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Abstract. In countries with large territorial extension, the transport of production is always a crucial factor in the
competitiveness of enterprises or even in their maintenance. The transport of raw material can be done in several ways.
A low cost solution would be mixing the particulate with water, producing a slurry , which can be transported along
pipes for hydraulic pumps. Particle transport through pipes is an important operation in many industries, and detailed
information of the process is required. CFD studies in solid-liquid slurry flows have been developed by many authors,
but still have not been widely performed. In this paper, an open-source software was used to simulate the slurry flow in
a pipeline. An equivalent viscosity was used to represent the viscosity of the slurry. Numerical results were compared to
experimental data from the literature, and a maximum difference of 2.2% was found for the pressure drop.Results showed
the regions with higher deposition of particles, and indicated that the mass flow rate should be increased to prevent this
problem.
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1. INTRODUCTION

Transportation of slurries through pipeline is common in many industries including foods, pharmaceuticals, chemicals
and mining industries. It is important to develop accurate models to predict pressure drop, velocity profile, and
concentration distribution of the slurry (Nabil et al., 2014). In many of these applications the fluid is highly viscous and
may have a Newtonian or non-Newtonian rheology and flow is usually turbulent, which makes the analysis more complex
(Lahiri, Ghanta, 2010).

Currently, the study of non-Newtonian fluids is becoming important in industrial development. For the simulation of
a fluid particle (in a homogeneous or heterogeneous mixture), the knowledge of the location of the suspended particle
and of the flow deposition rate is necessary to avoid obstructions in the path. An important parameter in the design of the
ducts is the critical flow velocity; where the pulp has a Newtonian fluid behavior, and the generated turbulence prevents
the particles to accumulate in the ducts, especially where there are greater pressure losses (PINTO, 2014).

Pinto (2014) developed an analytical model to determine the critical velocity of fluids containing different
concentrations of apatite, hematite and quartz, flowing through a PVC pipe. The results were validated by comparison to
experimental data. The results of critical velocity showed maximum deviations in 10% from the curves obtained
experimentally.

Analytical and numerical studies can be performed in the design of pipes with slurry flows. Analytical studies give
an overall view of the flow. Numerical studies can predict specific problems, such as regions with deposition of particles.

One of the first papers on the slurry transport was the work of Durand (1952), who measured pressure losses
distributed on the system, and determined the deposition rate. Recently, Sutalo et al. (2006) developed a numerical model
of the flow of mineral pulp on inclined surfaces in industrial equipment. According to the authors, the knowledge of this
behavior would lead to increased efficiency in the devices. The authors used the Herschel-Bulkley model to determine
the viscosity of the fluid. The numerical simulation was performed using the commercial software ANSY S-CFX software,
and the results were validated by comparison to experimental data. The results indicated that the analytical model is
suitable to describe the flow behavior in the first inclined plate. Although the error greatly increased in subsequent plates,
the CFD model was able to calculate the difference of the height in the fluid’s free surface at the subsequent plates, by
considering the film height’s variation in time due to transient effects, ensuring higher accuracy of the results.

Balakin et al. (2011) made a comparison between an experimental model and a numerical model to calculate the
formation, size, quantity and the influence on the hydrates of water flow, similar compounds with ice, that modify the
fluid properties (viscosity for example) and can increase the velocity and pressure losses. For the author, combining water
and Freon R11 led to the formation of hydrates. The author also observed that using a homogeneous flow-water mixture
hydrates, the numerical model presented satisfactory results. The experiment with the formation of a fixed bed of solid
particles showed that the diameter of formed particles is inversely proportional to the velocity flow, reducing the losses,
as seen in the experiment. The viscosity presented values ten times higher near to the particles bed.

One must design the ducts to achieve optimal operating parameters, such as critical velocity, and still use the
minimum amount of material in order to decrease the safety factors. Numerical methods show punctual defects distributed
along the path, enabling specific design in various pipeline sections, from the inlet, where there is introduction of slurry,
until the exit, at atmospheric pressure near the ports.

In this paper, the flow of water and slurry (water mixed with 12% apatite) were predicted using OpenFoam software.
The viscosity of the non-Newtonian fluid was determined using the equivalent viscosity model. Experimental results from
the literature (Pinto, 2014) were used to validate the model.
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2. MATHEMATICAL MODEL
The governing equations are the conservation equations of mass, momentum and energy, given by (Versteeg,
Malalasekera, 2007):
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It was used the k-& turbulence model to evaluate the turbulence inside the system. The transport equations for the
turbulent kinetic energy k and the dissipation of the turbulent kinetic energy ¢ are:
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In the previous equations, it is assumed a Newtonian fluid. In Newtonian fluids, the shear stress is directly proportional
to the deformation rate. In non-Newtonian fluids, this relationship is not observed. They may be adequately represented
by the power-law model, which for one-dimensional flow becomes (Fox, Pritchard, McDonald, 2012)
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Where n is called the flow behavior index and k is the consistency index. This equation is rewritten in the form
_ du @)
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7 is the apparent viscosity.

