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Theory of Ca~bonization o: Coal 

by R.J.Gray 

Introduction 

Coke making is one of the oldest coal conversion pro
cesses •. The hietory of the evolution of coke making is traced 
from coking in piles to the development of beehive coking to the 
modern byproduct coking industry. 1 >• The theoriee of coal to coke 
traneformation are discussed with reference to the changes that 
take place ln coal and the products evolved during carboni
zation. The formation of semi-coke and coke are also discussed 
with emphasis on the role of degasification, plasticity, and 
solidification. Coking coals possess the unique property of 
softening, swelling, fusing, and solidifying to forma coherent 
porous structure when carbonized. Only a narrow group of coals in 
the lignite to anthracite series possess the properties which 
distinguish them as coking coals. Medium volatile bituminous 
coals possess the best coking characteristics but these properties 
overlap into the high and low volatile bituminous coals. The 
macro and microstructures of cokes produced from coals of varioue 
rank are described and the relation of coal petrographic compo
sition to the coke petrographic characteristics is traced. A 
discussion is also presented on what occurs in the coke oven 
during carbonization. 

Kistory of Coking 

The . process of carbonization proceeded as an engineering 
technological development with very little dependance on under
standing the mechanism of coal to coke transformation. Kowever, 
the process of carbonization has been under investigation for the 
past 60 to 70 years even though it is not completely understood 
today. 

The earliest record of coal carbonization dates to about 
1590 when John Tornborough, Dean of York was granted a patent to 
purify coal of its offenáive smell by coking. In 1656, Sir John 
Winters was charring coal to drive off sulfur and arsenic, These 
early attempts at coking coal were aimed at making a product from 
coal by carbonization that waa lesa objectionable than coal to 
burn or use in domestic heating.2> 

• See Referencea. 
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Wood charcoal was the accepted fuel for reducing iron 
ores from prehistoric times till early in the eighteenth 
century. Coal and/or coke were considered unsuitale for smelting 
since the excessive carbon and sulfur pickcd up by the iron from 
thos e fuels made it too brittle for use particularly as wrought 
iron. The scarcity and price of charcoal promoted continued 
investigations into developing a suitable smelting fuel from 
coal. ln 1735, Abraham Darby designed a blast furnace with a tall 
stack which permitted more drought so that coke from low sulfur 
coals could be used to produce sponge iron. In 1784 Cart and 
Onions discovered puddling for removing carbon from iron by 
oxidizing with iron-ore. From this point on coke from coal grew 
as a blast furnace fuel. The blast furnace produced pig iron 
wh ile the charcoal smelter produced sponge iron. 2 > 

In USA, uncarbonized anthracite which is a non-coking 
coal was used as the major blast furnace fuel in the small fur
naces operating in the early 19th century. It was not until about 
1875 that coke made up more than 50 percent of the blast furnace 
fuel. However, anthracite continued to be used to some extent 
until about 1923. 3 ) 

The first coke from coal was produced in charcoal piles 
in which coal was substituted for wood in the pile. The piles, 
Figure lA, were circular domed shaped configurations in which the 
coal was ignited and the combustion allowed to proceed for a time 
then the pile was covered with soil or some suitble materia l to 
restrict air so that the smoldering coal could coke. Some piles 
were built with stacks or other means of creating a draft to 
kindle and ignite and partially combust the pile. 

One popular early form of oven was called th e beehive, 
Figure 1B. These dome-shaped structures were built side by side 
and each chamber had a hole in th e top for charging coal. A door 
in the side served to admit combustion air and for discharging 
coke. Part of the coal was burnt to coke the coal and no attempt 
was made to collect the volatile byproducts distilled from coal . 
Late in the 19th century, coke ovens were developed in Europe to 
producé coke and recover byproducts. It was the need for coal 
byproducts for making explosives anda growing demand for coke for 
an expanding steel industry that resulted in the ra pid growth of 
the byproduct coking industry in the u .s. during and after Wo rld 
War I. A typical byproduct coke oven is shown in Figure 2 . 

