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Abstract: This work has the objective of modeling different non-Newtonian fluid laws from heterogeneous mixtures
between water and minerals, showing as advantages and disadvantages found in the method employed of viscosity
variation, to increase the transport efficiency of the same. The study method shows numerical methodologies of CFD,
using the opensource software openfoam, together with the validation of experimental results obtained in the
literature, as well as of fluid characterization methods, for the determination of the productions by this type of Material
in transport piping. With the results produced by paths to studies of this type can be shortened, always seeking the most
efficient method for each situation. Variable viscosity had results not to rely on further experimental data for value
interpolation.
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1. INTRODUCTION

One of the first published works on pulp transport is the work of Durand (1952), where the velocities of deposition
of distinct particles in water were measured. The numerical studies allow the velocity profiles to be found in each cross
section of the duct, making possible this same calculation with the minimum velocity found, causing errors related to
the average velocity to be reduced.

Turian et al. (1987) concluded that the ratio of the critical transport velocity to the pipe diameter is approximately
equal to the square root of this diameter, and that for larger particle compound fluids, the critical condition is
independent of particle size. Similarly, Turian et al. (1998) studied the friction losses of a pulp in a venturi tube. The
authors verified the coefficients of flow resistance for heterogeneous non-Newtonian fluids, and. it was found that the
coefficients of resistance have a higher sensitivity when approaching the transition regime, which precedes the
turbulent, but the approximations used by the authors in the laminar regime are adequate for use. The non-Newtonian
fluid used by the authors did not allow a deeper study of their rheology, because the particles deposited too quickly. In
addition, numerical studies have an inherent uncertainty in the process.

Bijjan et al. (2012) verified that in pseudoplastic fluids, the drag coefficient increases with the Reynolds number,
while in Newtonian fluids and dilatory fluids show a decline of the same coefficient. The same behavior was observed
in relation to the Strouhal number. Wahba (2013) found a behavior for dilatory fluids, where the transient pressure
variation when acting on the system had a faster attenuation in relation to the Newtonian fluid. In contrast,
pseudoplastic fluids presented a much longer time for stabilization, indicating a lower cushioning.

For studies using numerical methods to be validated, that is, to accurately represent the physical phenomenon,
global variables must be compared. For the present study, the validation was done by Souza Pinto (2014), based on
analytical modeling and experimental validation of fluids containing different concentrations of apatite, hematite and
quartz, flowing through 25.4mm and 50mm tubes; evaluating the loss of load and the critical velocity of each case. The
test made by the author introduced the pulp in the tubing through a centrifugal pump, and then a zone of interest was
determined, where the flow was completely developed, and then measured flow (to obtain average velocity) and
pressure, thus being able to relate velocity with loss of pressure. In addition, the transparent tubes allowed to observe
the moment of deposition of particles in the tube, determining the point where the velocity is critical, and also the point
where the minimum loss value of pressure should be measured. One of the first results obtained by the author is that to
avoid the deposition of particles in the tube of 25.4mm were required velocities smaller than in the tube of 50 mm. The
critical velocity results led to the proposition of a new analytical model for critical velocity calculation, based on Wasp
and Slatter (2004), with deviations of at most 10% from the experimentally obtained curves.

Blais et al. (2016), using CFD-DEM modellig, did not have results corresponding initially to the experimental
results, and the error was attributed to the absence of viscous dissipation in the particle scale. For this, a dissipation
system was developed in the finite volume mesh to compensate for this problem, decreasing this difference. Gopaliya et
al. (2016) showed that at all conditions of velocity and particle size, the growth of the pressure gradient with the particle
concentration growth was observed. Another important result was the decline in turbulent viscosity with increasing
particle concentration. The observed turbulence dominates in the region of lower solids concentration, and its intensity
decreases with increasing particle concentration.
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2. PHYSICAL AND NUMERICAL MODELS
Veersteeg and Malalasekera (2007) showed the laws governing fluid behavior, both in space and in time, are the
laws of mass conservation (Eq. 1) and the law of conservation of momentum (Eg. 2).
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Where p — fluid specific mass (kg/m3); t — time (s); u — flow velocity (m/s); p — pressure (Pa); p — dynamic viscosity
(Pa.s); S — Source term.

