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The projected are¿r, per gram, envelope volume pel gram and number of ptrticlcs per grarn have

been me¿surecl  for  ¿ numl¡er  of  s ized coke f r¿rct ions,  in the rangc f  rom 70 to 600 microns.  The coke

fractions lvere derive{ from t¡.o lump cokes of different origin and l-ere prepared by sieving after

crushing and grinding in five dillerent combinations of inclust,rial cqrtipment. Shape factors, de-

f ined as the rat io of  t rvo diameters b¿sed respect ivel l 'on the metrn projected area and mean

envelope volume of  the indiv idual  <roke part ic les,  i rave been calcr¡ latet l  f rom the ¡neasurcments.

For orre coke the var iat ions of  shape lv i th s ize rvas found to i re st tb-stant ia l l r -  independent of  the

means of  gr inding;  for  the other s igni f icant  v¿rr iat ions between di f ferent .  tvpes of  gr inder were

obtained.  A¡ at tempt has been n-.ade to interpret  the resul ts semi-r¡nant i tat ivel ¡ ' in  terms of

the pore and f iss¡re st¡ rcture of  the or ig inal  coke.  The possi i r le s igni f icance of  the resul ts to

graphi tc manufact t t re is  t l iscussed.

P.tnr I. Frc'rons A¡'n¡;cttxc
P,tr¡rrcr,o Su,q.r'o

IN'I ' ITODUCTION 
.

Artificial graphite bodies are normally
prepared from a mixture of ground pe-

troleum coke and a semi-licluid binder, the

mixture being formed to the required shape

by moulding or extrusion. Sin-c'g-!he'*c-ake-

-p?tttcleS are irregular in shape they are

onen!9{-Ir-!-t-g*t_9_fg1¡}.e.. "PIo-c"9:s" *?14-".ü.9
preseql'e- of such oriente{ par! i¡ l"e¡ .ma¡'.be
derU-o¡p*t-rg!9$, 9r1eq".!r¡ the fi nished graphite,

by examitration of polished sections at lou'

magrrification'.
Petroleum cokes are ktrorvtr to be micro-

crystalline, rvith crystallites of about 20

Á linear dirnension, and the c axes of thess

c,rystalliles- .g-ete-IaUy, qho¡1' a small preJ-

_eleltial grderr-ng in the direction of the

shorlgl _!lil-tgll!i9rr.". 9f ..the particles. The

particle orientation in the forming process

therefore leads, in the finished graphite, to
' : i - _ - - - ¡ i '

the preferred crystallite oricntation lrhich

Fel-d;l]i lt] X-tav reflection photographs'

!h9 q¡ystSllite orientation is respomsible for

the auisotropy of such plysical properties as
electrical tett!!| 1!y--lhermal conductivity
q"d._ qo"{!ti-e¡¡t. qf --thefpal expausiotr. It
follorvs that this anisotropy should be
affected by the shapes of the petroleum
coke particles. Part I of this paper reports
me&sulenlerlt. g!-jlt"-p{g-c*t- 99- s@pe, of
p$fglg",s!29, !yp_e of coke and type of size
redrrcl  io lr  er¡uiPment.

EXP!]RIMENTAL

I. Preparalion' of SamPles

In a typical series of experiments the

selected coke, itr the form of lumps 3-4

ilrches ilr sizc, l'as broketr dorvn in the

selected equipmcnt and the final product

split, by sier.ing, into closeJy sized fractions.

The sieves used s'ere normally the Nos.

16,  22,36,  52,72,  1OO, 120,  200 and 240

British Standard Test Sieves (ts.S. Spec.
.110-19-12).

For all grirrdings, conditions \\¡ere arranged

to give a final product l'hich all passed a

N-gr^_2¿E S, s-ieve arrd of rvhieh app.lox-

t-"t ly 60.p9r- g-i"t passed a l\g q0 B'S.

sieve. 
'l'he only single stage grinder used

rvas a Sl'ing Sledge Mill. The other grind-rJ .  N I .  l {u tcheon,  J .  Ins t .  F r re l  26 '  309 (1953) .
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ings rvere done in two stages, a Rotary Fine
Crusher being used to give a product of
about ] inch size, l-hich l'as then fed to the
second stage. These machines are briefly
described belorv.

