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Summary
Fol 'fferent options for pipelining one particular coking
coa\ore examined. Theseare: -1.5 mm finecoal; -15 mm

coarse coal ; - 15 mm stabilized coarse coal ; and fine coal
in the form of 1 to 2 mm agglomerates. Test results obtained
in a 1,600 m and 400 m x .l 00 mm pilot facility are pre-

sented for all four coals. The effect of addition of electrolyte
on rheology and the resulting changes in pipeline behaviour
are also reported.

The results are analysed especially with regard to scale-up
to larger diameter pipes. Finally the economic advantages
and disadvantages of each option are briefly discussed.

1. lntroduction
The Black Mesa slurry pipeline, which has conveyed some
85 million tonnes of coal since commencing operations in
1970, has clearly demonstrated the technical and economic
viability of transporting large tonnages of coal over long

distances. This technology which utilises a fine coal slurry
is basically limited to energy coal being supplied to captive
po' ' generation stations or other pulverised fuel users.
Tht--rroduct is not generally suitable for the large scale
export market or for coking coal applications, primarily due
to the size of the coal [1].

Optlmum pumping properties for slurries are achieved when
the particle size is small. For these slurries, the pressure
gradient is low and pipe wear is almost negligible. However,
there are numerous cases where it is either not economic
to reduce the particle size or when the product is required
to be larger.

Transportation of coarse particles in heterogeneous slurries
has essentially been limited to relatively short distances [2-
5]. The two main problems caused by the coarser particle

size are high pressure gradients and high pipe wear rate.

Extensive research and development programs aimed at
improving existing fine coal systems and expanding the
range of slurry options for coarse coal systems have been
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undertaken in recent years. For fine coal systems improve-
ments in dewatering equipment and processes have dem-

onstrated the potential for improvements over the Black
Mesa operation [6-14].

For coarse particle slurries, alternative technologies involv-
ing high concentration mixtures with maximum packing

densities [1 5] and stabilized slurries incorporating addition-
al fines to act as a carrier for the larger particles [5, 16-20]

have been investigated.

This paper reports the result of an investlgation undertaken
to compare the slurry and pipelining characteristics for a
range of options for a particular run-of-mine coking coal.

The following options were tested:

- fine coal slurry with a top size (99% passing) of 1.5 mm
(similar to the Black Mesa slurry)

- codrSe heterogeneous slurry with a top size of 15 mm

- a stabilized fine/coarse coal mixture with a top size of
'1 5mm

- slurries containlng 1-2 mm diameter spherical agglom-
erates prepared from a fine coal slurry using oil agglom-
eration.

2. Coal Properties and EquiPment

A 100 t run-of-mine raw coal sample from the Hunter Valley,

NSW, Australia was used in the investigation. Table 1

shows the chemical analysis for the sample and Table 2

gives a typical X-ray diffraction mineralogical analysis for
the coal. Solids specific gravity was 1.75.

Laboratory scale test work was undertaken at the BHP

Central Research Laboratories. Slurry rheological measure-
ments were made using a Contraves Rheomat 30 viscome-
ter.

Pipelining trials were undertaken at the Stockton Borehole
Pilot Plant near Newcastle [1 0]. Some preliminary explora-
tory work was also done in the 50 mm diameter, 100 m long
pipeline loop at the Central Research Laboratories.

The facilities at the Stockton Borehole Pilot Plant include a

20 t/h hammer mill, a 3.3 m long x 2..1 m diameter ball mill,

a 300 m3 agitated slurry holding tank and 102 mm internal
diameter pipe test loops of total length either 400 m or
1,600 m. ln addition a 50 m length of 200 mm diameter pipe

was available. Pumping velocities were measured using a
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magnetic flow meter and pressure gradients measured us_
ing differential pressure transducers. Slurry density was
monitored using nuclear gamma ray density gauges with
absolute values obtained from frequent samples. Slurry flow
behaviour was observed through a transparent section of
pipe. Particle size analyses were obtained by sampling the
slurry at the highest velocity. The distributions reported
represent the average of two samples. Because of the large
volume of the surge tank compared with the pipe loop
volume there was negligible attrition during each test.
The fine coal slurry was prepared using the hammer mill and
closed ball mill circuit to generate the desired particle size.
For the heterogeneous slurry, the ball mlll was bypassed.
The stabilised slurry was prepared by firstly generating a
sufficient quantity of fine coal slurry which was stored in the
surge tank. Coarse coal was then added to this mixture in
the desired proportion.

