. 27 end 28,
whose differences are reflected in the besic coke at the end
of the plastic range in differences  of cellular. structure,
which survive any heat trestment at and above the temperatures
of these experiments. It must be emphasised that control of
the verlebles of coke formatlion 18 only effective, when exert-
ed in the plastic range. The changes oubtside this range merely
modify existing conditlons, but do not create new physical
features. Reference %0 this will be made in the discussion of
the effect of coal psrtlcle size on coke formatlon.

Finelly, the lower the sverage ash content of the ecoke
series, the higher the position of the curve of combustibility/
cokling temperature In the ordinste axls of combustibility. The
diluent effect of ash by reducing the combustible surface area
reduces the rate of combustion. Whether the smount of reduction

18 equivalent to the amount of ash, treated as a neutral pass-
ive constituent, or whether possible catelytic activity may
pley & part stlll remelins to he proved. Conditions gt 1gnition
appear to be sensltive t0~1nqrganic additions, e.g., lime (31,

34).

From the snalytical sspect of the cokes of (a) and (b),
one observation 1s worth comment. The molsture content of eny
of the series of cokes rises to a maximum at a coking tempera-
ture of 800°C. The curve is typleally represented 1n Fig. 30
end 1s of the form

“-8xX «bx

0 - = AT, + BTe

- where Yuo 18 the moisture content and T, the maximum coking

o c
temperature. a,b,A end B are constants, the particulsr velues
of which are not given hére. The absolute values of comparable
cokes 1s independent of the rate of heating. The unforeseen
aend. conslstent interdependence of the molsture content of a
coke and the maximum temperature of coking sppears to be one
more exsmple of the discriminate superficlal adsorptive capac-

1ty of cokes for gases and liquids. It may be more than




The Relation between Coke Moisture and Maximum Temperature

of Coking.

