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ABSTRACT  

The key issue associated with the industries is the transportation and dumping of solids particulates in 
the form of slurry at the desired place using long length pipelines. In this perspective, numerical simulation of 
three-dimensional horizontal slurry pipeline of 0.0549 m diameter using Eulerian two-phase model with RNG k-
ɛ turbulence closure is carried out. The glass - beads solid particulates having density ( = 2470 kg/m3) and slurry 

concentration varies as 10% to 50% (by volume) for velocity ranges of 3-5 ms-1. The computational modeling is 
done using available commercial software ANSYS Fluent for 125µm and 440 µm particulate size at different 
velocity and concentration range to know their effect on slurry flow characteristics. It is observed that for chosen 
particulate size pressure drop increases with increase in velocity at all solid concentration range. The pressure 
drop in slurry for 440 µm solid particulates is found higher as compared to the pressure drop of 125 µm solid 
particulates slurry. The percentage change in pressure drop is also reported in the paper due to particulate size 
effect at all velocity and solid concentration. The obtained results of predicted pressure drop are analytically 
compared with the available experimental results of literature and are in synchronism with that. A parametric 
study is carried out with the aim of visualizing and understanding the solid particulate size effect on slurry flow 
characteristics. Finally, the results of settling solid concentration contour, velocity contour, concentration profiles, 
velocity profiles and vector representation of concentration/velocity were also predicted for chosen particulates 
sized slurry.  
 
Keywords:  3D Slurry Pipeline, Eulerian Two-Phase Model, Particulate Size, Slurry Concentration, Velocity 
Distribution, Pressure Drop 

 
INTRODUCTION 

Transportation of solid with water as a carrier has been employed by various industries since several 
decades. Transportation of solid through pipeline have several advantages such as no traffic, continuous delivery 
system, no pollution, easier, efficient and economic way of transportation. Due to the several advantages, this 
mode of transportation has been adopted by many industries such as chemical, food, cement and power plants etc. 
The solids particulates with carrier liquid transported through pipelines in many industries are coal ash, glass 
beads, iron ore, copper and zinc tailing, rock and cement materials etc. The particulate size and their concentration 
in liquid water cause the several damage and deterioration. The slurry consisting solids that cause the erosion at 
pipe wall and eddy losses in the pipe bend that adds impact on the flow in the pipeline systems. Additionally, due 
to high concentration of the solid particles, the pipeline may get further blocked that may cause shut down of the 
transportation system. Thus, solid with water carrier is pumped through long slurry pipeline require an attention 
which affects the performance and cost of the whole slurry mode transport. Therefore, in order to design the 
economical and efficient pipeline system for different slurry range and particulates size, it is important to analyse 
the slurry flow characteristics using available commercial software ANSYS Fluent. Numerous research is 
available in the literature to calculate the various slurry flow parameters like pressure drop, velocity and 
concentration measurement etc. However, experimental set up require a long span and quite complex to monitor 
it in real time. ANSYS Fluent is one of the most used CFD software because of its user-friendly interface. ANSYS 
Fluent has capability to solve complex fluid flow problems, which is not possible in Solid works flow simulation 
and Autodesk simulation. Colwell and Shook [1] experimented optimum entry length for the chosen sand and 
polystyrene slurry and calculated the concentration and velocity distribution at three different position in a 
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horizontal pipe of 0.50 m diameter. Turian et al. [2] carried out the experiment and studied the effect of minute 
glass beads particulates on friction loss in a horizontal pipeline and their findings show that inertial effects are 
dominated in non-colloidal flow in comparison to colloidal flow. The finding show that the inertial effects are 
more dominated for non colloidal flow as compared to the minute colloidal flow.  Flow pattern of sand slurry  in 
a pipe of 0.105 m diameter at three different inclinations are analyzed by  Matousek [3] in a laboratory experiment.  
The simulation of coarser particulates in a vertical pipe using k-ε turbulence closure is done by Krampa-Morlu et. 
al. [4] and they studied the effect of particulate concentration, size and viscosities. Kaushal et al. [5] experimented 
near wall lifts for coarser solid particulates in a slurry pipe having diameter of 0.0549 m and predicted pressure 
drop for finer particles, and compared it with equivalent fluid and found that the slip velocity effect on pressure 
drop was more at higher velocity and less at low velocity. Kumar et al. [6] carried out the study by using two layer 
and Karabelas model and examined the effects of bimodal slurries on slurry pressure drop. The simulation of  sand 
liquid slurry flow using algebraic slip model and constraint growth at the entry unit is done by  Lin and Ebadian 
[7]. Pressure drop and rheological characteristics of the fly-ash slurry is studied by Chandel et al. [8] and their 
findings show that the slurry does not experience any settling at all test conditions. Further, he performed the 
experiment on Pilot plant test loop with/without additives in fly ash slurry and found a fall in pressure drop on 
addition of additive [9].  