Swing Slerlge l,Iill (I)
This is a disintegrator in which arms rvith

freely srvinging hammers at their ends
rotate at high speed (2000 r.p.m.) in a
vertieal plane. The material to be crushed is
fed betrveen vertical plates through the
space traversed by the arms and hammers
and passes out through a $" grate.

Rotary F'ine Crusher/Sample Grinder (II)
The rotary fine crusher has a fluted,

approximately conical beaterrvhich rotates,
at 125 r.p.m., on a vertical axis lvithin a
fluted casing. The Sample Grinder is a
laboratory piece of equipment in rvhich the
material passes betrveen tlvo vertical hard-
ened steel plates, one of rvhich is fixed l'hile
the other rotates, at 750 r.p.m. on a hor-
izontal axis.

Rotary F'ine Crusher/Steel Rod MIill (III)
The latter is a rod mill of standard

pattern, the mill casing being 10 inches in
diameter and 12 inches long. The speed u'as
60 r.p.m. for Coke A and 28 r.p.m. for
Coke B.

Rotary Fine Crusher/Crushi.ng Rolls (IV)
The rolls are 8 inches in diameter by 5

inches long and rotate at 360 r.p.m.
Rotary F'ine Crusher/Laboratorg Disin-

tegrator (V)
The latter is similar to the Swing Sledge

Mill except that it is smaller, has no srving-
ing hammers at the ends of the arms, and
rotates at higher speed (7500 r.p.m.).
For Coke A an 0.05 inch grate rvas used, but

TIII '  CONFF]RENCES ON C]AITI]O\

for Coke B the grate spacing r,as 0.035
inch.

B. Types of Coke

Tlro petroleum cokes l'ere chosen. The
first (Coke A) had u-dlgrll\.Igla_tlySly¡mall'-------------- -,:--
polg!_.an3__th¡-9h-S9ll-11allC-f qeg,f ¡or.npbyr*ous
.fissures. Tll_e-gtl¡er (Coke B) rvas strongly.
lqSUfg4 yith widely l'aryi4g pore siz-e_ A-qd
cell wall thickness. -Bq!h,-S-o,-b_eq-" trad*pry-
vresdl !ss!-g?"kilreA"q! .+!qu! - 1 300 :g

The lump densities and real densities
(measured after refluxing in methanol) are
shorvn in Table I.

Xf easurements and De.linitions

An average particle shape constant, o,
for a group of particles has been defined by

t . t  I ' j J l
o :  

F  
. . . . . . . .  ( I . )

where { (" t/il is the specific particle
volume, A (cm'/g) is the specific projected
area and N is the number of particles per
gram. These quantities \\¡ere measured by
methods previously described'.

Wall thickness measurements lvere ob-
tained from photomicrographs of plane
polished sections of the coke lumps by a
method analogous to that used in obtaining
Martin's diameter in the microscopic
measurement of particles. An arbitrary
straight line r.as drarvn across the photo-
graph and the intercepts betrveen adjacent
pores were measured.

RESLTLTS

The shape constant rvas determined for
each fraction and graphs constructed shorv-
ing the variation of o u'ith mean particle
size for each coke arrd each type of grinder.
These graphs are shorvn in Figs. 1 and 2.

Since 180 exnerimental determinations

2 T. Beir4e and J. \ I .  Hutcheon, Bri t .  J. App
l 'h1's. Supp. No. 3, 576 (195.{).

PROCEEDITi'GS OF

TABLE I
Densities of Cokes

c o k e ] ¡ 1 "

L u m p  d e n s i t r '  ( g / c e ) . .  . .  1 . 0 - l  . 2  0 . 6 - t . 6
ReaI densit¡ '  (g/"") 

i  
1.93 r.95
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Fra. 1. Shape factor vs size for coke ,,A"
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Frc. 2. Shape factor vs size for coke "B"

DISCUSSION

4.. General Concepts

The curves shown in Figs. I and 2
complex and ahy interpretation must
volve several factors.

are
in-

were required to obtain the shape constant
data presented, the detailed experimental
results are not quoted here.