e Cokes prepared at 5°C. per minute.
~~~~~~~~ Cokes prepared at 3°C. per minute.

tage Moisture.

.
o

T
rcen

Pe

-
~—
—_———

0.0 i i s I 1 1 4
500 800 700 800 900 1000 1100 1200
Temperature °C.
Mg, 32.
The Effect of Time of Coking on Combustlibility.
3.5k

[éN
(@]
bZity.
QO
a1
(@]
]
(@]
=

ol

0

(2]

'g

§ Coal B

L o) .
2.5 3?1\\ 850~C. l

2 4 6 8 10 12
Hourg of Colking.

Figure on Curve denotes Temperature of Combustion.




TABLE 28.

Analyses of the serles of Cokes prepared to show

the effect of time of Coking.

at 9500C.

Rate. of heating to maxlmum temperature - 59C/minute.
Maximum temperature - 200°C.
COAL A.
Time of Coking. O hrs. £ hrs. 1% hrs. 3 hrs. 6 hrs. 12 hrs.
Moisture. 4.2 4.1 4.5 4.3 3.3 0.9
Volatlle Matter 4.3 4.3 3.8 4.4 2.8 1.9
less molsture. ' : : L
Fixed Carbono 86‘6 8608 86&8 86-8 91-3 9215
Ash., 4.9 4.8 4.9 4.5 4.6 4.7
Volatlle Metter, 4 g 4,7 4.2 4.8 3.1 2,0
dry ash free. . . .
Combustibllity 3.104 3.080 2.940 3,000 3,000 34000
at 850°C. 4 , ; . _
Combustibility 3.460 3.435 3.460 B.423 3.366 3.375
at 950°C. . \
COAL B.
Time of Coking. 1 hr. 3 hrs. 6 hes. 9 hrs. 12 hrs.
Moisture. 3.9 1.1 0.9 1.1 1.6
Volatile latter 2.8 1.8 1.5 1.8 1.8
legs molsture.
Mxed Carbon. 82.1 B5.2 85.8 85.3 84,1
Ash. 11.2. 11.9 11.8 11.8 '12.5
Volatlle Matter, 3.3 3.1 1.7 2.1 2.1 -
dry ssh free.
Combustibility 2,520 2.516 2.460 2.450 2.436
at 850°C. '
Combustibility . 2. 2, 2,730 2,75
ot 95000. 2.800 750 740 73 750
COAL C.
Time of Coking. O hrs. £ hrs. 1% hrs. 3 hrs. 6 hrs. 12 hrs.
Molsture. 2.‘7 2.4 2¢1 Q.6 Oed 003
Volatile Matter 2.5 1.9 2.0 1.2 1.0 0.8
less moisture. ‘ .
Pixed Carbon. 77.1 78.1 78.2 80,3 80.8 80.8
Ash. 17.7 17.6 17.7 A7 .9 17.9 18.1
Volatile Natter. 3.1 2.4 2.5 1.5 1.2 1.0
‘dry ash free.
Combustibility '
at 85000 . . 2.500 2.241 2,235 2,235 2.222 2.225
Combustlbllity g 550 2,430  2.430 2.440 2.445  2.430
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coincldence that the optimum efflect for the maximum edsorption
of oxygen by recarbonised cokes occurs at or about 800°C, (7),
(See Chapter 1). The similerity of the values of molsture for
the compareble series of Tebles 26 and 27 would Indlecete that
the intermediate stages of coke formatlion do not affect the
edsorptive capacity of the finsl product.

The curves of Flg. 32 and the snalyses of Teble 28
11lustrate the effect of time of coking on combustibility ( 36,
37). Generally, by increasing the time of coking at any

atémperature the combustibility of any coke is contlinually re-
duced to, or at best malntalned at, some minimum value. This
value 1s the combustibility kG of the completely graphitised
coke, ultimetely obtasined by an indefinite peiiod of heating

et any temperature sbove the transition temperature of carbon/
grephlte. The time of heatlng required to affect comparseble
degrees of graphltlssetion in any type of coke ls decreased by
Increasing the temperature of coking. The relative effects of
time and temperature in reducing combustlibillty may be judged
by the experience of Coel B, where, burning at 850°C, a differ-
ence of 300°C 1in coking temperature, (1200°C to 900°C) can maeke
epproximately twice the difference Iin combustibility to be
cbtained by a heat treatment of 12 hours at 900°C. The incon-
slstent varietlion of the volatile content with time of coking
cannot expleln, as In the prévious discussion, the continuous
reductlon in combustibility. Thus, with Increasing times of
coking graphltlsatlion assumes a greaster importance. The
arbltrery choice of one hour as the time of sosking for the
experimental work of previous operations was adopted for con-
venlence.

The single curve of Flg. 33 and the proximate snalyses of
1ts individual cokes for the single cosl C was not repested
for the other two coals (Table 29). From thils graph, the higher
the chargling temperature of the cosl, the greater the combustl-
bility of the coke produced for the same flnael tempersature. The

curve ls virtually & comblnatlon of the single variebles of the



TABLE 29,

Analyses of the single series of Qokes prepared

to show the effect Of an increasing initiel

Rate of heating to maximum tempefature
Time of soaking st meximum Semperature

Initial Tempers
of Charging.

Moisture.

Volatile Matter
less molsture.

Mxed Carbon.

Ash.

| Volatile Matter.

dry esh free.

Combustibllity
at 8500C.

temperature of charging.

. COAL C.

ture
20°c.

1.7

1.6

28.9

- 17.8

2.200

200°¢.

1.5

2.2

77

18.6

2.8

2.468

400°¢.

0.5

79«9

18.4

1.5

2.961

5°¢C. per minute.

1 hour.

600°cC,

1.9

78.5

18.5

5.444

800°¢C.

0.9

1.3

79.4

18.4

1.6 -

3.643