The coal-oil agglomerates used in the study were prepared
by firstly crushing the run-of-mine coal to a top size of
0.5 mm at a concentration of 67% by weight. Light gas oil
(17% by weight of dry coal) was subsequenily added to the
slurry and the mixture circulated through the 400 m long
100 mm diameter pipeline loop until 1-2 mm diameter ag-
glomerates had been formed.

During the formation of the agglomerates, liberation and
separation of mineral matter contained in the run-of-mine
coal occurs and hence the ash content of the agglomerated
particles is significantly reduced. Negligible coal matter
remains In the aqueous phase. The ash content of the
agglomerates generated in this manner was g.2o/o (dry, oil
free). Further details of the agglomeration process are given
elsewhere [8, 10].

3. Pipeloop Test Results

3.1 -1.5 mm Coal

The particle size distribution of this slurry is shown in Fig. 1 .

The median size is 45 pm. This makes it finer than the coal
slurry pumped in the Black Mesa pipeline which has a
median size of around 150 pm. The top size is similar in both
cases. The finer size consist in the present case is due to
the high proportion of clays present.

To prepare this slurry the run-of-mine coal was wet ground
in the ball mill with fresh water and a 39% concentration by
weight slurry produced. This was then tested in the 100 mni
diameter pipeloop. The test loop results are shown in Fig. 2.
A stationary bed was observed at velocities below 1.05 m/sn
However this was mostly composed of granular mineral
particles (sand). At 0.95 m/s this bed was 5 mm deep. Even
at velocities as low as 0.40 m/s the coarser coal particles
were still slowly saltating along the top ot a20 mm high bed
which consisted of sand and finer coal particles.

This was a very "thin", un-coagulated slurry. Viscometer
tests revealed it to be Newtonian in nature with a viscosity
ol 2 cP. When left to stand it settles rapidly to form a
granular bed.

Bench scale tests using a viscometer showed that additlon
of cations increased the slurry viscosity. This was likely to
improve the hydraulic behaviour. For this reason the same
slurry was next tested after sea water had been added in
the ratio of 6 parts sea water to every 100 parts of slurry.
The effect of this addition of cations was dramatic. The
slurry became visibly more viscous and was now statically
stable in the sense that when allowed to stand it settled only
very slowly and with no segregation of the coarser particles.
Viscometer tests revealed the slurry now exhibited Bingham
plastic-like behaviour with a yield stress of 0.52 pa and a
plastic viscosity of 5.9 cP at a slurry concentration of 3goh.

Fig. 2 also shows the test loop result for this slurry. The
critical deposit velocity was lower than before, at 0.7g m/s.
At 1.5 m/s the pressure gradient was slightly less (320 palm
c.f . 340). The higher viscosity of the coagulated clays results
in less heterogeneous behaviour giving a lower deposit
velocity and pressure gradient/velocity plot more like a
homogeneous fluid.

3.2 -15 mm Coal

Another test involved the same coal crushed to 'l 5 mm top
size in the hammer mill giving the size distribution as shown
in Fig. 1. This coal was then pumped as a 32oh concen-
tration slurry in the same pipeloop. The measured pressure
gradientsareshown in Fig. 3.At.l .15 m/sa25 mm bed was
observed slowly sliding along the pipe bottom in a
stop/start fashion. Bed motlon stopped at velocities
fractionally below this. At all but the highest velocity tested
the flow was erratic with violent fluctuations in the pressure
gradient.

The pressure gradient at 1.5 m/s was g60 palm. When flow
was stopped the solid particles setiled immediately.
Although there was some free clay with the water this was
uncoagulated, there being no salt water present.

3.3 -15 mm Stabilized Coal Slurry

ln this test - 15 mm coal was pumped as a stabilized slurry.
This slurry was prepared by adding -15 mm hammer mill

Table 1 : Chemical analysis for run-of-mine coal sample

Moisture
Ash
Mineral Matter
Volatile Matter
Carbon Dioxide
Total Sulphur
Pyritic Sulphur
Sulphate Sulphur
Chlorine
Carbon
Hydrogen
Nitrogen
Oxygen
Specific Energy [MJ/kg]

% a.d.b.
% d.b.
o/o d.b.
% d.b.
% d.b.
o/o d.b.
o/o d.b.
% d.b.
% d.b.
o/o d.b.
o/o d.b.
o/o d.b.
% d.b.
% d.b.