The lvall thickness rne&surements are
shown as histograms for both t¡pes of coke
in Fig. 3.
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-  col i¿ h'

- - - -  - -  - -  c o k € ' B '

I  
w o l l  t h i c k n c s s  l - i l l i h a ! r a s )

Frc.3.  I l is togram shorving f ret-1uenc1'c l is t r ibut io i l  of  rv¿l l  th ic l incss rv i th i t r  a coke luDr l )

T - - -  
- -  - -

- - - - - - - - 1
- - - - - - J  I

I
L _ _ _

Trvo propet't ies of thc coke seeln pal'-
¿  + - - r * - - -

Uñtr.jl*1 qll These are firstlY,

fl..";;;';;d seconátv, óéll-rvalls betn'eerr
- - - - * " Á , ' " ' " ;  - " -  |
iofq.. The fissures probatlly dcrlYc trom

Eliok?ge ú{ng= goking as 'rvith coai, cokeso'

gbilg 1¡9 po.é 9'.e prodttcecl by the vol-

q!i,le! e¡qlved. Evidence of both f,ssures ancl

lái". -uy be seen in the photomicrograph

iffi poiñFéii seciioñ ol' a t'oke lunrp giverr

is'P¡[. +,
The grinders used rvere of widely r''arying

type. Again trvo features may be selected as

tLe basis of a simplified analysis' One is the

amount of energy delivered per impact by

[he machine on each particle; this may

ápproximately be associated u'ith the speed

SL-LhS_-S.iqder. The second factol is the

gglslt"_t of recirculatiotr taking place'

lfnong 
-the 

grinders studied this rvili be

iea.t *lttt the crushing rolls and most u'ith

the steel rod mill.

B. Interpretatíon of Curues for Coke A

These concepts give some help to the

interpretation of the obsen'ed curves' The

simplest is given by Coke A in Grinder

IV. (Fig. 1). For the coarser particles

Frc.  -1"  Photomicrogra¡rh of  pol i -s i rcd sect ion of

coke l t tmp, shol- ing pores l rncl  f issures (X +6).

(600 ¡r) fracturc is considered to takc place

preferent'ially along fissures i.e. by "clca\'-
age". The shape factor therefore falis. l'or

finer particles, hotvever, this process gives

n'ay to fr¿cture across the planes l-ith a

consecluent increase in shape factor. The

charrgc rnay be be, 'ause u n l i l t i t l r t tnr  separa-

tion betrveelt lissttres is rear:hcd, or because

the flakes har,c bet,ome so thirl that they are3 J. L. Soule, I 'uel 34, 68 (1955)
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weaker across the planes than parallel to
them. Apart from relatively minor features,
the patterns for the other grinders are
similar. For this coke therefore it appears
that thel,ni.oiioóió ñisuié .i.,i"t"iri ot-irr"--:--coke 

exerts a predominant effect on t-he
shape-size curve and the t)?e of grinder used

*1.qprall conseq.uence.
The almost constant shape factor shown

by Grinder I from 600 ¡r down to 250 ¡t
is of interest, however, especially as this
behaviour is even more marked rvith Coke
B. Also Grinder II sholvs a slight initial
rise in this range and 'with Grinder Y the fall
is only slight. These grinders all operate at
highspeed.n*gf d]Lug¡!fory'tlt?l-yr_tl-'--lg*
gnergy deposition, coal cokes fracture along
fissures but that at high'breaking i.iirergieÉ,
gtzs reduction is by a different process and-tlre 

cokes shatter into fragments of more or
less random shape. Possibly the suppression
by these high speed machines of the normal
characteristics of fracture along fissures may
be a similar phenomenon.

C. Interpretati.on of Curues for Coke B

For Coke B, the shape factor-size curves
(Fig. 2) sho'w more complex patterns in-
dividually and differ widely among each
other. These differences are paralleled by
differences in cell wall structure between the
two cokes. For Coke A the majority of the
cell rvalls are thicker than the coarsest
particles examined, but for Coke B the
entire distribution of cell rvall thicknesses
lies rvithin the size range of interest (Fig. 3).