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previous operdtions and ¢onfirms the relationships, already
recorded, of these varlables to combustibility. Since control
of the conditions in the plastic range are determined by the
temperature of charglng, the higher this tempé:aﬁuré»the great-
er the rate of carbonisatlion ond the econsequent Improvement in
the value of combustibility. Incidentally, the time to attain
the final coking temperature of 900°C 1s lessened by increasing
A the temperature of chargling, thus relatively incressing =t111
further the differencdes of dombustibility occesioned by the
verisble rate of cerbonissation. The exceptlonsl beheviour of
the coke of initial heating temperature 800°C is the result of
uncontrolled preparation, the experimental difficulties of this
type of coke production multiplying with lfncreasling charging
temperature. The physical appearance of this coke differs from
that of the others, belng a solid shell (3" thick) surrounding
2 hollow thinly'filled core. The estimeted combusatibility of
the outer denser rim 1s lower than would be the case for.a more
uniformly coked mass, but the production of such a coke must
aweit larger scale research.

The curves of Flg. 34 and the analyses of the cokes, pre-
pared gz In operation (e) of Table 30, illustrate the effect of
perticle size of the conl charge on combustibllity (25). By
plotting the results on the scale of Fig. 34 it is intended to
emphasise the selectlon of sieves, each screen passing & particle;
of e dlameter twice that of 1ts lwmedlate neighbour in the se-
~quence. The procedure for grinding wes regulasted to produce
the meximum amount of material Just pessing s specified sieve,
but the restriction of the fines to perticular limits was im-
possible. Lecking & screen snalysls of the ground semples, the
quotatlion of the upper screen limit has been used as & conven-
lent dlstinction between the averapge particle coal sizes of the
varlous charges. The unavoideble production of a range of‘sizgs
on grinding introduces subsidlsry compllicating factors, e.g.,
packing, Interstitial £illing, etc., which may affect carbonisa-

tion but this serles of experiments neither differentiates
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Analyses of the Series of Cokes prepared to show the

effect of the particle size of the cherge.

Rate of heating to maximum temperature - 5°C./minute.
Time of soaking at maximum tempersture -~ 1 hour.
COAL A.
Maximum Perticle )

Size (B.S.S.) 5 . 10 i8 36 72 180
Moisture. 3.6 L) 4.6 4.9 4.4 4.4
Volatile Natter 3.7 3.7 3.8 4.3 3.9 4.0

less molsture.

Fixed Carbon. 88.2 88.1 87.2 86.2 87.0 86.6
Ash, 4.5 4.5 4.4 4,8 4.7 5.0
Volatile Matter

ary ash free. ’ 4.0 4.0 4.2 4.8 4,3 4.4
Combustlbillity

at 8500C. 4.781 3.750 3.500 3.120 2.910 2.960
Combustibility

at 95000. 5.108 4.058 3.761 3.333 3.520 5B8.350

COAL C.
Meximum Particle

Size (B.S.S8.) 5 10 18 36 w2 150
Moisture. 1.5 1.5 1.6 1.8 1.7 1.9
Volatile Matter 3.4 3.1 3.0 3.7 3.0 3.5

less molsture. * * *

Fixed Carbon. 76.1 76.0 75.7 75.8 76.7 T4.4
Ash. 19.0  19.4 19.7 18.7 18.6 20.2
Volatile Matter, 4.3 3.9 3.8 4.7 3.8 4.5
dry ash free.

Combustibility

et 850°C. 4,000 3.150 2.500 2.400 2.353 2.341
Combustibllity

at 950°C. 4,335 3.316 2.846 2,632 2,530 2,520

ok . T W o WSk S W A T Sl S S s N A G S
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between the individuél factors nor evaluates tholr relative
importance. To minimise their effects, the bulk density. (or
pecking) of each charge 18 adjusted to the seme level as for
previous operations using the seame original coal.

The effect of this essentlal varisble of carbonisation 1s
to produce cokes of inetreasing combustibllity from coal charges
of iIncreesing particle size. The curves of Fig. 34 show that
this tendency 1s less pronounced and approaéhes (by lesser
sbsolute differences of gize on reduction In geometrlc pro-
greaslon) a minimum value of combustlblllity for the coﬁ} charges
of fine material,'approximately - 72 mesh B.S.8. Abo%ghthis
screen, however, a change of slze is of greafer moment in lis
effect on coke formation (and hence coke combustibility) than
probebly any of the other factors previously discussed, e.g.,
s fourfold incresse in mesh size from 18 B.S.8. to 5 B.S.38.
involves a 50% inerease in combustlbility on the lower velue.
The differences 1ln the properties of eokes prepared from the
gsme coal under the same thermal conditions are the>eonsequence
of macroscopic structural differences ereated 1nkthe plastic
range of carbonisation by the less well deflned temperature
