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The Shape Factors of Coals Ground in a Standard
Hardgrove Mill

L. G. AusTiN, R. P. GArpner and P, L. WaALKER, Ir

The shape facrors of 16 coals of various rank were derermined, after the coals had been ground

according to the siandard A.8.T.M. H, ardgrove test. The shape factor was Jound to be constant

with size for a given coal over the size range tested, 16 to 323 mesh. Shape fuctors were Jound

to be a function of coal ramk, A graphical correlation of shape factor with volatile matter
is given.

TueE shape factor of ground coals is an important parameter where pressure
drops through packed or fluidized beds of fine coal have to be calculated?-®,
In addition, the envelope surface areas of a coal sample can be calculated
from its size distribution and shape factor. This is of importance in such
processes as the combusion and gasification of pulverized coal, the production
of low temperature coke and coal chemijcals by fluidized bed techniques, and
the transport of coal in fluid suspension. The surface area of coal has received
much study in connection with grinding®. In the present work, the shape
factors of 16 coals of varying rank were determined, after the coals had been
ground according to the standard A.S.T.M. Hardgrove test,

DEFINITION OF SHAPE FACTOR
The shape factor ¢ is defined by

Sy = 6fp [

where Sy is the specific area (area per unit volume) of the particles and e is
the sieve size of the particles. A sphere or cube gives a shape factor of 1,
while more flaky or needle-like particles give lower shape factors. If 4 and
the size distribution are known, then Sy for a collection of different sized
particles can be calculated from

So = [Y(6pitu) duffip dw Y

where dw is the fractional weight of particies of size p. and p is the apparent
density of the particles.

APPARATUS AND EXPERIMENTAL TECHNIQUE

The coal was ground in a Hardgrove test machine according to the A.S.T.M.
standard method®. The product was sieved into the following fractions:
6 > 30, 30 x 35,35 » 50, 50 % 70, 70 « 100, 100 x 120, 120 < 140,
140 =2 170, 170 x 200, 200 230, 230 < 325, U.S. mesh. These fractions
were used for the density and surface area measuremnents described below.
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The surface areas of the coal fractions were determined using the liquid
permeability apparatus described by M. L. LAKHANPAL, V. D. AnanD and
B. R. Puri®. The method was simple and quick and gave fairly good repro-
ducibility. The major difficulty arose in obtaining a bed free from air bubbles.
When air was present, the bed had a characteristic mottied appearance at the
surface of the tube and surface areas were both too high and poorly re-
producible. This difficulty was overcome by aliowing the coal sample to
soak in boiled-out water for an hour before use, with frequent stirring. If the
coal was well wetted and packed under suction {from a water pump) with
a continuous flow of boiled-out water, air bubbles were not found in the bed.

To measure the surface area by the permeability method, it was necessary
to know the apparent density of the coal particles tested as a function of
particle size. Apparent densities were determined using a mercury porosi-
meter?. The pressure of mercury was increased until the rate of entry of
mercury dropped suddenly and additional pressure caused only a small
further penetration. The sudden change-point was taken as equivalent to the
apparent {(geometric) density and the slow additional penetration as the
filling of the internal pore system of the particles. It was found that a pressure
of 60 lb/in® gauge was sufficient to force the mercury between the particles
of the finest coal used, while increasing the pressure to 200 lb/in® gauge
produced an insignificant change in penetration. Densities of the larger
sieve sizes, determined by rapid water displacement, agreed with the mercury
densities.

The specific surface area of a coal fraction was calculated from the
following formula, which applies to the permeability apparatus used,

. (6109
= S ATTRIRINT — /<10 D) log (BT

koq® is a factor which varies with the shape of the pores in the bed, R is the
radius of the tube containing the bed, R, is the radius of the tube in which
the mercury rises, < is the porosity of the packed bed, 7 is the viscosity, L
is the length of the packed bed, /; and /; are the pressure differentials across the
bed initially and finally, and ¢ is the time of flow. Recommended values for
the factor kqg® are 40 for circular pores, 4-8 for a bed composed of spheres,
and 50 for a bed composed of irregular particles®. (It may be noted that the
denominator on the RHS of equation 3 is the surface-area-per-unit-volume
equivalent diameter, in microns if c.g.s. units are used.) The latter value was
used for the present calculations on coal. Curves of cumuiative area versus
sieve size were compiled and values of S, at given values of u were used to
calculate ¢, using equation 1. Alternatively, é was calculated, for a narrow
sieve range, from the relation ¢ = 6/5,, where i is the arithmetic mean of
the sieve range.

.3

The liquid permeability apparatus was tested by using it to measure
the surface area of a sample of glass spheres of size 100 to 200 micrens, the
glass having a density of 2-50 g/cm®. In addition, a microscope size count was
made on the spheres and the surface area calculated by integrating the
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range of sizes present. The permeability area agreed to within -5 per cent
for six tests, and the mean of the six tests gave an area which agreed with
the microscope-count area within 1 per cent.