Furthermore, Naik et al. [10] study slurry rheological characteristics at different temperature using 
cationic surfactant and counter ion. They observed that the suspension stability and dispersing capability of the 
particulate were improved on addition of counter and cationic ion. Senapati et al. [11] implemented the power law 
fluid and studied the effect of fly-ash slurry on friction. Afterwards, Jiang and Zhang [12] carried out the numerical 
simulations using k-ε turbulence model on slush nitrogen flow in horizontal pipe of 0.015 m diameter and length 
1.5 m. Their findings show that computational time taken for solving 3D model was more in comparison to 2D 
model. Kaushal et al. [13] simulated flow of mono-dispersed particulate at high concentration using Eulerian and 
mixture models in a pipe of 0.0549 m diameter. It has been found that Eulerian model gives better results for 
pressure drop as compared to the mixture model. Later, they experimented mixture of fly ash at high concentration 
on Pilot plant test loop and projected the rheological characteristics of slurry. The optimum concentrations of fly-
ash slurries is found to be 65 % (by weight) on the basis of specific energy consumptions [14]. Nabil et al. [15] 
predicted the sand-water slurry flow characteristics in a pipeline for three particulate sizes of 0.0002, 0.0007 and 
0.0014 m in a velocity range of 0.5 to 5 ms-1. The results shows that the irregularities rises with increase in 
particles size because of gravity. Silva et al. [16] studied velocity effect and the settling characteristics of slurry 
flow. Gopaliya and Kaushal [17] studied the effect of particulate size on pressure drop and found that the pressure 
drop increases with increase in particulate size at all efflux concentration. Pani et al. [18] studied the additives 
effect on the rheological behaviour of coal ash slurry. Assefa and Kaushal [19] carried out the experiment by 
adding the fly ash slurry in the bottom ash slurry and evaluated the rheological characteristics that results the 
decrease in yield stress and viscosity of the slurry. Later, the CFD simulation of sand water flow in a horizontal 
pipeline was by Swamy et al. [20]. In their study, they predicted that large sized particulates exhibits heterogeneous 
flow. Gopaliya and Kaushal [21] simulated sand water slurry flow in a pipe of 0.263 m diameter and found that 
the velocity profile is symmetric and asymmetric in nature for fine and coarse particles respectively. Ofei and 
Ismail [22] predicted the frictional pressure drop for different particulate size and obtained outcomes show that 
pressure drop decreases with increase in particle sizes. Melorie and Kaushal [23] experimented that the addition 
of hydrated lime as a chemical additives in an iron ore slurry increases the yield stress for the chosen concentration 
range. Naveh et al [24] predicted pressure drop through various turbulence models for diluted slurry in a horizontal 
pipe and found that pressure drop is a strong function of Archemede’s number. Singh et al. [25] predicted the flow 
characteristics of ash – water flow in a pipe of 0.050 m diameter using Eulerian- Lagrange SST K-ω turbulence 
model for a wide range of velocity and solid concentrations. The simulated outcomes show nonlinear rise in 
pressure drop with increase in velocity and solid concentration. Mohanty et al. [26-27] carried out the numerical 
simulation of counter flow heat exchanger and predicted the flow characteristics. Some of the recent work on 
slurry pipeline for obtaining the slurry flow characteristics is done by Parkash et al. [28-33]. Arora et al. [34-35] 
optimized the irreversible engine using ecological criteria. Further, Dalkiliç et al. [36-37] conducted the 
computational analysis of smooth pipe for the prediction of Nusslet number, and smoke and temperature 
investigation with the help of jet fan.  
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In the literature, numerous experimental and theoretical studies are available on slurry pipeline using 
different flow materials like fly ash, bottom ash and silica sand etc. There is no literature available for the 
numerical simulation of glass beads particulate size and their size effect on slurry flow characteristics. Therefore, 
it is important to study the particulate size effect on slurry flow characteristics i.e. concentration distribution, 
velocity distribution and pressure drop. In this paper, a parametric study is carried out to know the effect of solid 
particulate size on slurry flow characteristics. Nevertheless, it is observed that the experimental determination of 
slurry flow parameters at different location in the pipeline is quite difficult and time consuming task. Henceforth, 
computational fluid dynamics possess ample scope and capability for evaluating above-mentioned constraints at 
any section of the pipeline. In this paper, an attempt has been made to develop a computational model for 
prediction of concentration, velocity and pressure drop profiles for glass beads particulate size of 125 µm and 440 
µm  using Eulerian two-phase model with RNG k-ɛ turbulence closure. The computational modeling of 0.0549 m 
diameter pipeline has been carried out for a wide range of solid concentration ranging 10% to 50% (by volume) 
with wide velocity span of 3-5 ms-1. The obtained simulated outcomes are verified with the experimental results 
of the literature and found in synchronism with that. 
 