limits. of liquefaction end lesser turbulence of gaseous evolu-
tion obtaining with increasing dimensions of the coal particle.
Alternatively, since the Instantaneous activity of a coal 4
charge in the plastic range-1s the sum of the setlvity of esch
individual partlcle, the ratic of the volume of the particle
to 1ts surface area 1s probably the determining factor of coke
formetion. A similer retio has been found to influence the
combustibility velue of sny coke (See Chepter 2). The greater
this ratlio of the average particle of the cosl charge, the
greater ls the cowbustibility of the resulting coke, all other
conditions belng assumed equal.

The combustibility curves et 850°C and 950°C for eamch of
the coke serles are not parellel 1n the region of greater
particle size, and this 1s probably due to the difficulty of

preparing uniform coke bloeks from the larger sizes of coal
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particles with its variable Interstitlal filling. VWhere by
slze reduction and proper mixing, local peculisrities. are
eliminated, the difference in combustibility at the two tempera-
tures for cokes prepared from the finer charges remains sensi-
bly constant:

Advantege has been teken of the differences in sbradebil-
ity of the petrographical constituents of a coal to iIndlcate
the inherent differences in combustibility of various ppop&r-.
tions of these constlituents, or rather of the cokes pfoduced
from them. Coal B "as recelved" was ground, screened between
various mesh limits and these portions coked under the con-
ditions of Table 31, which also gives the proximate analyses of
the cokes thus prepared. Both the analyses and eombustibilitieé -
vary congslderably from that of the unscreened 72 mesh B.S.S.
coal, but no definlte relationship has besn established. The
experiment does suggest the possibllity of sereen elutrlation
es a method of controlling carbonisation end/or combustibility.

The primaf&xﬁéasure of the combustibility of any coke hes
been shown to originate in the plastic range of carbonisation,
secondary reduction of this maximum combustlbllity belng affect-
od By the after treatment at temperatures sbove thls vange.
These variations of cowbustibllity have thelr counterpert in
the macroscopic changes of dimenslons of coke blocks prepared
under comparsble conditions (7). From Table 32, for example,
by Ineressing the maximum temperature of coking,the dlameter ‘
end length of Similarly carbonlsed charges of cosl C are shown )
to decrease. The slower the rate of carbonisation the grester
the contractlion: in length of comparable cokes, although differ-
ences 1ln dlameter are not so evident. These dlmenslonal changes
ere due to voletile emission and/or graphitisation, and the
tendency to reach some constant minimum value of both dimensions
is appérent. Thia trend ls corroborsted by the results of the
same Table, whieh show the alteratlions in size effected by in-
creasing times of §oking. Grephitisetion, which ig the

principal factor, sppears to be complete after six hours of



TABLE 31.

Analyses of & serles of cokes prepared from

the portions of coal B resting on defined screena.

- Rate of heating to maximum temperature - 5°C/minute.
Rime of soskling at maximum temperature - 1 hour.

Mesh 1limits of
Sample B.S.8.

Moilsture.

Volatlle Natter
less moisture.

Flxed Csrbon.
Aah,

Volstlle Metter,
dry ash free.

Combustibility
at 850°C.

COAL B.
Over 10
2.8 2.8
2.6 2.4
92.5 91.4
2.3 3.4
2.7 2.6

3.783 3.300

10 to 18 18 to 36

3.1

2.6

86.8

2.9

5.055

2.6

2.5

85.9

9.2

3.065

36 to 78 72 to 180

5.5

3.0

80.3

13.2

3.6

3.294



TABLE _32.

Approximete dimensional chenges on coking similarly

packed cosl charges under various conditlions.

Coking Temp. °C. 500. 600. Y700. 800. $00. 1000. 1100. 1200.
Heatling Rate:
5°C/minute Diem. 3.0 3.0 2.9 2.8 2.8 2.7 2.8 2.7
Tength 11.8 11.8 11.2 10.9 10.9¢ 10.8 10.8 10.7
o Diam. 3.0 2.9 2.8 2.8 2.7 2.7 2.8 2.7
3°¢/minute Tength 11.8 11.4 11.0 10.8 10.8 10.7 10.8 10.8
Coking Time
at sbove temp. 1 hour.
Coking Time :
at 900°C.hrs. 0 2 1% 3 6 12
Diam. 2,9 2.8 209 2.8 2.8 2.8
Length 11.0 1L.0 10.9 10.9 10.9 10.9
Heating Rate. 5°C. per minute.
Coking Temp. 200°c¢.
Maximum Particle
Size. B.S.S. 5 10 18 36 72 150
Diam. 3.0 2.9 2.8 2.8 2.7 2.8
Length 14.2 13.0 12.4 12.0 11,1 11.1

Heating Rate.

Coking Temp.

5°¢C. per minute.

900°¢.

- -
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heating at 900°C, although the more sensitive measurement of
combustibility detected continued internal activity after a
further six hours soaking. The greatest differences, however,