Historie and Modern Theories of Carbonization 

Solvent Extraction Theory - One of the earliest theories 
for explaining the behavior of coking coals employed solvent 
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e xtraction studies of coal to prove the "Coking Principle". As 
early as 1860 systematic solvent extraction experiments were being 
conducted on coal. Wheeler and Bone, starting in 1910 worked for 
25 years on coal extraction studies using pyridine, chloroform, 
light petroleum, ethyl-ether, and acetone in a soxhlet extraction 
apparatus. The coal fraction insoluble in pyridine at ll5ºC was 
called the alpha fraction (non-cokingl or "ulmins"; that part of 
the pyr i dine extract which was insoluble in chloroform was called 
the beta fraction or "carboids"; and the part soluble in chloro
form was called gamma fraction (strongly agglutinating which was 
f urth e r subdivided into four gamma compounds by extraction with 
the remaining solvents . 4 ) 

Fischer and his co-workers used benzene extraction under 
press ur e to obtain a residue called "Restkohle" which was non
cok ing anda soluble fraction called "Bitumen" which coked. Based 
on the solvent extraction work, the coal was postulated to consist 
of e xtractable coking substances and non coking residues. This 
theory lost popularity for a time but has recently been resur
rected and modified . 

Tra nsient Fusio n Theories - The "Transient Fusion" 
the o r y was suggested by Aud i be r t in 1926 and 1927. He likened 
coal t o KCl o 3 which melts when heated to form an unstable liquid 
which de co mposes to f o rma solidas one of the decomposition pro
ducts. This theory is not considered satisfactory by most coal 
scie ntists. 4 l 

Precurso rs of Metoplast Theory - Kreulen in 1948 con
s ide r ed coal to be an o rganoso l consisting of an oily dispersion 
me d i um (oily phase) anda dispersed phase (micelle phase). The 
micelle c o nsists of an ol e ophilic part ( p rotective body) and an 
o leophobic part (mice lle nucl e us). The oily phase and protective 
body c o nsist of bitumens and the micelle nucleus is humins. Coke 
forma tion according t o Kreulen is not the agglutination of inert 
mat e rial by a binder, but a process shared by the whol e system, 
fo r wh ich all fractions are responsible. 4 ) · 

Hirst 1943 restated by Lahiri (1951) believed the diffe
r e ntiation between dispersed ph as e and dispersing mediu m was not 
ch e mical but one of size and relative mobility. Houwink (1954) 
stated that any naturally occurring non-hardening resin may be 
conside red to have three phases at temperatures above the gel 
point: (1) s o luble molecul e s, freely rotating; (2) soluble mole
c ules fixed by Van der Waal's f o rces; (3) insoluble molecules 
fixed by primary bonds (micelles). If the molecules in the system 
differ only in size then an isogel is formed . The system behaves 
as insoluble solids below the gel temperature . Lahiri considered 
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c o al as an isogel with micell es , protective co lloids anda low 
molecular weight medium whi ch becomes mobile at temoeratures above 
the gel point. Thus coking is a four stage process~ 21 

1 . Elevate temperature above the gel point. 

2. Lower molecular weight fractions become mobile and 
lubricate micelles. 

3. Volatization of these fractions forming primary tar, 
followed by solidification. 

4. Formation of sol i d mass dueto decomposition th rough 
loss of side chains and linking through primary 
bonds. 

Metaplast Theory 4 1 - ln 1950, Van Krevelen investigated 
the kinetics of degasification and divided the pyrolytic decompo
s ition into three types of reaction. 

( i) 

( ii) 

( i i i) 

Coal complex slow disentegration primary decomposition 
product and residue; 

Prima r y decomposition product ~ final decomposi 
tion gaseous and tarry products; 

Residue + s e micoke + coke. (S econdary decomposition.) 

He concluded primary decompositio~ fi nis hed at abou t 550° C, but 
increased with rank. ln summa r y he claims heating coal abo ve 
JOOº C causes thermal cracking with the result that aromatic clus 
ters begin, to appear as free radicals. If the aromatic clusters 
are sufficiently small and at the sarne time ha ve a sufficiently 
long lifetime, the fra gments are mobil e , giving the coa! a plas tic 
character. Low-rank coals do not soften beca us e the lifetime of 
th e radicals is too short whi i e h igh rank coals do not soften 
because the cracking yield is too small and th e interaction of the 
aromati c clusters too strong. 

Fitzgerald believed that plasticity was du e to a n i r.ter
mediate component in a consecut ive reacti on from sol id coal to 
f luid coal to sem icoke wit h the two rate cons t an ts being o( abo u t 
th e sarne order. 