To solve turbulent problems, the most well-known methodology was proposed by Reynolds, where the properties
of the fluid are given as the sum of an average value and a floating part, thus indicating the property fluctuations in each
direction. Warsi (2006) studied that for each type of solution chosen, excluding DNS, there are still several
ramifications of turbulence models. Some of the RANS models use as a parameter the so-called turbulent Kinetic energy
represented by the letter k, and forms of dissipation of this energy, such as the Wilcox model, k-w, where ® is the
frequency of dissipation of this energy and the model of interest of this study, k-, where ¢ represents this energy
dissipation. The k-& model is represented by Equations 3, 4 and 5.
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Where & — turbulent viscosity (Pa.s); C C" CiE, Tt and 9= — constants obtained by iterations of data

fitting in experiments with turbulent flows; Eij represents rate of deformation component.
Fox, Pritchard and McDonald (2010) showed that the relation between shear stress and strain rate is not linear

(Eq.6). .
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Where k - consistency index (Pa.s); n — behavior index; y - height of the fluid column (m); T — Shear stress.
In turbulent flow, an equivalent viscosity can represent this behavior. This means that the equivalent viscosity
is a function of these two parameters and can be applied as a constant for each flow value. Wilson et al (2006) cited the
definition (Eq.7).
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3. COMPUTATIONAL METHOD

The domain of solution, that are the proposal of this work, has dimensions of 1.6 meters of height and 2.2 meters of
length in the total. The tube has a nominal diameter of 2 inches, which means that it has an internal diameter of
50.1mm; according to the commercial tables. Four hexahedral meshes were made (Table 1).

Table 1 — Produced mesh

Mesh Number of elements
1 250560
2 443700
3 794952
4 1841856

Figure 1 shows the mesh spatially from the start of the tube to the outlet to the atmosphere. Figure 2 shows the
differences between the coarser and more refined meshes.
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Figure 1: Mesh 1

Figure 2: Comparation between mesh 1 (left) and mesh 4 (right)

The fluid used in this simulation is a mixture of water and apatite, 12% in volume, with particles of 297 to 249
micrometers of granulometry.

We used the same results of pressure loss to determine k (consistency index) and n (behavior index). In this case, it
was necessary to use the Laun (1983) methodology, because for non-Newtonian fluids, the shear stress on the wall is
not proportional to strain rate using the equivalent viscosity. Then, the author suggests using the shear stress at a
distance of 83% of the radius value, and the ratio between this value and the equivalent viscosity is the real strain rate.
With this value, we can interpolate a curve and find k and n.

Figure 3 shows the curve interpolated. The values found is 0,504 for k and 0,363 for n, wih RZ about 0,97.
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Figure 3: Adjusted curve

Boundary conditions applied in this model was the same conditions used for Souza Pinto (2014), making possible a
comparative analysis with numerical and experimental results. The average velocity applied in the tube inlet was
according to table 2. The 1,3m/s case was only used in third method, because we did not see correspondence in results
below critical speed in only CFD methods. Tube outlet has a atmospheric pressure condition. Walls of the tube has no
slip condition. The k-¢ was the turbulence model utilized.

Table

2 — Average velocities applied

Average velocity (m/s)

1,8

2,1

2,4

2,7

T
18000

The software utilized in for these simulations was openfoam, an opensource alternative to CFD cases, and the
solver applied was pimplefoam.

4. RESULTS AND DISCUSSION
Applying the variable viscosity using the most refined mesh (mesh 4), the results reached differences of up to

9.47% (Table 3).

Table 3 — Numerical pressure losses x Experimental pressure losses

Average velocity | Numerical pressure loss | Experimental pressure loss | Diference | Average velocity
(m/s) (Pa/m) (Pa/m) (%) (m/s)
18 931,6 1029 9,47 1,8
2,1 1199,6 1274 5,84 2,1
2,4 14994 1476 1,59 2,4
2,7 1825,9 1769 3,22 2,7

It can be observed that the calculated values of the pressure loss are lower than the experimental values at lower
flows and are higher at higher flows, which indicates that there is a divergence of the results in a range outside these
values, that is, it is possible to interpolate flow values that are among the experimental values used, but the
extrapolation can may increase the differences between them.

Figure 4 shows, on the right, the pressure curve along the pipeline interest section for the 1.8m /s case and displays
in a color scale the pressure from the pump inlet at the lower left end to the outlet to the atmosphere. The images
corresponding to the other flows are like this one.
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Figure 4: Numerical pressure results with average velocity about 1,8m/s
To calculate the uncertainty, the meshes 2,3 and 4 of Table 1 were used, the best results being those produced with

the mesh 4 (Table 4). For this calculation, the equation was used for the fine mesh about the coarse mesh.
Table 4 — Numerical uncertainty

Average velocity (m/s) | Numerical pressure loss (Pa/m) | Uncertainty (Pa/m) | Uncertainty (%)
18 931,6 04 0,04
2,1 1199,6 1,7 0,14
2,4 1499 4 3,7 0,25
2,7 1825,9 0,01 0,0003

5. CONCLUSION

Variable viscosity modeling is independent of experimental results, once the fluid is characterized, it is possible to
replicate it to different geometries and different flow rates. The interpolation curve of the characteristic values of the
fluid proved to be effective for interpolated values but indicates divergence for extrapolated values. This type of
modeling requires very refined meshes due to the high viscosity gradient between the elements of the mesh, reaching
results up to 10% difference from the experimental data.
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