are to be found in the relative dimensions of the coke blocks
prepared from coal of various meen psrticle slzes, as shown In
Table 32, and these differences are responsible for the com-
parable variations of combustlbillty, previously discussed.
The dimensions of these coke blocks are 2 measure of s quallty
which has been alternatlvely nemed density equivalent or
apperent density, a quality compounded of the true density of
the coke meterlial and porosity.

‘Combustibility thus becomes & function of only ﬁhree
Pundsmental characteristles -

(). density equivelent, i.e., the welght of %the standard
sample of these experiments,

(b). degree of graphlitisation, and
' (e). ash content,
although each of these features (exﬁepting the latter) 4s a
further.functien of the eosl cherge from a chemical and physiesl
aspect,‘the rate of cerbonigstion and the time and temperature
of coking. The qualitetive effect of these varlebles of carbon-
1setion on the fundemental features of coke which dgtermine
1t§ combustible v&lue, have already been dlscussed but the ex-
pression of these effects in a zingle mathematlicel formulse 1s
as yet unsuccessful. Note too that the factors, (a), (b) snd
(c) assess the relatlive combustlbilitlies of the solid fuels only.
The contributlion of the alr supply in determining the absolute
rate of combustion has already been considered in Chapter 2.
Concurrently with the axperimental work on the combustible
properties qf the variety of cokes procureble from any one
coking coal, some of thé problems of carbonisstion, es such,
were investlgated. While the smount and nature of the volatile
matter of the plastic range détermine the abllity of =2 coal to
cak@, the physleel appearance of a coke depends upon the rate

of exhaustion or removal of the geses from the plastic mass.
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When heated in a stesl or Pythagoras cricible, 2 normal charge
of .coal € (72 mesh B.8.S.) was expelled by the sccumulsted
pregsure of the heavy emission of gas. Replacement of both
‘these materials by a container of alundum, which 1s permesble
to gases, reduced this~exeeeding1y‘vigorous carbonisation to
allow of conbtrolled preparation of the se¢ries of cokes of
Tables 26 to 30. By exhaustlon of thé gases of carbonisation
under the partlal vacuum created by = water pump, contrcileﬁ
coking was achleved 1n steel or Pythagoras ecrucibles. Two con-
dttions attached to this practles. For successful earbonisa-
tion, 1t was only necessary bto epply %ﬁe vacuum in the btempera-
ture range of plasticity, and the grester the degree of vacuum
ot this stage of coke formation, the greater was the visual
apparent density of the resultant coke. It 1s probable that
the. viscosity of the piastic finid of coal liguefaction is slso
a factor determining the rate of dissipation of the internally
developed pressure of the gases ofvcarbpnisation.

Carbonacecus blocks, which in all other respects were in-
disfinguishable from each qther, differed superficlally with

Othe type of eontainer in which they were prepsred. Using
alundum, the surface of such blocks was covered with a powdery,
non~adherent layer of sbout 1 mm. in depth on & 26 mm. diameter
sectlon. With the Impermesble crucibles, steel and Pythagoras,
nowever, the slight irrepgularities of the inside of these
"moulds" were reproduced clearly on the hard resistant surface
of the coke specimens. These differences avre related to the
restricted passage of the volatlle matter to the body of the
ﬁlastic mass in Ilmpermeeble contalners compared with the fufther .
alternative outlet offered by the alundum walls.

The gaseous evolution through semi-solid coal resembles in
many respects the gaseous evolution of a rimming steel on
solidifieation. TIn a longitudinal section of a coke from coal
¢ there wes to be seen the blown sppearance of the top of the
coke "ingot", thé dense rim and bottom of instantaneous freezing

and the gradual further solidification at Inclinations of aboutb
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50° to the Wail of the conteiner. ns shown by the divection of
the major axis of the ovold veslcles of the coke. -A.transversejr
section revealed the increasing pore slze from surface to :
centre. -

‘The oxygen conbent of a coal, internal as well as that B
adsorbed on the surfaces, appears to be particularly detriment-
al to-esking (40). The efflclent inhiblting blenket which .
adsorpblon of oxygen (or nltrogen) may be 1ls illustrated by
the followlng experiment. A normally‘ﬁigh caking index coal
(18) was ground to 150 mesh B.S.S. and left in the open girp foriﬁ
