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ABSTRACT

This work presents results for slurry transport systems which combines the effect of 
adding fines to the carrier and varying pipe inclination angle. Results showed that 
adding fines sometimes reduces pressure head-loss when the pipes starts to incline 
upward. The deposit velocity increases with pipe inclination till 30° and then 
decreases. The deposit velocity was found to vary remarkably when fine particles are 
added to the carrier fluid.
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1. INTRODUCTION
Basically slurry transport by pipes has drawn special attention of mining industry. 
This was in order to transport mine waste and for dredging operations. Research 
work was carried out to provide methods for predicting pressure head loss in a 
system for specific application.
For many years slurry transport using pipes was restricted to relatively short 
distances for low concentrations and high velocities were employed in order to 
prevent blockage of pipes. Long distance slurry transport was the focus of many 
research projects which started studying the use of dense carrier to make long 
distance transport possible. It must be born in mind that during transport of solids 
over long distances, the pipeline may incline up or down at various angles depending 
on the terrain. Therefore, the effect of pipeline inclination on the slurry transport 
parameters should be also studied. 
Before discussing the experimental work carried out in this study, it will be helpful to 
review previous work regards the subject.

2. REVIEW

Effect of adding fines on slurry transport

The transport of coarse sand particles in clay-water mixture was studied by Charles 
and Charles [1] and they found that a reduction in pressure drop by a factor of 1.67
compared to that when sand was transported using clear water was observed. This 
was contradicted by the findings of Kenchigton [2] who reported that the transport of 
sand with various concentrations in 40% by weight clay-water mixture gave higher 
pressure drop than the transport of sand in clear water. This was explained as the 
dense carrier has higher friction factor than that of clear carrier.
Duckworth et al [3] focused on the importance of rheology of the carrier fluid on the 
transport process. They suggested that in order fines addition to be effective the 
fines slurry should behave as Bingham fluid having yield stress. Their results showed 
that adding coarse particles to the slurry of fines gave the same behavior as the fines 
slurry. Further work was carried out by Duckworth et al [4] to examine the effect of 
varying the concentration of fines on the yield stress and plastic viscosity of the fines 
slurry. The results showed that the relation between the fines concentration and the 
yield stress of the fines slurry is of the power type. The same hold for the plastic 
viscosity. 
In order to formulate the relation between the pressure head-loss and flow velocity 
when the carrier fluid contains fine particles, Duckworth et al [5] presented a set of 
design equations which can be used under laminar flow conditions.
Hou [6] carried out an analytical study to identify the conditions required to form and 
sustain high concentration slurry. He suggested that a slurry containing a given 
amount of fines will support large particles, only, if a continuous particle size 
distribution exists. Therefore a rational selection of particle size distribution leads to a 
direct  increase of transport efficiency.
Sellgren and Addie [7] discussed the transport of coarse sand particles when adding 
fines to the carrier. They used clay or fine sand as the fine material. Results showed 
that preparing fine slurry using sand gives higher reduction in pressure head-loss 
which indicates that the type of fine material is important in transport processes. The 
effect of size distribution was also studied and the results showed that sand with the 
broadest size distribution gave reduced head loss by about 50% with other sands of 
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narrow size distribution. Fangary et al [8] showed that using fine phosphate slurry 
reduces the transport of coarse phosphate particles remarkably than using clear 
water as the transport carrier, but their experiments were restricted to low solids 
concentration ≈ 4% by weight.
Ghanta and Purohit [9] carried out experiments using two materials; coal and copper 
ore. For both materials bi-dispersed mixture gave lower head loss than either fines or 
coarse. For coal, hydraulic transport of fine particles gave higher head losses than 
that of coarse particles for the same concentration. The opposite trend was observed 
for copper ore. This shows that the rheology of the fines slurry plays an important 
role in the hydraulic transport of solids.

Effect of pipe inclination on slurry transport

Kawashima and Noda [10] carried out experiments in order to determine the effect of 
pipe inclination on pressure head loss during transportation of slurries in such 
pipelines. They reported comparison between pressure head loss and flow velocities 
at two angles only; zero and 60°. It was found that increasing pipe inclination 
increases the pressure head loss for all flow velocities. Further studies were carried 
out to determine the effect of pipe inclination on slurry deposit velocity. Hashimoto et 
al [11] carried out experiments to verify the effect of inclination angle, particle size 
and solids concentration on deposit velocity. The results showed that increasing pipe 
inclination up to 30° and increasing solids concentration increased deposit velocity. 
Also when decreasing particle size the deposit velocity increases. Wilson and Tse 12
extended the work first done by Hashimoto et al [11] and varied pipe inclination up to 
40°. They found that increasing pipe inclination increases settling velocity to a peak 
at approximately 30° then by further increasing pipe inclination the deposit velocity 
decreases.
From previous studies we find that the study of the effect of pipe inclination and 
adding fines to the slurry were studied separately. Therefore the main objective of 
this work is to find the effect of both variables simultaneously on slurry transport 
processes.