( i) 

Fitzgerald postulated th e fo llowing reactions: 

kl 
Coking Coal (P ) -•meto?l ast (M ) 
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( i i ) 
k2 

Met oplast (M) -- semicoke (R) + primary gas (G1 ) 

( i i i ) 
k 

Semicoke (R) _ 3_ coke( s) + secondary gas (G 2 ) 

Reaction (i) is depolymerization forming unstable "meta
plast • whi ch causes plasticity. Reaction (ii) is cracking in 
w~ich non - a romati c g r o ups are split off producing we ig h t loss. 
Reaction (iii) is a secondary d eg asification reaction in which 
semico k e is welded tog e ther with methane and hyd rogen evolution 
and f ina l coke formation. 4 ) 

Th e rmo bitumen Theory 2 ) - A. P. Oele proposed a "Thermo
bitumen" theory that preda tes the "Metaplast• theory and the 
latter be ars some r elation to the former . However Oele postulated 
that p l a stic behavior of coal is due mainly to the formation of a 
lig ui d p rimary p r oduct o f pyro lysis. Pyrolysis implies extensive 
decompos ition and accordi ng to the "Metaplast • theory extensive 
decompo sition is not necessar i ly the main cause of plasticity in 
c oa l. 

Liqui d Crys tal Theo ry 5 l - Coa l s cientists generally 
agree th at it is th e v itrinite in coal that forms coke bond during 
carbon ization . Wh e~ the polymeric coal substance is heated a 
me toplaast is f o rmed which peptizes t he coal mass produci ng a 
plastic state wh ich passes through a liquid crystal stat e that may 
o r may not produ ce an o r de r ed mosaic structure as the plastic 
material is trar.sformed into a semicoke . The semicoke is furt her
devolatilized t o produce final c on trac tion anda coke residue. 
Th is lat ter theory is currentl y in a state of modi fication with 
additional devel o pments. 

Liquefaction Theo ry 6 ) - Neavel notes that only e x i n ite 
a nd vitrinite in bitum i nous coals have plastic capabil ity . Th e 
vit r inite which is a dominant c oal mace r al consists of packets 
(mi c el l e s ) o f more - or-less aligned molecular units ( lame llae) of 
va ria ble struct u r es typified by conde nsed ring systems connected 
by bridging atoms. Fu nct ional g roups ( =O, -COOH , - OH, - CnHm) are 
a t tached to the r i ng carbons and some r ing carbons ma y be satu
rated with hydrogen (hydroaromat ic stru c ture s ) . Given ' s model as 
accepted by Neavel is shown in Figure 3. Different vitrinite s 
depending principally upon rank show variations on this theme. 
Imperfect packing of th e micelles leads t o mi c r opo r osity . Up to 
about 20 percent of relatively low mol ecu lar weight ( " bi t umen ") is 
extractable by sol vents through th e pore sys tem 

Wendell Wiser, H. R. Brown , P. L. Waters, and R. e . 
Neavel a ll recogn ize the r e lat ionship betwe en liguefacti on a nd 
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?l&st icity of coking coals . Ne vel proposcd " tnat che d e ve lopment 
of p lastic ity in coals is es se ntially a transient, hyàrogen-donar 
li quefa ction process in which the solvating a ne hyd r ogen-donating 
" ve h icle" is suppliea by the coal itself, and it is the pro
gres sive rea uct i on of transf e rabl e hyarogcn inve ntcry which leaas 
to progressive aecay of fluidity eve n at isothe rma l conaitions.• 

The three cona i tions cited by Neave l as necessa ry for 
th e formation of low-mol ecula lr-weight substa nce s by liquefaction 
o f coals are: (1) the presence i n the coal of lamellae briaging 
st r uctures that can be thermally rupturea, (2) a supply of hyaro
aromatic hyarogen, ana (3) an initial, intrinsic po tential for 
mice llar ana lamellar mobility (not relatea to the rupture of 
chemical bonas) which proviaes opportunity for free-raaicals 
formed by bona rupture to contact potentially transferable 
hyarogen . These c o naitions appear necessary for th e development 
of coal plasticity which varies with coal rank, type, ana pro
ce ssing conaitions. The bitumens are the low melting point 
( 150-lB0º C ) vehicle which solvates the micelles as they become 
ch ermally loosenea . These hyaroaromat ic materials serve as mobile 
hyd rogen-aonars to stabiliz e free-raaicals p roaucea thermally 
be f o re plasticity commences. The origina l bi cumen/vehicle decom
poses arouna 480º C. Without this initial veh icle in coal no plas
ti city woula occur ana heating woula cause polymer1zation without 
solvation. Anything that changes the quantity ana quality of the 
vehicle will change the plastic proper ties of heatea coal. 
Imposea pressures ana larger particle size retara vehicle loss and 
the trappea vapors enhance plasticity. Oxiaation of coal retaras 
liquia yiela ana aaversely affects plasticity. The ef fect on low 
rank high oxygen coals is most pronouncea. Oxygenated substances 
evo lve CO, co2 , and tt 2o ana form weak ether links. When such 
ma terials crack off from non-mobile coal mol ecu l e s f r ee raaicals 
are created ana in the absence of transferable hydrogen free 
raaicals are stabili zea by "polymerization• forming mobility
retaraing cross-links. 