two months. After carbonisation the charge fell away to its .
original powdery state with no signs of the expected caking.

The loss of this quality 1s g functlion of the time of exposufe,,‘
however, end the perticle size of the charge. The déteriorahl
tion is most rapid in the first few weeks and especlally with
the finer 06a1 charges . _ »

Finally, four coamls of caking index less than 7 were groundf
to ~250 'mesh B.8.S. and coked in a steel pot at 5°C/minute to
900°C. 8light coherence was shown but even this disappeared
(with pne-exaeption)‘if the carbonisstlion wes carried out in an.
alundunm-contelner or if the charge»was coarsér than the above
screen limit, e.g., 36 mesh B.S.S. In the absence of any stand-
ard of compérison or relisble stfength test, these results do
not allow of any s&tisfactory=conciusion beiﬁg drawn, bub they}!J
1nd¢cate posuible methods of 1mproving the c¢eking quallty of*.

coals, at Teast on o leboratory scale.
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CONCLUSION.

The function of coke in the blast furnace cannot be
divorced from the other many chemical and physical reactions
of the furnmce and, in that respect; the research of this
thesis, confined as it is to combustibility, cen only define
the activity of coke in the blest furnace from that aspect.

All ores have not the same emse of reduction. At any
temperature, the extent of the reductlon depends upon the
€0/C0y ratio, the more easlily reducible oves requiring the
lesser ratlo of these geses. The consumpbion of GO is also
greater the higher the temperature of reduction. The rate of
a gassous resction 1s meny times greater than that which takes
place between solids, and it 1s mssumed that the bulk of the
reduction in the shaft of the furnsce 1s & result of gas
attack. The amount of CO avallable for reducing the ore de-
pends upon the rate of combustion of the coke, and this rate
is & function of the rate and pressure of air supply, moisture,
temperature and the coke ltself. The sum of these will deter-
mine the sultebility, or otherwise, of a particular coke, under
speclfied conditions of alr supply, to reduce satlisfactorily
& perticular ore. ‘

The produetion of the CO for the reduction of the ore is
not the only property demanded of the coke. This CO must be
formed at suech & rate at the tuyere zone, that the temperature
of the furnace et thls level, and for scme dlstance above, l1s
sufficiently high to melt the reduced iron sponge and gangue
coming from the shaft. -

It would thus appesr that the type of coke charge to the
furnsce should have the following propertles:-

(a) that 1t remains unreactive,or exhibits s minimum

of resctivity, towards €0, on travelling down the
shaft;

(b) that et the tuyere zone, 1t should have a rate of
combustion high enocugh to melt the products enter~
ing this zone from the shaft, and

(¢) at this level, too, the smount of CO produced must

be sufflclent %o perform the chemical reactilons
involved 1n the reduction of the ore in the shaft.
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The type of log. k/%‘and‘its'p631tion in the scale of
log. k, which will satlsfy the operating.conditions~of-any
one furnace, is the hasis of development of the funetlon of
coke in the blast furnace. In thé futureAit«is hoped o
correlate these curves with the operating results obtained
on using these cokes, vhose combustiblllity curves are:known.
A knowledge of the type of curve, producing the deéifed re~
sults most efficlently, and the conditlons of coke manufacture,
which determine this ecurve form, would st least enable the
blast furnace mansger to charge one less unknown quantity into
nis furnace. Whether some compromise will have to be made A
with the finencisl conditions involved in the production of such
scienﬁifiq cokeé 1s outwlith the province of thls thesls. l

The trenslation of the proven relétionships of ecarbonisa-
tlon conditions and combustibllity to Industrlal practice must,
of necesslty, proceed slowly. Loeal peculiarities of the aéal
seams, oven deslgn, consumer's reguirements and by-product
control are some>of the factors to be considered before intro-
ducing new coking methods. Nevertheless, in broad principle,
the main conditions controlling coke manufacture (and thelr
effeoct on\cgmbustibility) have been detalled here, and these,
in their very simpliclity, offer ways to the goel of controlled
reproduction of coke qual;ties - quallties which will assure
the suitability end effleient performence of a coke under the

specified conditions of its proposed use.
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