RESULTS AND DISCUSSION
Table 1 gives the analyses of the coals used in the tests, the Hardgrove
grindability index, and the shape factor for the coals. The shape factor was
found to be constant, within the limits of experimental error {410 per cent
of the mean), for different sizes of the same coal over the size range tested
(16 to 325 mesh). Each shape factor is the mean of at least 15 different
packed columns of coal,

Table I, Results on coals tested

Composition on as-received | % Volatile | Hardprove Shape
Coal Stare basis, wt %, matter | grindabiliry | factor
HO Ash C H 5 {da.f) index
St Nicholas Pa -6 91 842 24 051 4-3 30 0-64
Lorree Raven Pa 40 71 827 28 080 54 26 0-61
Dorrance Pa 07 99 829 2.5 (073 58 29 0-59
Treverton Pa 05 97 — e [-05 9:0 51 0-69
U. Freeport Md 0-5 144 752 39 1475 179 99 0-83
U, Kittanning  Pa 05 95 804 42 §.4§ 18-0 102 078
Pratt Ala. 08 79 788 48 160 29-2 93 375
L. Kirtanning  Pa 05 110 768 4.9 162 02 97 71
U, Freeport Pa a4 79 798 50 1-56 330 84 070
Cobb Ala. -5 67 771 51 1-22 331 63 0-68
Pittshurgih Pa i1 56 775 53 150 374 54 0-65
Glen Mary Tenn, 2y r5 73T 53 276 39-4 35 0-68
Pittsburgh Pa 14 66 762 54 232 39-5 53 0-65
Pittsburgh Pa -4 53 773 54 181 400 52 62
Pittshurgh 8 Chio [-5 164 6535 49 451 42-4 52 0-62
No. & I, 2 76 661 55 275 45-4 55 0-62

Figure 1 shows the relation between shape factor and volatile matter.
Using this curve the shape factor can be estimated from the volatile matter
with an accuracy of within 210 per cent.

As described, the surface areas were obtained by a liquid permeability
method, using closely sized fractions, with a minimum size of 325 mesh
{44 microns). Consequently, the well-known disadvantages of air permeability
techniques are not involved. The mean free path of the liquid molecules is
not great enough compared with the pore radii for slip phenomena to be
significant. Flow is laminar at all times and the rates of flow are much too
low for expansion-contraction losses to be appreciable. The difficulties of
testing fine powders (less than 5 microns) by permeability techniques were
also not encountered in this work, On the other hand, one step in equation 3
involves converting the Poiseuille equation for a tube into the equation for a
packed bed by substituting an overall mean hydraulic radius [defined by
/(Se)(l — €)]. This is only justifiable when the pores in the packed bed have
a uniform shape and size. For a range of shapes and sizes, the true overall
mean hydraulic radius is an appropriate integration of the distribution of
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hydraulic radii. The term kqg® in equation 3 contains a correction factor to
allow for this non-ideality of the pore system; kyg* is a constant for a given
bed. However, it is to be expected that kog* will vary depending on the
packing of the bed. In the work reported here, the porosities of the packed
beds were within the range 0-4 to (-6, Therefore, the variation of Jyg®
associated with consolidated beds or highly porous beds should not be
encountered. For similar conditions, P, C. CARMAN® quotes a variability of
koq® equivalent to 414 per cent. When the reverse process is carried oud,
that is, a mean value of kg® is assumed and S, calculated, it is obvious that
a similar spread in values of S, will be encountered. In the work reported
here, the reproducibility of results on the same bed, but with different
pressure drops, time of flow, etc., was normally within 41 per cent. The
reproducibility of S, on different beds of the same material was normally
within 410 per cent. Since Syocif(kog®?, the order of reproducibility
expected from the range of kqq* values quoted above is 18 per cent. At
least 15 different beds were tested for each coal; therefore, the mean shape
factors are probably sood to within 23 per cent.
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Without a direct calibration of the permeability area versus the geo-
metric area, using some other means of area determination, it is not possible
to say how accurate are the shape factors measured. Indeed, the area of a
sample will vary depending on how the area is measured. The liquid perme-
ability technique used here will measure none of the internal surface area of
the coal and little if any surface roughness. The shape factors obtained using
a value of 5 for k,g* are probably reasonably good guides to the geomletric
surface area for drag or mass transport of a reactant to the surface and they
should be directly comparable between different coals. They do not give
any indication of the variation of shape of individual particles within a
given sample.

Tt appears unlikely that the shape factor is a function of the degree of
grinding (at least, over the size range investigated). If it were, the factor
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would be expected to vary for different sized fractions because the finer
fractions contain material which has been broken several times.

Two coals were also ground in a disc mill and in a ball mill. Although the
shape factors found were significantly different from those of the same coals
ground in the standard Hardgrove machine, the results could still be pre-
dicted within 410 per cent from Figure /.

CONCLUSIONS

The geometric or hydrodynamic area obtained with the liquid permeability
apparatus should not be a function of the chemical nature or roughness of
the particle surface, since the resistance to flow is due to the internal friction
of the liquid. Consequently, the variation of shape factor implies that coals
fracture to different mean shapes depending on their rank. The results
indicate that bituminous coals with volatile matter of 15 to 25 per cent
(d.a.f.}) have the most cubical shapes, while higher and lower rank coals
have less cubical breakage products.

it is concluded that shape factor can be added to the list of coal properties
which are rank dependent, having a maximum in the region of 15 to 25 per
cent volatile matter and minimum values for anthracites and sub-bituminous
coals.
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