Tar yielas from pyrolysis of coal are d irectly propor
tional to hyaroaromatic hyarog e n c on t ent ana hyaroge nation 
increases tar yeila. 

Slow heating of marginally plastic coals aestroys plas
ticity. Raaicals formed prior to general softening must be 
stabilizea by either hydrogen abstraction or r epo lymerization. 
Lack of contact with aonor-hydrogen woul d r esult in repolymeri
zation. 

Neavel summarizes ideal plastic aevel o pme nt as follows: 
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( 1 ) Gene ~al m~bil i ty of mi cellar units (phys i cal 
melting) commenced around 35D-400°C as Van der Waals forces and 
hydrogen bo nds become weakened , the bitumen serving as a necessary 
s o l va ting vehicle and hydrogen donor during this phase. 

(2 ) Vi scos ity decre ases progressive ly as mean molecular 
s 1ze is r ed uce d ata rate which reflects thermal rupture of 
bri dgi ng structures, but onl y so longas free-radicals th e reby 
formed a r e stabilized by donor-hydrogen. 

( 3 ) As th e limited donor-hydrogen inventory becomes 
c onsu me d , free rad i cals that continue to be f o rmed will increas
ingly "stabiliz e " by repolymerization, and having reached a mini
mum, viscosity will then increase progressively as low molecular 
weight su bstance vo latilize from the metaplast or are "attacked" 
by the free-radicals. 

(4) Repo lymerization then becomes the dominant fate of 
free -radicals and the metaplast sets YP as a semi-coke. 

Coal Petrograph y 

Coal Petrography has relatively recently helped clarify 
a number of previously incohe rent ideas regarding the nature of 
c o al, its heterogeniety, and the effects of macerals on the pro
c ess of carbonizat i o n. The different macerals or plant derived 
org a nic -materials that make up coal behave differently even when 
they are from the sarne coal, Figure 3. 7 > Exinite is which are 
highest in hydrogen of all the coal macerals becomes frothy and 
plastic and highly swollen during carbonization . The coke residue 
from e xi n ite is small. Th e exinites lose their distinct charac
teri st ics as t he coal rank increases . Vitrinites display plastic 
and swe lling properties which vary with coal rank. They are 
capable o f yielding coherent coke residues. Vitrinites are the 
coke bond fo r mi ng materials in coking coals. Coal inerti ni tes 
degasify but otherwise remai n relatively inert during carboni
zati on . Th e vit ri nites have t he ab i lity to inco rporate inerts to 
fo r m a strong coke agglomerat e . Th e bond i ng capacity of the 
vitri nite varies with coa l ra nk. 

Rheol o g i cal Properties of Coa1 8 > 

Coaking coals have the unique propert y of softe ning, 
swe lling, agglomerating, and solidifying to forma strong porous 
coke . Th e plastic properti es of heated coal have been widely 
investiga ted as a means of characterizing coking coals. The 
vari ous method s used to inve stigate plastic properties include: 
absolute, agglutinating and free swelling tests, dilation, 



558 

t o r s i o na l , gas !low ? Cr mcab ili t y , e x trusi o n, a ~G pc~ c tr ome te r . 
The s e t e sts are empirica l i n ., a t u re b u t s e rve to measu r e th is 
important property of coal. 