2.43
48.25
51.22
20.72

1.01
0.36
0.12
0.02
0.o2

41.39
3.00
1.1.1

3.31
17.04

{

Table 2: Typical mineralogical analysis

Quartz
Siderite
Pyrite
Feldspars
Kaolinite + Chlorite
lllite
-Expandable clays

o/o d.b.
o/o d.b.
ok d.b.
% d.b.
o/o d.b.
% d.b.
% d.b.

24
3
'l

4
30
14
24

- Montmorillonite group and mixed layer clays.
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Fig. 1 : Particle size distributions

product to an equal quantity of -1.5 mm ball mill product
on a dry weight basis. The resulting size distribution is
shown in Fig. 1. Aluminium sulphate (Alum) was also added
at the rate O.43% on a dry basis. This served the same
purpose as the sea water added to the fine coal slurries in
that it coagulated the slurry, turning a rapidly settling slurry
into a stabilized, non-settling slurry.
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Test results for concentrations of 48oh and 58oh are shown
in Fig. 4. At the lower concentration a stationary bed of
particles appeared at velocities below 0.8 m/s. At the higher
concentration deposition occurred at velocities below
0.5 m/s. ln both cases laminar f low is evident at all velocities
tested.

At all velocities above the deposition velocity the flow was
very smooth and steady. The flow could be readily stopped
and restarted without difficulty.
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Fig. 4: Coarse coal stabilized slurry results

3.4 Agglomerated Coal Slurry

Fig. 5 shows results for an agglomerated slurry consisting
of agglomerates of average size 1.5 mm in a claylwater
vehicle. A typical size distribution is shown in Fig. 1. Tran-
sition between laminar and turbulent flow occurred at
1.8 m/s. Total solids concentration was 57%. The agglom-
eration process causes all of the coal matter to report to the
agglomerates with the majority of the clays remaining with
the water in the vehicle portion. The rheology of this vehicle
portion was measured and it was found to have Bingham
plastic properties with a yield stress of 1.25 Pa and a plastic
viscosity of 4 cP.

4. Discussion of Pilot-PIant Results
Figs. 2 to 5 exhibit the typical behaviour of the four types
of slurries. For example at 1.8 m/s the pressure gradients
were:
4OO Pa/m for the agglomerates slurry
440 Pa/m for the fine coal slurry
900 to 1,500 Palm for the stabilized coarse coal
1,000 Palm for the coarse coal heterogeneous slurry.

Agglomerated slurries typically show somewhat lower pres-
sure gradients than fine coal slurries. Both of them require
significantly lower pressure gradients than the coarse coa-l
slurries.

The stabilized coarse coal slurry requires similar pressure
gradients to the heterogeneous coarse coal slurry in this
size pipe. The stabilized slurry has advantages however in
that the solids concentration is higher and stable operation
at much lower velocities is possible. Low velocity operation
is desirable to reduce pipe wear.

The differences between the slurry types becomes more
pronounced in larger pipe sizes.

For the fine coal and the agglomerated coal slurries the
pressure gradient varies approximately inversely with pipe
diameter. Furthermore, the deposit velocity increases only
slightly with pipe diameter. These two factors mean that in
large pipe sizes the pressure gradient is low and the slurry
can be pumped at the most economic velocity, typically 1.5
to 2 m/s 121, 221.

ln contrast, the heterogeneous coarse coal slurry requires
high velocities in large pipe sizes. This is because the
deposit velocity increases approximately with the square
root of pipe diameter. Pressure gradients do not decrease
significantly with an increase in pipe size.

Scale-up of stabilized coarse coal slurry data to large pipe
sizes is complicated. lf the slurry is viscous enough scale-
up can be performed as if the slurry were a homogeneous
non-Newtonian fluid. ln this case the pressure gradient will
be approximately inversely proportional to pipe size, and
pumping pressures will be low. However, for coarser par-
ticles and less viscous slurry combinations a stage is
eventually reached when this scale-up approach no longer
applies [17].

5. Scale-Up to 3 Million t/a

5.1 General

The data of Figs. 2to 5, obtained in the 100 mm diameter
pipe, can be scaled up to larger pipe sizes. This will allow
a better comparison of the four different options. The parti-
cular case of transporting 3 million t/a was chosen as being
of interest for this mine at the time. lt is also a typical
quantity for the Australian export coal industry.