Q.rUfd$S glimi¡rq,.les lhq p.pres in the original
-coke lumps and releases these cell walls
yhich, because of their thinness relative to
the pore diameters (c.f. Fig. 4) are par-

ticularly flaky. (It is of interest that this
material is also unusually highly oriented in
the crystallographic sense, as is seen from
the X-ray transmission photographs shown
in Figs. 5a and 5b. The former was obtained
by focussing the X-ray beam on a zone, 0.1

B

Frc. 5. X-rav orientat ion photographs of
"neck" betu, 'een pores in iump of calcined coke A.
A. X-r¿r'  beam focused on zone 0.1 mm. in diame
ter. B. X-ra¡ '  beam osci l lat ing over distance of
1  cm.a R. L. Bond, Fuel 33, 250 (1954).
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mm. in diameter, on the narrow neck be-
tween two pores. The latter was obtained
with a beam which oscillated oYer a distance
of 1 cm. on the coke lump.) The presence of
these particJes therefore supe{poses a
second shape factor distribution on that
arising from fissures present in the coke.

When this coke is ground in Grinder
IV, the d value diminishes to a minimum
value at 360 ¡r, as with Coke A. The general
Ievel of the shape factors is lower, however,
and, possibly for this reason' the rise for
smaller sizes is steeper. Both cokes give a
o value of 0.64 at 250 ¡¡. For lower sizes
the curve shows two minima, one at 250 ¡r
and one about 140 ¡¡. It is of interest that
two minima also occur, near 300 p and near
100 ¡r, in the pore wall thickness histogram
for this coke (Fig' 3).

Grinder III gives a pattern generally
similar to that for Grinder I\¡ but appears
to be displaced somelvhat towards the finer
sizes and towards higher shape factors. The
lack of a second minimum may be due to the
fact that finer fractions were not available
for examination.

The curve for Grinder II shows the most
marked divergence both from the other
curves for this coke and for the correspond-
ing curve for Coke A. It.Sives ia gg:rgla-l-tbe
lowe.st 5hppe.-iactor - J.hrqUSliou!-Jh-Plg9'
This agrees rvith e_xpe--cJ.a!!9n _q!g-ce the

lsññAei-;lié'iáió9¡ifi -,c1óély5p*'$-pe3:"tei.
;ñnes ;iid loiv recircrllati,ou. It should
t[ñ*ór¿ri; f ur.oü.'.l"rr,rgl rbs--ü9gg9*"1

$!s-bqt gÉo3ri'] --9gbe 4 -*3¿-ryqqc ! -@
üS_g{!¿_qt*eo¡trollipg-lt'-es'e!tl4s_-o-flhe

.. i plates, to rvhich the performance of this
¡i v 

machine is very sensitive.
For Grinder I the virtually constant a of

gboi. @F.'réel 60iI-áiiil @jr--+-ar.-b"
-99!gpe1e.d^y'.-r-t¡-!h-eal$Sp,t-Sgnstap-!,.¡ralueo-t
0.66 in this rang,e--with -CSk-"- -4-, The "shat-
Gt"frp-f*"d irv tni. grinder seems to
over-rule structural differences betrveen the
cokes.

As with Coke A, the curve for Grinder \r

closely follows that for Grinder III but is

displaced torvards higher o values. With this

coke, however, the displacement is more

marked-approximately 0.05-0.1 on the o

scale. This displacement may be correlated
with the higher speed of Grinder V, which

increases the tendency to fracture the grains

across their largest planes.
The relative differences between grinders

for Coke B apart from a possibly anomalous

effect with Grinder II are therefore in the

same sense as those for Coke A. The dif-
however, much greater in

CONCI,USIONS

The preparation of anisotropic
pitch graphites on the industrial
favoured by

(i)gs".o-r*c_g\g:y.t!t'Jpge-f _o.lqP.?99" j[[r-"
cell walls

(ii) ñ;l the minimum plolg$Ágrl*sf.
- < _ - ; - * . / ' '
.ot e^-{I'é¡ (llv. t"¡U. thg,p*abeut-100
mesh),

(iii) flrinding the coke in a mill. wh&h-is-"*
slowly moving and gives low." legi--

aénce time of the coke. Of the
i"¿üitrirr -typ-eF. of - jsüip-q'sp^t,
c.rushing rolls give t1le m9-9-t'""3_1ti¡9-

-tlopic product.