One of th e mo s t wi de l y used i nstruments for me a s J r ing 
th e p lastic prope rt ies o f c oa l is the Gi e s ele r p l as t o mete r . l t is 
a c o ns ta nt torque p l a s t omet e r. Thi s i n s t rume n t is a fa vor it e in 
t he U. S . and Japan. ln th is t e s t a 5 . 0 gram s a mp l e o f mi nus 
4 0 me s h coal is tig h t ly pa cked arou nd a r o d with ra bb l e arms t hat 
h a s be e n inserted i nto a r e t a rt c r ucib le . Th e s t rirre r at t he 
start of the test is f i rm ly he l d in the c o a l s o th at a 40 - g r am 
we ight exerting torq ue t h roug h a pu l l e y wi l l not tur n th e 
stirrer. h~en th e c o a l is he at e d é r o m an i ni t i al t e mpe rature o f 
30 0 ºC a t 3.0ºC p er mi nute t he c oal s of tens and be come plas t i c a nd 
r e ac hes a maximum plas ti city t he n be c o mes l e s s p la s t i c as t h e coal 
is transformed to a s em i-coke s o l id . Th e stirre r mo veme n t i s 
measured throug h o ut th e te st and t h e t empe r a ture s of i n i t ia l 
soften{ng and so l id i fic a t i on a r e r e c o rded tog ethe r wi l h th e 
maximum fluid : ty in t e r ms of dial divisi o ns pe r min ute whi c h are 
the stirre r rotati on s th a t a r e tra nsl a ted t hrou g h a s poo l pul l ey 
t o another pulley with a poi n t e r that is moun t e d o~ a dial , 
Typical Gieseler curves f or hi g h , med i um , and low vol a til e c cal s 
are shown in Figure 4. 

For most c o k i ng c o als the pl a st i c r ange whic h e x ten d s 
from softening to s o l i d ifi c at ion f alls withi n th e t e mpera t u r e s of 
350 to sso•c. 

The Audi be rt-Ar r. u ci:o t o mete r i s another pop u : ar r l1eo
logical test. It is wi de l y us ed i n Eu r ope . ln t h is t e st a fi ne l y 
g round 2 gram coal sample is mo i s tened and c o mp r essed i n a mold t o 
form a ta p ered cy l ind r i ca l " penci l " t h a t i s 60 mm hi gh and 6 . 5 mm 
in diameter . The pencil is pla ced in a meta l tu be wi t h a n ins i de 
d i ameter o f B mm anda clo s e d bo t om. The sa mple a nd co n t a ine r are 
placed in a vertical elect r i c tube f ur n ace . A 7 . 8 mm dia me t e r rod 
is placed on top o f the sampl e . The rod i s c onnec ted t o a n indi 
cato r pointer tha t mo ve s alo nga gr ad ua t e d scale t o i nd ica t e volume 
chang e s that take pl a ce dur ing pyrol y sis a t 2º C/minu t e . The t o t a l 
weight o n the s a mpl e i s 1 5 0g . A typical di la t o me t ric cu rve is 
shown i n Figure 5. The s o f t en i ng i s po: nt , 0

5
; ma x im um con t r a ction 

temperature, Oc, or in i tia l swelli ng poi n t ; fina l s wel l i ng t empe ra
ture Oe ; contraction , C: d i l o t a t ion , d: swe ll i ng , S ~ c + d whe re 
c, d , and sare in percentag es of i n i tia l s ample he1ght s . The 
plasticity index is C/ Oc - 0 5 ) wh i c h i s me a n s ha p e of th c 
descending branch of the cu r ve . 9 ) 

The free-sw e lling te s t i s ano t he r c o mmonly us ed p roce 
dure t o determine the agglome r a t in g a n s welJ i ng charac te ristics 
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of coal . A 1 gram sample of min us 60 mesh is placed in a covered 
crucible and heated 820°C in 2-1/2 minutes the height of the 
button produced is graded from the lowest button of 1 t o that 
which fills the cricible which is 9. Agglutinating tests, such as 
Roga Test, mi xes inerts with coal and then measure the strength of 
the agglomerate on heating. 

Sopozhikhov has developed a pentrometer which measures 
the strength and thickness of the plastic layer developed during 
carbonization. This instrument is widely used in easten Europe. 
Reportedly there are correlations between the thickness of the 
plastic layer, coal type and volatile matter. 

Coking Process 

To further examine the process of carbonization, we can 
consider what happens in a single coa l particle when heated, 
Figure 6. The poorly conducting angular coal particle leses 
surface moisture and in the temperature range below 200ºC, the 
occluded gases such as water , carbon dioxide, oxygen, n it rogen, 
and methane are evolved while the particle becomes rounded. At 
the first critical temperature level (350-450°C) there is a marked 
evolution of high-molecular weight hydrocarbons (tars and oils 
wh e re the coal softens and develops internal pores . As th e tem
perature increases between 350-SOOºC, the force of entrapped gas 
in the pores causes the softened coal to become deformable . The 
evolved gases within the plastic particle lead to vacuole develop
ment and swelling. At 400 to 60 0 º C, the plastic mass solidifies 
into semi-coke with liberation of additional high molecular weight 
liquids and gases. At 600- 7 00ºC, the lower molecular weigh t 
liquids and gas es are evolved. From 700 to lOOOºC is the second 
critical temperature where low molecular wei g ht gases stop and 
large amounts of hydrogen are released. However hydrogen gas is 
presen t after the coal s o ftens. The semi-coke is transformed to 
the final cellu l ar structure of high temperature coke. The 
amounts and t emperatu r e of r elease of volatiles are related mainly 
t o the rank and also the petrograph ic makeup of the coal. The 
rat e of degasification o f different coals is shown in Figure 7 . 
As noted, the amount and rate of degasifi cat ion is important to 
th e overall coking process in that it affects the behavior of th e 
plastic mass and the formation of pore structure of the coke as 
the cells are formed. 