3. EXPERIMENTAL WORK

Experiments were carried out using the hydraulic transport test rig shown in 
Fig.1.The test rig is of the closed loop type. It comprises of a mixing tank of volume 1
m3, where solid-liquid mixing takes place. The mixture is agitated by means of a 4
blade pitched impeller 45º pumping upwards. The mixture is forced to flow in the loop 
by a slurry pump of maximum power 15 HP. The mixture flows in steel pipe circuit of 
total length 20 m and pipe inner diameter 0.0508 m. A Perspex section is fitted in the 
piping system, as shown in Fig.1, to allow for deposit observation and corresponding 
velocity was measured using measuring tank. The pipes were constructed in such a 
way that two parallel pipes can incline together. In case the feed pipe is having 
positive inclination, the return pipe will have negative inclination with the same value. 
Inclination angle may be varied from horizontal up to 45º. Pressure head-loss was 
measured over a pipe length of 4 m using differential manometers. After passing 
through the pipes, the slurry may either return to a measuring tank for flow and 
concentration measurements or to the mixing tank again.
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Experiments were carried out using coarse phosphate of d50 =  0.275 mm and 
density 2680 kg/m3. Fine phosphate particles have d50 < 75 m and density 2690
kg/m3.

4. RESULTS AND DISCUSSION

Experimental work was carried out in order to determine the effect of adding fine 
particles on the hydraulic transport of solids in inclined pipes.
Fig.2 shows the effect of inclination angle on pressure head loss of coarse 
phosphate with weight concentration 10%. From this figure we find that there is no 
slight effect of inclination angle on pressure head loss. Fig.3 shows the effect of 
inclination angle on pressure head loss of fine phosphate slurry with the same 
concentration i.e. 10%. The figure shows that increasing the angle of inclination 
increases the pressure head loss at the same flow velocity.
Increasing the coarse solids concentration to 15% by weight shows that the 
inclination angle affects remarkably the pressure head loss as shown in Fig.4.From 
this figure it can be seen that increasing the inclination angle increases the pressure 
head loss at the same flow velocity without convergence of the lines of pressure 
head loss at high velocities. For fine phosphate slurry with concentration 15% by 
weight similar results were obtained, shown in Fig.5. Comparing results shown in 
Figs 2, 3, 4 and 5 we find that increasing solids concentration (coarse or fine) 
increase the pressure head loss at the same flow velocity. Also coarse particles
slurry gave higher pressure head loss than fine particles slurry flowing at the same 
velocity. Increasing the solids concentration increases the difference in values of 
pressure head loss between coarse and fine particles.
On varying the percentage of fine particles in a mixture of fine and coarse particles 
varies the pressure head loss. Fig.6 shows the effect of varying the percentage of 
fine particles in phosphate slurry with total (coarse + fine) concentration of 10%
flowing in horizontal pipe line. From this figure we notice that increasing the 
percentage of fine particles decreases remarkably the pressure head loss compared 
to coarse particles. The mixture of 33% coarse gave pressure head loss even lower 
than the pressure head loss of 100% fine slurry.  Increasing the angle of inclination 
to 20˚ upward, Fig.7 shows that the lines of pressure head loss starts to converge 
and that the effect of adding fines changes the behavior of the slurry. From this 
figure we find that slurry containing fines with 50% gave the higher pressure head 
loss. Further increase of inclination angle to 40˚ shows that results obtained from 
Fig.7 still holds as shown in Fig.8. Thus we conclude that varying the angle of 
inclination affects the flow behavior of slurries containing fine particles.
Fig.9 shows the effect of adding fines on pressure head loss of phosphate slurry in 
horizontal pipe with weight concentration of 15%. From this figure we find that 
increasing the fines percentage to 25% increases the pressure head loss compared 
to coarse particles at flow velocities< 3 m/s. Further increase of fine particles 
concentration decreases the pressure head loss compared to coarse particles and 
minimum pressure head loss is obtained at 50% fine particles. Increasing the 
inclination angle to 20˚, Fig.10, gave the same results as in Fig.9. but the pressure 
head loss values are shifted towards higher values. Further increase of inclination 
angle to 40˚, Fig.11, shows similar trend as in previous two figures except that 
concentrations of fines with values of 50% and 75% are close to each other. From 
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the previous we find that increasing inclination angle increases the pressure head 
loss for all combination of fines and coarse particles.
Figs.12, 13 and 14 show comparison between phosphate slurry with ratio of coarse 
to fine 1:1 at two different concentrations (10% and 15%) for different inclination 
angles: zero, 20˚ and 40˚ respectively. From these figures we find that increasing the 
total solids concentration with fines addition decreases the pressure head loss for all 
angles of inclination. Also increasing the inclination angle increases the pressure 
head loss. This result can be explained due to the combination of presence of fines 
and increasing the concentration of coarse particles. The fine carrier decreases the 
settling behavior of coarse solids, thus reducing friction factor. Also coarse particles 
dampen the turbulence eddies resulting in lower pressure head loss.
Fig.15 shows the effect of adding fines on pressure head loss at certain velocity for 
phosphate slurry of total concentration 10%. From this figure it can be seen that 
increasing the flow velocity increases the pressure head loss. At low flow velocity (2 
m/s) the addition of fines in the mixture has minor effect on pressure head loss. On 
the contrary at higher velocities (3 and 4 m/s) increasing the percentage of fines 
decreased the pressure head loss till fines concentration of 50% and then a peak 
occurred. For total solids concentration of 15% results obtained shown in Fig.16 
gave opposite trends to that found in previous figure. At high velocity (4 m/s) the 
addition of fine particles to the mixture has nearly no effect on pressure head loss. At 
lower velocities (2 and 3 m/s) adding fines increases slightly the pressure head loss 
till fines percentage of 25%, further increase of fine particles shows a decrease in 
pressure head loss till a minimum at fines percentage of 50%. 
The effect of adding fines on the deposit velocity was also studied as the deposit 
velocity is an important parameter in design of slurry pipelines. Fig.17 shows the 
effect of adding fines on deposit velocity for different coarse/fine ratios for total 
mixture concentration 10%. As a general trend increasing the angle of inclination 
increases the deposit velocity up to angle 30˚, further increase of inclination angle 
decreases the deposit velocity. Adding fines with 33% in the total mixture increases 
the deposit velocity compared to coarse particles. Further increase of fines 
percentage decreases the deposit velocity compared to coarse particles up to 
inclination angle of 25˚. Further increase of inclination angle increases the deposit 
velocity above that of coarse mixture. Coarse/fine ratio of 1:1 gave lower deposit 
velocity of the mixture than that of coarse slurry in the examined range of inclination 
angles. If the total solids concentration was raised to 15% the results of Fig.17 
change. Fig.18 shows that the deposit velocity of the 50% fines ratio were nearly 
constant and compared to that of coarse particles at angles above 15˚. The minimum 
mixture that gave lowest deposit velocity was that containing 75% fines.
From all previous results discussed we can conclude that adding fines to coarse 
slurry changes completely the behavior of the mixture regards pressure head loss 
and deposit velocity. This is due to the complex nature of the formed fluid due to 
presence of fines.