5.2 -1.5 mm Coal

The test data are for a relatively low concentration of 3g%.
Consideration of the rheology of this slurry indicates that
concentrations up to 50% could be handled. At this concen-
tration the pressure gradient will be approximately 35%
higher than at the 39% concentration tested.

Using a 350 mm pipe the flow velocity will be around
1.55 m/s which is a suitable pumping velocity. The data of
t,:..r rno* this slurry behaving as a pseudo-homogeneous
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fluid at 1.55 m/s. The pressure gradient will therefore vary
roughly as pipe diameter to the power *1.15 [22]. The
pressure gradient at 1.55 m/s in a 350 mm pipe is therefore
95 Palm at39o/o concentration and 1 15 Palm at 50% con-
centration.

5.3 -15 mm Coal

At a concentration of 32oh a 300 mm pipe is indicated to
transport 3 million Va. This results in a suitable pumping
velocity of 3.6 m/s. A high pumping velocity is required in
large pipe sizes since the deposit velocity increases roughly
\*/ith the square root of the pipe diameter [21]. At this veloci-
tythe pressure gradient in the 100 mm pipe is 1,600 Palm
eompared with the pressure gradient for water flowing at
t?ris same velocity of 900 Palm. Scale-up of such a hetero-
geneous slurry as this is best achieved by assuming that the
difference between the slurry and the water pressure
gradient remains constant regardless of pipe size. The wa-
ter pressure gradient decreases with pipe size. Calculations
along these lines result in a pressure gradient of g70 Pa/m
in a 300 mm pipe.

5.4 r-_ j mm Stabilized Coal Slurry

Fig. 4 shows data for two concentrations, 48ok and S8%.
ln both cases deposition was observed at low velocities.
The scale-up of stabilized coal slurries is not straightfor-
ward. Thomas [1 7] showed that below a certain critical
concentration scale-up by assuming homogeneous laminar
flow behaviour was not possible. ln the present case the
lower concentration results could be suspect in this regard.
For this reason only the higher concentration data have
been scaled up using this approach.

At 58% concentration a 300 mm pipe is indicated, giving a
velocity ot 1.75 m/s. The pressure gradient would be
400 Pa/m.

5.5 Agglomerated Slurry
The agglomerated slurry results of Fig. 5 are scaled up by
assuming pseudo-homogeneous behaviour as for the fine
coal slurry. A 300 mm pipe is indicated resulting in a flow
velocity of 1.8 m/s and a pressure gradient of 115 Palm.

6. brscussion of Scale-Up Predictions
Table 3 shows the scaled-up results for the four options.
The advantages and limitations of each slurry option are
now obvious. For this particular coal the only options feasi-
ble for long distance pumping are the fine coal and the
agglomerated coal. Both would require pump stations
about every '1 00 km. The agglomerated slurry involves a
smaller size pipe so the capital cost of the pipeline could be
somewhat less although the cost of the agglomeration
stage must also be considered.

The stabilized coal slurry would require pump stations
about every 25 km. This probably restricts it to medium
distances. The increased capital costs and operating costs
will be offset to some degree by the benefits of the greater
particle size especially in an export situation, although
about half of the coal is still very fine and requires expensive
de-watering.

The coarse coal slurry is obviously limited to short distance
pumping. A centrifugal pump is required every half kilo-
metre or so. The high pumping velocities will cause very
high pipe wear rates.

Table 3: Transport of 3 million t/a

Concen-
tration

Pipe
Diameter Velocity

Pressure
GradientOption

L%") [mm] [m/s] [kPa/km]

Fine Coal
(-1.5 mm)
Coarse Coal
(-.15 mm)
Stabilized
Coarse Coal
(-15 mm)
Agglomerated
Coal

50

32

58

57

350

300

300

300

1.55

3.6

1.75

115

970

400

I

1.8 115

7. Conclusions
Four different options for pumping a particular coal have
been tested in a 100 mm diameter pipe loop. Scale-up of
these results to larger pipe sizes has permitted comparison
between the different options. lt is concluded that only the
fine coal and the agglomerated coal are suitable for long
distance pumping. The stabilized coarse coal appears suit-
able for medium distances whilst the coarse coal slurry is
only suitable for short distance pumping.

These tests were conducted on a raw coal of particularly
high ash content and hence high solids density. The con-
clusions could be somewhat different for a low ash coal,
especially as regards the stabilized option.
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