The properties of the plastic mass that includes its 
permeability to gases is another major factor in the coking pro
cess. The flu i dity of coal as measured in th e Gieseler Plasto
meter i n relation to the rank of coal is illustrated in 
Figure 8. 
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Coa l s be l o w t he rank o f h i gh vol atile B o r C produ c e 
t~ ~ r ma l ly uns tabl e me taplast that tend s t o deco~pos e be low the 
sotten ing te mperature of the c o al and are no t a va i lablc t o 
p las t i c ize the micelle . Thes e coals tend to prod uce i nco he rent 
c c k e o r o nl y sinter at the c o ntacts be twee n part ic le s , 
F i9 ure 9. The a re a s between parti c les ma y make upa signi ficant 
po r ti o n of t h e sintered coke s t ructure. 

Hig h Volatil e A rank b itumino us coals tend to p r od uce 
mo r e s t a bl e metaplast (thermobitume ns ) which p l a s ticize t he 
micell e and form coke b u t due to their high volatile cont e nt tend 
to s h r i nk exce ss i ve ly and p r oduce fissured relatively wea k 
c o ke . These coa ls freguently beco me highl y plast i c d urin g 
c arbo n i zation and the coal part i cles interact t o destroy th e 
in t e r pa rticl e porosity and the initial charge voidag e is r eplaced 
by a ne w porous structure forrned by gas moving t h roug h th e low 
vi sco sity permeability rnass. The bond b e tween partic l es is a 
c hem ica l bond Figure 9 . 

Me diurn volatile coals product the most thermall y sta b l e 
rne taplast and produce the best coke since the pa r ticl es fus e and 
destroy charge poro sity without becom i ng fr o th y , Figure 9 . The 
p re ssures (driving force) deve lope d in th e plastic l ayer of 
inte rrne diate viscosity and permeability pe rrnits molding o: the 
cok e structure in the confined rnass. Low volatile c oa l s p roduce 
the l east arnount and the mo s t therrnally stabl e rneta p last. The 
highly viscous particl e s entrap gas and the expanding g as creates 
signi f icant dri v ing f orce wh i c h tends to forc e particles t o fu se 
togeth e r und e r pre ssure, Figure 9. These coals prod uc e viscous 
low pe r rneability plastic layers. The plastic e nve lope for med i n 
the coking process entraps the gas and the expanding gas p r e ssure 
is transl ated to the ove n walls through th e cornpe tent s olid cok e 
a nd p l as tic laye r. Th e se pre ssures can damag e c ok e oven walls. 

Cok e f i ssure develop ment is pro babl y the mo s t irnpo rtant 
fea t u r e affecting coke s t rength and f i ssu res a r e p r obab l y du e t o 
s hrinkage of the s e mi-coke which takes pl a c e a bo vc t h e uppe r 
l i mit o f plast i c ran ge o r sol id ifica t ion te rnpe r atu r e . 

The s h rinkage is not e v e nly d istri b ut ed t h r o ugho ut the 
s o l id rna s s because of th e un e v en distribution of ternpe rature and 
be cause o f th e fina l c e llular st r ucture t h a t fo rms f rom the s e rni
c o ke. As a result inte rnal stresses occ u r t o cau se crack s o r 
fissures. 10,ll) 

Th e agglorneration o f the particles result i ng fr o rn t h e 
softening and swelling of the particles allows the forrnation of a 
mass that is hard, cohesive and of an open structure. This phe
nornena mainly dictates the abradability of the coke and to a 
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c e rtain e x t en t its t ypical streng t h . However, the fissuring 
determ: nes th e s i ze o f the pieces of coke and also affects the 
i mpa ct strength of the coke. 