In this work, the fluid is water with 12% of apatite, which is a non-Newtonian fluid. Literature (Garcia, 2014) indicates
that the problem can be modelled using the Navier-Stokes equations, replacing the absolute viscosity by the apparent
viscosity n.

The apparent viscosity is determined using the model described by Wilson et al. (2006). Using experimental data of
the pressure drop from the literature, the shear stress is determined according to
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D and L represent the tube diameter and length, respectively.
With the shear stress, the apparent viscosity, referred as equivalent viscosityyq, is determined according to Wilson
et al. (2006). The same author indicates a way to calculate the equivalent viscosity, based on the mean velocity and shear
velocity, the shear stress divided by specific mass square root (Eq. 9).
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Where p represents the density of the fluid and Vm represents the average velocity inside the tube.

Heq =

exp

3. METHODOLOGY
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In this paper, it is predicted the behavior of the flow of water mixed with 12% apatite in a tube system. Experimental
data of geometry, properties and mass flow rate from the literature (Pinto, 2012) was used an input data. Numerical results
of pressure drop were compared to experimental data.

3.1 Experimental setup

Experimental data from the literature (Pinto, 2014) was used as input to the mathematical model. The experimental
pulp pumping plant is shown in Figure 1. The nominal diameter of the tubes is 2”. Five velocities were evaluated by the
author, and the pressure drop between points A and B was measured in each case, as indicated in Tab. 1. The fluid used
was water with 12% of apatite, with granulometry of 249-297 um.

1 - Centrifugal pump

2 - Bubble breaking device

3 - Feed tank with agitation

4 —Inverters

5 — Tubes and connections

6 - Trough distributor

7 - Valves gauge U

8 - Piezometric rings

9 — System pressurization

10 - Exit tubes for clean manometer

Figure 1. Experimental setup (Pinto, 2014)
Table 1. Experimental mean velocity and pressure loss data of slurry

Mean Velocity(m/s) Pressure drop (Pa/m)

13 1176
1.8 1029
2.1 1274
24 1469
2.7 1764

Data from Tab. 1 was used in Eq. (6) to determine the equivalent viscosity to be used in Navier-Stokes equations.
Also, the geometric parameters were used to build the numerical model. The internal diameter of the tube is 50.1 mm
(corresponding to a nominal diameter of 2”, the height of the system is 1620 mm, and the total length is 5130 mm (Pinto,
2014). The material of the tubes is PVC.

Pinto (2014) also run experiments using pure water (density of 1000 kg/m3), and the results of pressure drop between
points A and B are shown in Tab. 2.

Table 2. Experimental mean velocity and pressure loss data of water

Mean Velocity(m/s) Pressure Loss(Pa/m)

13 300
1.9 620
2.5 1013
3.0 1490

These results were used to validate the model used for a Newtonian fluid.

3.2 Numerical model
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The software OpenFOAM and the solver buoyantPimpleFoam were used in the numerical simulation. The main
assumptions are: steady state flow, constant properties, and heat transfer neglected. According to experimental data, it
was assumed a density of 1257 kg/m3.

The boundary conditions adopted were velocity prescribed at the inlet (according to Tab. 1), and in the outlet,
atmospheric pressure. In the walls, no slip condition was adopted. Four cases were simulated, corresponding to the
velocities given in Tab. 1.

A mesh test was performed, as indicated in Tab. 3. To evaluate the independence of the results relative to the mesh,
three conditions were tested. The conditions were the maximum velocity of water (3 m/s), the minimum velocity of slurry
(1.3 m/s) and the maximum velocity of slurry (2.7 m/s). The velocity and the pressure at a specified point were compared
for each mesh.

For water at 3 m/s, the difference between the velocity data for meshes 1 and 2 was 1.79% and between meshes 2
and 3, 1.04%. For the pressure, the difference between meshes 1 and 2 was 0.12% and between meshes 2 and 3, 1.89%.
For slurry at 1.3 m/s, the differences of velocity were 0.33% and 0.67%, and the differences of pressure were 0.10% and
0.58%, respectively, for meshes 1 and 2 and 2 and 3. For slurry at 2.7 m/s, the differences of velocity were 2.28% and
0.52%, and the differences of pressure were 0.144 and 1.43%, respectively, for meshes 1 and 2 and 2 and 3.