MATHEMATICAL MODEL 

In this paper, an efficient Eulerian-Eulerian multi-phase model is implemented for numerical simulation. 
The following governing equations are used for the turbulent flow of glass beads slurry flow. 
 
Eulerian model 

Eulerian two – phase model is used as this model comprises the complex equations of multiphase modelling 
in ANSYS Fluent software. It solve the set of continuity and momentum equations for each phase. In Eulerian 
model, the slurry is assumed to be comprised of solid (αs) and liquid (αf ) phases i.e. αs + αf = 1. In the present 
model granular flow have been consists of solid and liquid phase mixing that is achieved by interphase exchange 
and pressure exchange coefficients. Additionally kinetic theory application is used for deriving the slurry flow 
characteristics. The forces acting on the particulates in the slurry flow and various assumptions undertaken are 
given below: 

1. Static/solid pressure gradients, ∇P/∇Ps. 

2. Forces due to the difference in velocities of two phases,  sf s fK v v
 

 

3. Viscous and body forces, . f  and ρgሬ⃗ , where f  represents the stress fluid, ρ denotes the mass 

density and g is gravitational acceleration. 
4. Lift/virtual mass forces. The coefficient of virtual mass/ lift forces, CL/Cvm are assumed to be 0.5. 
5. The solid particulates is assumed to be of spherical in shape and fluidic in nature. 
6. The 3D pipe geometry with negligible thickness is considered in the computational domain. 
7. The roughness constant of the wall is assumed as 0.5 

 
Governing equations 

The following governing equations are used for the turbulent flow of glass beads slurry flow. The 
continuity and momentum equation for each phase is defined as [14]: 
 
Continuity Equation 
 

𝛻. (𝛼௧𝜌௧𝑣⃗t) = 0                             (1) 

Here, t can be considered as f or s. 
 
Momentum Equations for fluid and solid phases 

For Fluids: 
 

     𝛻. (𝛼௙𝜌௙𝑣⃗௙𝑣⃗௙) = −𝛼௙𝛻𝑃 + 𝛻(𝜏௙ന + 𝜏௧̿,௙) + (𝛼௙𝜌௙𝑔⃗) + 𝐾௦௙(𝑣⃗௦ − 𝑣⃗௙) +

                            𝐶௩௠𝛼௦𝜌௙(𝑣⃗௦ . 𝛻𝑣⃗௦ − 𝑣⃗௙ . 𝛻𝑣⃗௙) + 𝐶௅𝛼௦𝜌௙(𝑣⃗௙ − 𝑣⃗௦)˟(𝛻 ˟ 𝑣⃗௙)                                    (2
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 For Solids: 
 

𝛻. (𝛼௦𝜌௦𝑣⃗௦𝑣⃗௦) = −𝛼௦𝛻𝑃 − 𝛻𝑃௦ + 𝛻(𝜏௦ന + 𝜏௧̿,௙) + (𝛼௦𝜌௦𝑔⃗) + 𝐾௙௦(𝑣⃗௙ − 𝑣⃗௦) +

                         𝐶௩௠𝛼௦𝜌௙(𝑣⃗௙ . 𝛻𝑣⃗௙ − 𝑣⃗௦ . 𝛻𝑣⃗௦) + 𝐶௅𝛼௦𝜌௙(𝑣⃗௦ − 𝑣⃗௙)˟(𝛻 ˟ 𝑣⃗௙)                                (3) 

 
Where, 

𝜏௦ന = 𝛼௦µ௦(𝛻𝑣⃗௦ + 𝛻𝑣⃗௦
௧௥) + 𝛼௦(𝜆௦ −

ଶ

ଷ
µ௦)𝛻𝑣⃗௦𝐼  ̿                                          (4) 

                  

𝜏௙ന = 𝛼௙µ௙൫𝛻𝑣⃗௙ + 𝛻𝑣⃗௙
௧௥൯                                  (5) 

 

    𝜆௦ =
ସ

ଷ
𝛼௦𝜌௦𝑑௦𝑔௢.௦௦ ൬(1 + 𝑒௦௦) ቀ

௵ೞ

௽
ቁ

ଵ/ଶ

൰                                  (6) 

  
dp is the diameter of the particulates which is taken as 125 µm and 440 µm in the present study.  
 