The tendency of coke to fissure has been measured by the 
ave r age d istance between the fissures. Experimental studies by 
CHE RCHA R1 , 2 l have shown that the distance between fissures is 
proportional to the coefficient of shrinkage of coke at its 
r e s o lidification temperature. This coefficient of shrinkage has 
be en me asured by using the Chevenard-Joussier dilatometer. A 
t ypi c a l shrinkage curve is shown in Figure 10. ln addition to the 
s h r i nkage determined by thermal gradients in coke ovens, the rank 
and t ype of coal have an affect on the coefficient of shrinkage or 
contraction . High-volatile coals have higher coefficients of 
shrinkage in the s olidification state as well as lower solidi
fi c ati o n temperature than low-volatile coals. Thus the con
traction peaks can be reduced by addition of low- and medium
volatile coa! ar antifissunats such as coke dust, petroleum coke, 
etc. to the coal blend. (See Figure 10 for the effect of coke 
dust to high-volatile coal.) Coking factors can also affect this 
coefficient of shrinkage. For example, fast coking rates increase 
t he t he rmal gradients to cause more fissures than those from slow 
cok ing rates and therefore fast coking rates result in small coke 
of l o we r impact strength (stability) . 

ln the final high temperature coke the coa! macera ! 
compos i ti o n and vitrino id reflectance determine the carbon forms 
an d a portion of the microstructure in the product coke. The 
organic inerts in coal with the possible exception of micrinoids 
reta i n their identity in the coke and the inorganics in the coke 
ca n be traced t o the i r mineral equivalent in the coal, Fig-
ure 11 . In add i tion, as the coal vitrinoid reflectance i ncreases 
th e an i sotropism of the bond carbon phase in the coke increases, 
Figure 12. Marginal-coking high-volatile coals produce isotropic 
carbon . As the volatile content of the coal decreases the virti
noi d r e flectanc e increases and also the size of the anisotropic 
doma i ns and the degree of anisotropism increas e and coke strength 
ge nerally increases, but peaks between medium and low-vo latile 
r ank coal . In addition, the pore and wall micros t ructures in coke 
s how rank related changes pr.ovided the coal maceral compositions 
and c a rbonization conditions are similar, Figure 13 . Marginal 
coking high-vo latile coals produce a small pored thin to thick 
walled poor1y fused coke structure. The better coking high
vol a tile coals produce thin to thick walled cokes with hetero
gen e ous sma l l to large size p o res. Medium-volatile coals have 
more uniform medium sized po res and walls while low-volatile coals 
hav e a n abundance of uniform small pores with thin walls. 
Marginal coking high- and low-volatile coals do not fit the 
gen e r a l rules . 
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Relat ionships t o a Coke Oven 

À similar phenomenon to that described for ca rboniz ation 
o~ a coal particle takes place i n a coke oven , Figure 14. In 
c onventional ovens, the temperature of the inner surface of the 
chamber wall is about 2000°F. With i n a few moments of charg i ng an 
o r d ina r y blend, the coa l immediat e ly adjacent to t he ho t wal l 
beg ins to softe n a nd de compose. As t he proce s s continues, the 
rate of softening and decomposition increases and th e r e is an 
a ctive e volut ion o f gas es from the plastic mass. The p lastic 
stage is a transi e nt one , r e solidification s oon s e ts i n, anda 
layer of coke begins t o form at th e wall. The plasti c zo ne may be 
conce ived as a verti ca l layer a f e w centimeters thick, essential ly 
pla ne, bounded on one side by c oke and on th e other by untrans
formed coal. Two su c h layers are formed, one pa r allel t o each 
wa ll. S imilar layers, but horizontal , begi n t o form at the top 
and bottom of the charge and may be vi suali zed as jo ining with th e 
vertical laye rs t o forma continuous region o ften re f e rred t o as 
the "plastic e nvelope • (Figure 14 ) . Howeve r, there are conditions 
such as at very low bulk d e nsities where the p lastic envelope is 
not completely formed. 

Th e orig i n of coking pres sure, is i n t he vertical 
p last ic laye rs and i s related t o the in ternal gas pressure . Th e 
gas pressure arises because of the r e sistance t ogas f l o w out of 
th e plastic zone. Th e magnitud e of the pressure is clearly a 
f unction o f the permeability of th e plastic laye r and th e rate of 
gas evo lution. Th e permeability of the plast i c mass is r ela ted t o 
the plast ic p r ope rt ies wh i c h are influenced by th e ra nk s and t ype 
of c o a l and the coking conditions used . I f the plastic laye r is 
thick and i rnperrneable , internal gas and wall press ures de velop. 
If t he plas tic layer is more f luid and permeable a frothier , 
we ake r coke develops. I nc reasing the r esistance togas relea s e 
frorn the plasti c laye r imp r oves coke . The greater pa rt of the 
ga s es e scapes throug h the cok e toward the hot wall; o nly a major 
porti on pa sses into th e cold c oal. Measure ments at this stage 
have shown th at gas pressures , both in t he c oke and in th e unco n
ve rted coa l, a r e muc h srnalle r t han gas pressu r es i n the p lastic 
l aye r s . S ince the process is conf ined in a chamber , the net 
resu l t is that sorne part of th e d e veloped p r essu re is transmitten 
through the coke as a la t eral thrust on t he wall. 