Since results did not significantly vary between the evaluated meshes, and considering the increase on the
computational time required to run the simulations, mesh 1 was selected. The mesh used is shown in Fig. 2.

Table 3. Mesh test

Mesh Number of elements
1 250560
2 443700
3 794952

Table 4. Mesh test for water at mean velocity 3.0m/s

Mesh Pressure point 1 Pressure point 2 Velocity point1  Velocity point 2

Mesh 1 92170 90673 3.2 3.3
Mesh 2 92159 90683 3.2 3.3
Mesh 3 91983 90512 3.3 3.3

Table 5. Mesh test for slurry at mean velocity 1.8m/s (left) and 2.7m/s (right)

Pressure Pressure Velocity Velocity Pressure Pressure Velocity Velocity
Mesh point 1 point 2 point 1 point 2 point 1 point 2 point 1 point 2
Mesh1 85928 84869 2.0 2.2 89353 87587 3.0 3.1
Mesh2 85912 84867 2.0 2.2 89313 87526 3.0 3.2
Mesh 3 85822 84779 2.0 2.2 89138 87346 3.0 3.2

Figure 2. Mesh
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The problem was solved using a computer with 32Gb of RAM and a i7 processor with 3.4GHz. The solver ran until
a convergence of 107° was obtained for all variables. The numerical uncertainties were evaluated according to the
methodology described by Eca et al, 2014.

4. RESULTS AND DISCUSSION

The first analysis was the comparison between numerical and experimental data, using water at two velocities, 1.3

m/s and 3.0 m/s. Table 6 shows the results for the pressure drop between points A and B. It can be seen that the maximum
difference, 0.82%, was obtained for the higher velocity.

Table 6. Comparison of experimental and numerical data about water

Mean Velocity Numerical pressure  Experimental pressure Error
(m/s) drop (Pa) drop (Pa) (%)
1.3 301.4 300 0.47
3.0 1477.8 1490 0.82

Figure 3 presents the pressure field inside the system (left side) and the pressure in the centerline of the tube between
points A and B (right side). It can be seen that, between points A and B, the pressure decreases linearly, as expected.
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Figure 3. Results using water and mean velocity 3.0m/s
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The second analysis was performed using water mixed with apatite. In order to run the simulations, it was necessary
first to determine the equivalent viscosity, using experimental data of pressure drop and average velocity. The values are
described in Tab. 7. The equivalent viscosity decreases with increasing velocity.

Table 7. Equivalent viscosity

Mean Velocity (m/s) Shear Stress (Pa) Equivalent Viscosity (Pa.s)

1.8 13.1 0.0056
21 16.2 0.0044
24 18.7 0.0029
2.7 22.4 0.0026

According to Pinto (2014), the determination of the equivalent viscosity can only be performed using this analysis
for velocities higher than the critical velocity, 1.8 m/s in this case. Therefore, the numerical simulations were only done
for velocities higher than 1.8 m/s. Figure 4 shows the pressure field and the pressure drop between points A and B, for
the average velocity of slurry of 2.7 m/s. The general behavior is similar to the behavior of water, but with higher pressure
drops. For the other velocities, similar results were obtained, and will not be shown.
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Figure 4. Results using slurry and mean velocity 2.7m/s
Table 8 presents the comparison between experimental and numerical values of the pressure drop between points A
and B, for the evaluated velocities. The maximum difference was 2.18%, corresponding to the lower velocity. The higher
difference in this velocity may be attributed to the critical velocity, which is the limit to use the equation for the equivalent
viscosity. It can be seen also that the pressure drop increases with the velocity, as already obtained by experimental data.

Table 8. Comparison of experimental and numerical data about slurry

Mean Velocity (m/s) Numerical pressure drop (Pa) Experimental pressure drop (Pa) Error (%)

1.8 1006.6 1029 2.18
21 1256.2 1274 1.40
24 1459.9 1469 0.62
2.7 1782.3 1764 1.04
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Figure 5. Velocity streamlines for slurry at 2.7m/s

Figure 5 shows the streamlines for the slurry with average velocity of 2.7 m/s. It can be seen that the maximum
velocity was about 3.3m/s and no zones of recirculation are found.

5. CONCLUSIONS
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In this work, a numerical study of the slurry flow was performed. Numerical results of slurry and water were compared
to experimental data, and low differences were observed. A pressure loss increase of about 31% was observed with the
slurry, for similar velocities.

It was assumed that the non-Newtonian fluid problem could be solved using Navier-Stokes equations, using an
equivalent viscosity. The low difference between numerical and experimental results evidence that this methodology is
suitable to this problem.
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