5. CONCLUSIONS

1. Increasing angle of inclination increases the pressure head loss for coarse 
and fines slurries.

2. Increasing the solids concentration (without adding fines) increases the 
pressure head loss
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3. Increasing the concentration with adding fines at ratio of 1:1 in the mixture 
decreases the pressure head loss.

4. The optimum flow velocity for fines addition to be efficient is around 3 m/s 
regardless to the total mixture concentration.

5. The deposit velocity is affected by solids concentration and the presence of 
fines.

6. No design correlations were found due to the wide range of coarse/fines ratios 
used. Thus further work should be carried out in a narrow range of fines 
addition ≈ 20-50% at velocities around 3 m/s. 
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Fig. 1  Experimental test rig.
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Fig.(2) Effect of inclination angle in degrees on pressure 
head loss for phosphate water slurry
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Fig.(3) Effect of inclination angle (in degrees) on 
pressure head loss of fine phosphate water slurry
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Fig. (4) Effect of inclination angle in degrees on pressure 
head loss for phosphate water slurry.
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Fig.(5) Effect of inclination angle in degrees on 
pressure head loss of fine phosphate water slurry
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Fig.(6) Effect of adding fine particles on pressure 
head loss of phospate water slurry
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Fig.(7) Effect of adding fine particles on pressure head 
loss of phosphate water slurry
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Fig.(8) Effect of adding fine particles on pressure head 
loss of phosphate water slurry
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Fig.(9) Effect of adding fine particles on pressure head 
loss of phosphate water slurry.
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Fig.(10) Effect of adding fine particles on pressure head 
loss of phosphate water slurry
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Fig.(11) Effect of adding fine particles on pressure head 
loss of phosphate water slurry
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Fig.(12) Effect of adding fine particles on pressure head 
loss of phosphate water slurry for different concentrations
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Fig.(13) Effect of adding fine particles on 
phosphate water slurry for different concentrations
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Fig.(14) Effect of adding fine particles on pressure head 
loss of phosphate water slurry for different concentrations
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Fig.(15) Effect of adding fine particles on pressure head 
loss for phosphate water slurry at certain velocity
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Fig.(16) Effect of adding fine particles on pressure head 
loss for phosphate water slurry at certain velocity
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Fig.(17) Effect of adding fine particles on deposit 
velocity at different inclination angles
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Fig.(18) Effect of adding fine particles on deposit 
velocity at different inclination angles
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