P.tnr IL 'Ino Errncr or Ss,tpp
F,tcron on P,tcxrwc DpNsrr:Y

INTRODUCTION

The voidage betu'een the particles in an

aggregate of por,dered coke depends upon:
(i) the distribution of particle sizes

rvithin the coke. This controls the

extent to rvhich small particles can

fit into the interstices between

larger ones and is therefore a factor

to 'which bulk density is very sensi-

tive.
(ii) the shape of the coke particles and

(iii) their , mutual orientation in the
packed aggregate.

The last trvo factors are difficult to sepa-

ferences are,
magnitude.

cokef
scale is

t

I

{

ll'
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rate. The ability to be oriented depends on measured for different sized fractions
the shape-this was the basis of the studies cokes. Fractional voi

o.óo

173

of

described in Part I of this paper-*_bUlL !r, mined from these g!g"S*g*gpg{ggl3!9
ryt:übouydeteu0ised*tttele&x;¡ggrgrygg- 19,
!gl!!slcs__a¿!- be -qtryng-e"{--"-¡9*.-{i[er.9"1t ments the ',band_-r'ie!_-tbs"]' pf--the.-fracü]-ats
r-nutual orientatio_Ug.-b&*diffale.Ac9.¡Li¿*p¿g.k-. were limited by sieving betweg-l- _gl9g9_ggy--es
inq technique :99b_t¡al__thS*ptio of the smaller to the

In the present studies bulk densities were larger sieve apertqle _y3q Le"ygr_."lSSq thru._.

s .  s .
R . F . C . /  S . G .
R.F .C.  /  s .R.M.
R.F .C. /  C .R.
R.F .C. /  L .D.

!

E
c

I

200 300 ¿oo
mcon  s i r s  o f  l r oc i r oñ  (m i c rons )

Fre. 6. Voids vs size for coke "4"
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200 300
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Frc. 7. Voids vs size for coke "B"
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\ - ' \  \
o-  ? - - -v -7?-q- - -+- - -v - - - - - - - - \__

\ / ' \ - - \
\  

- 9 -

' o - -  -  -  - - € - - -

o  4 5 ;



174 PROCEEDINGS OF THI] CONFERENCES ON CARBO\

ó

objection since the "band-l'idths" of the

fractions used for the bulk density deter-

minations \vere narro\\¡er than those uscd

for the particle density and shape factor

measurements. For the bulk density deter-

minations, narrol\' fractions rvere found to

be essential in order to obtain meaningful
results; the particle density and shape

factor ho'w.ever were found to vary only

slor,r,ly rvith particle size and it rvas there-

o l ?

G R A 1 N  S r z E  ( m m )

Frc. 8. Relat ionship between void space and
grain size.

x
o
A
o

q q

P.F.C. /  S .G.
P.ECl  S .R.M.
P.EC./C.P.
R.F.C./L.O.

4
I
{"E"

t \

o.40 0.50 0.60

froct¡onol voids

Fre. L Voids vs shape factor for coke "8"

0.83. It lvas hoped by this means to elimi-

nate variations due to differences in size

distribution. A carefully standardised pro-

cedure rvas used for bulk density me&sure-

ments in order to minimise extraneous

variations in orientation. The variations in

fractional voidages then obtained \\:ere

examined for correlation'rvith shape factors.

The procedure was to plot fractional

voids against mean size of fraction. The

voidage values for given sizes rvere then

cross-plotted against the values for the

same mean sizes, obtained from the data

described in Part I of this paper.

This procedure is open to an apparent

fore considered justifiable to treat the re-
sults in this n'ay.