Solid Shear Viscosity 

The shear viscosity μୱ  is given as: 
 

µ௦ = µ௦,௖௢௟ + µ௦,௞௜௡ + µ௦,௙௥                                (7)

  
Where,       

  µ௦,௖௢௟ =
ସ

ହ
𝛼௦𝜌௦𝑑௦𝑔௢.௦௦ ൬(1 + 𝑒௦௦) ቀ

௵ೞ

௽
ቁ

ଵ/ଶ

൰                                         (8a) 

 
Where,  

𝛩௦ =
௄௵ೞ

ఊ

డ௵ೞ

డ௡
+

√ଷ గ ∅ ఈೞ ௚೚.ೞೞ ௵ೞ
య/మ ௩ೞ

మ

଺ఈೞ,೘ೌೣ ఊ
                                                  (8b) 

 

           µ௦,௙௥ =
௉ೞௌ௜௡ఝ

ඥூమವ
మ                                                   (9)   

                                             

        µ௦,௞௜௡ =
ఈೞఘೞௗ

ೞ ඥഏ೭ೞ

଺(ଷି௘ೞೞ)
ቂ1 +

ଶ

ହ
(1 + 𝑒௦௦)(3𝑒௦௦ − 1)𝛼௦ 𝑔௢.௦௦ቃ                                   (10) 

 
The inter-phasial momentum exchange coefficient, Ksf  is given as: 

 

𝐾௦௙ = 𝐾௙௦ =
ଷ

ସ

ఈೞఈ೑ఘ೑

௏ೝ,ೞ
మ ௗೞ

𝐶஽ ൬
ோ௘ೞ

௏ೝ,ೞ
൰ ห𝑣⃗௦ − 𝑣⃗௙ห                                             (11) 

 
The drag coefficient, CD is given as: 
 

𝐶஽ = ቈ0.63 + 4.8 ൬
ோ௘ೞ

௏ೝ,ೞ
൰

ିଵ/ଶ

቉

ଶ

                   (12)  

 
Res is the relative Reynolds number for the liquid and solid phase and defined as: 

 

         𝑅𝑒௦ =
ௗೞఘ೗(௩ሬ⃗ ೞି௩ሬ⃗ ೑)

µ೗
                                                                     (13)           

 



Journal of Thermal Engineering, Research Article, Vol. 7, No. 1, pp.220-239 , January, 2021 
 

224 
 

Wall function 
The standard wall function proposed by Launder and Spalding (1983) has been employed in the present 

work [32]. The chosen wall function provides more accurate and meticulous results for both solid and liquid 
phases using Eulerian two-phase model. 

 
 

COMPUTATIONAL DOMAIN AND GRID INDEPENDENT TEST 
The computational mesh for 3D slurry pipeline of length 3.8 m and diameter 0.0549 m is generated in 

ANSYS 16. The computational pipe length is more than 50 diameters, which is sufficiently long for fully 
developed flow. The mesh contains 462 K hexahedral and quad type cells. Figure 1(b) depicts the grid independent 
test performed by using  different grid geometry containing 154 K, 243 K, 382 K, 462 K and 522 K hexahedral 
and quad elements at Cvf = 10 % and Vm = 5 ms-1. It is seen that the results are overlapping for the grid geometry 
containing 462 K and 522 K cells. Hence, a grid with 462 K cells is preferred for the simulation of slurry flow as 
shown in the Figure 1 (a).  

 

 
 

Figure 1. (a) Mesh in computational domain and (b) velocity profile with respect to radial distance at 
 Vm =5 ms-1 and Cvf =40% 

 

Boundary conditions 
The computational 3D pipeline geometry is bounded by three faces viz. inlet, outlet and wall boundaries 

to achieve fluid domain calculations. The velocity inlet, pressure outlet and no slip conditions has been applied 
for the computational domain. The boundary condition at inlet is applied at particular velocity and solid volume 
fraction. Pressure outlet is applied at the pipe outlet. The no slip conditions has been considered at the pipe wall.  
 