As th e pro cess of ca r bonization p r oceeds, the ve rtica l 
plasti c zones move t o ward the c e nt e r of th e oven ata slowly 
d ec r eas ing rate. 4 ) The rate at which the plas tic laye r move s is 
r elated to th e bulk density and heating rat e . The thermal 
grad ie nt controls fis suration and is in turn r e la ted t o bul k 
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density and heating rate. Some of the relatively high-boiling 
products of decomposition may condense in the cold coal and may be 
slowly driven forward through a mechanism of continual redistilla
t ion and condensation. The internai volume of unconverted coal 
steadily becomes smaller, Eventually none is left and the two 
plast ic layers coalesce ator near the center line. At this time, 
the rate of gas evolution increases sharply, frequently accompan
ied by a sharply increased value of the gas pressure, anda 
maxim um or peak value of the force transmitted to the wall. Some 
b le nds exhibit only slight increases in gas pressure at the time 
of coalescence and no accompanying maximum in wall thrust. The 
phenomena may not develop in classical form if the plastic zone is 
of high permeability or has been modified by condensed material or 
if much shrinkage of the charge away from the walls has taken 
place. 4 l The final coke breaks into elongate fingers 1 ) that 
represent half oven widths. The end near the walls is called the 
cauliflower while that near the middle is the sponge end, Fig-
ure 15. Thus, all stages of coking are occurring in a coke oven 
until the entire charge is coked out. 
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Figure 2. MODERN BY-PRODUCT COKE OVEN 
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Figure 3 . PHOTOMICROGRAPHS SHOW CHANGES IN COAL AT INDICATED 
TEMPERATURE. REFLECTED LIGHT. X175. 
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Figure 4. RELATION OF INDIVIDUAL GIESELER PLASTICITY CURVES FOR HIGH, 
MEDI UM, ANO LOW-VOLATILE COAL 
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Figure 7. DIFFERENTIAL PVROLYSES CURVES OF VITRINOIDS 



572 

lncreasing Rank 

" ·,• . .,_. 
;,d., ,:'{-'• . • . . • ., ' 

ii:.;._,_ .,- ~ ,!•· ''li •. ' 

f ' , ~ .. t . 
Sinteri,:19 Chemical Chem1cal and Driving Force 

i •• -- :-------- Driv1ng Force and Chem1cal 
.................... .. !. .. __ ___ --- - -- -- - -- - - -- -- - ---------- ---i 
~\ . ,, 

~:.A .)a,\. ·,._,'.~ 
~.>,j ·. ·------·-• ~ : '. ' .\'" .-., ....... . 

1Jfr, ;, : ,·,, . 
·~ · ·~r-·, 

lncorporation lncorporation. 
Fluidity, and 

Drivin Force 

...... _.:. 

Figure 9 . RELATION OF COKING MECHANISM TO COAL RANK 
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Figure 10. INFLUENCE OF COKE FINES ON THE COEFFICIENT 
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Figure 11A. ORGANIC INERTS (OI) IN COKE MICROSTRUCTURE 
(BINDER COKE BC) 400X 

Fi!JtirP l 1R. INORGANIC INERTS (11) IN COKE MICROSTRUCTURE 
(BINDER COKE BC) 400X 
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Figure 12. CARBON FORMS IN COKES OF DIFFERENT RANK RANGING FROM ISOTROPIC (1) , 
INCIPIENT ANISOTROPY (AI), LENTICULAR (L), TO RIBBONY ANISOTROPY (R) . 
200X 
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Figure 13. VARIATIONS IN COKE PORE (P) ANO WALL (W) 
STRUCTURES WITH RANK. 23X 
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Figure 14. CROSS-SECTION THROUGH THE SHORT DIMENSION 
OF A COKE OVEN 
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Figure 15. A COKE FINGER ANO ITS MICROSTRUCTURE 