EXPERIMENTAI,

Determinatic¡n of butk densi'ty

Since oniy small amounts of many frac-

tions rvere avaiiable, it rvas rlccessary to use
a method lhich did not require large
quantities of porvder to obtain the necessary

accuracy. The apparatus used u,as similar

to that described by Busbys. It consisted
essentially of a 100 ml. glass measuring

s T. S. Busb)' ,  J. Soc. Glass Technol. 34, 10
(1950) .
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FIc.  10.  Voids vs shape factor  for  coke , ,A ' ,

F r c .  1 1 ,
a n d  t t B "

o .5
lroctionol Yoids

Voids vs shape factor

o.6

for  cokes t tAt '

cylinder held in a metal clamp u'hich was
raised by a motor-driven cam and then
allolved to fall freely for j inch. The cylin-
der u'as jolted 70 times per minute and
each sample rr as tamped in this .rvay for
five minutes before readings rvere taken.
The results rvere repeatable lvithin 1 per
cent.

Plots of fractional voidage against mean
size of fraction are reproduced as Figs. 6
ano l.

DISCUSSION

Evidently, the fractional voidage in a
bed of particles is not affected by uniform
magni f icat ion in  a l l  d i reet ions;  the voidase
is t!erglors.*!9._a !rsJ, upp.o"lñi,il,ó*"lE
dgpen4_en-L o.f, +^bp_qlu.tg. p,p1t!c-19 size qnd- .q*qk
dependent  on the d is t r ibut iorr  o l '  s izes.,+-
Andreasen' has investigated the validity ol'
this simple prineiple experimentall¡' for in-
dustrialpowders.Il"e"h_aq.lg1r¡-d_-i!!q_b.9-ld.lsr
lggsepeüisteqb-u-t-f or,f, ner.sizes.theyoidage

6 A. H.  M. Andreasen, J.  Soc.  Glass Technol .
24, r71 (1540).
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rises (Fiq. 8). The results shorvn in Figs. 6

and 7 are in general agreement rvith this

view. They also indicate, holever,
(i) departures from , the simple curve

which seem to be larger than is

rvarranted by experimental error,
(ii) for some grindings, an increase in

voids as the size 'inueases from about

200 u.
(iii) a general tendency for the curves to

approach the simple Andreasen pat-

tern more closely in those conditions

under u,üich the shaPe factor-size
relationship are simplest'

These observations are qualitatively in

agreement rvith the hypothesis of a relation-

ship betrveen fractional voids and shape

factor. Fig. 9 shows an attempt to trace such

a relationship quantitatively for Coke B.

The points lie on a fairly rvell-defined band

but there is also a tendency for the points

for different grinders to lie on different, but
parallel, lines. This* suggests that the

a¡alysis is nob óm[-tgta. ?11d-"!lt{t :bqp"
jsr!s{j!""r}9--.lE"-.:ssg$slg*!. " lo " 3,"9 cpu 1t
for the residual varia[ions in voidage'

---+-

ForToke A, the treatment gives no cor-

relation at all, as is indicated by Fig. 10'

The shape factors for this coke are relatir,'ely

insensitive both to grinder and to size frac-

tion except for the finest particles, as pre-

viouslymentioned, @
-a- \idg-va$aliss-b Jbc-¡p$!--ul.oag*-tbe
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_difle:cuLlractrsnsf -o-f ,!-Llg,!.hreeg¡jndersf or-
yhi*-_rcFUllq. 1r9 pJ?-ilsble. N{ore detailed
examination shou-s holr,ever that most of
this variation occurs rvith fractions obtained
from the sampie grinder and results in these
fractions having anomalously low voids
contents. If these points are excluded, the
remainder are fairly rvell clustered. In Fig.
11 all the points for both cokes have been
collected and the best straight Iine drarvn
bhrough them. This has the equation.

o * 4 e : 2 . 7 5

and if a value o : 1, corresponding to
qph"grglis substituted in this equation, the
calculated value for e is 0.44. Tlrr_.g¡1pgre¡
rvith usually quoted values for random
- - - - - : - - -  - n ' i  . ' ,
packing of single-sized spheres of € :

o.eé+.+0.-
It would appear therefore that this cor-

relation of voids rvith shape has some
validity, although there are other factors
present which have not been isolated in the
experimental work.

This conclusion applies of course only to