Solution strategies and convergence criteria 

A second order upwind scheme is used to simplify the momentum, turbulence kinetic energy and fluid 
flow equations. This arrangement offers high precision, reliability and converging of the solutions. The converging 
condition based on residual value of various constraints viz. mass, turbulent kinetic, velocity, dissipation energy 
and volume fractions. In the present model, the value is reset to 0.001 time the initial residual values for every 
constraint as a converging criteria. Coupling between velocity and pressure is achieved by using semi-implicit 
pressure linked equations (SIMPLE) algorithm. The other solution strategy includes the under relaxation factors 
of pressure - 0.3, momentum – 0.5, volume fraction – 0.5, turbulent viscosity – 0.8, turbulent kinetic/dissipation 
energies as 0.8. This converges the non-linear equations into linear ones. 

 
 

COMPUTATIOANL RESULTS  
Solid concentration contours 

Figures (2-7) depict the settling behavior of solid particulate size 125 µm and 440 µm for chosen range 
of velocity (Vm = 3-5 ms-1) at different solid concentration ranging from 10 % – 50 % (by volume) at pipe outlet. 
It has been observed that the small sized particulates shift towards the pipe bottom as depicted in the Figure (2),(4) 
and (6), whereas large sized particulates shift away from the pipe bottom as depicted in the Figure (3), (5) and (7). 
The reason behind shifting the large sized particulates is due to the increase of near wall lift force employed during 
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the simulation. Figure 2(a-e) depicts the solid concentration contours at Vm = 3 ms-1 for 125 µm particulate size 
and it has been observed that increase in solid concentration contribute to the exchange of momentum with the 
solids that enhance the turbulence mixing and spreading of the solid particulates in the pipeline. Figure 2(a-d) 
depicts that solid concentration is found maximum at the bottom and minimum at the top of the pipe. However, 
Figure 2(e) depicts that at Cvf  = 50 %, the increased momentum exchange and turbulence mixing disperse the 
solids in the pipe domain and maximum solid concentration found near the wall. Similar trend we can observe at 
different solid concentration in the subsequent Figures 4(a-e) and 6(a-e) at higher mean flow velocity Vm = 4-5 
ms-1 for 125 µm particulate size. Figure 3(a-d) depicts the solid concentration is found maximum away from the 
pipe bottom and below from the centre of the pipe. However, at Cvf = 50 % the solids disperse in the pipe domain 
due to increased momentum exchange and turbulence mixing that shifts the solids about the pipe centre as depicted 
in the Figure 3(e). Similar trend we can observe at different solid concentration in the subsequent Figures 5(a-e) 
and 7(a-e) at higher mean flow velocity, Vm = 4-5 ms-1 for 440 µm particulate size. 

 
Figure 2. Solid concentration at Vm = 3 ms-1for particulate size dp = 125 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,  

(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 % 

 
 

Figure 3. Solid concentration at Vm = 3 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,  
(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 %    

 
 

Figure 4. Solid concentration at Vm = 4 ms-1for particulate size dp = 125 µm  at (a) Cvf = 10 %, (b) Cvf = 20 %, 
(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 %   

 
 

Figure 5. Solid concentration at Vm = 4 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,  
(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 %   

 
 

Figure 6. Solid concentration at Vm = 5 ms-1for particulate size dp = 125 µm  at (a) Cvf = 10 %, (b) Cvf = 20 %, 
(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 %   
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Figure 7. Solid concentration at Vm = 5 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,  
(c) Cvf = 30 %, (d) Cvf = 40 %, and   (e) Cvf = 50 %   

 
Solid velocity contours 

Figures (8-13) depict the velocity contours of solid particulate size 125 µm and 440 µm at different solid 
concentration ranging from 10 % – 50 % (by volume) at pipe outlet. In general, it found that both solid particulate 
exhibits maximum velocity at the centre of the pipe and minimum at the pipe wall. The minimum velocity exhibits 
at the pipe wall due to the effect of shear forces.  Figure 8(a-e) depicts the solid velocity contours at mean flow 
velocity, Vm = 3 ms-1 for 125 µm solid particulates and it is found that solid contours are symmetrical about the 
centre of the pipe. For 125 µm solid particulates, the velocity contours are symmetrical about the pipe centre 
because of its more dispersal/spreading tendency in the slurry at all velocity range and solid concentration.  Similar 
effect can also be observed at higher mean flow velocity, Vm = 4-5 ms-1 for different solid concentration range in 
the subsequent Figures 10(a-e) and 12(a-e). However, the velocity contours are varying and show 
symmetrical/asymmetrical behaviour for 440 µm solid particulates at different velocity and solid concentration 
range. For 440µm solid particulates, the solid velocity contour are symmetrical at low velocity (Vm = 3-5 ms-1) 
and low solid concentration (Cvf = 10 - 20%) as depicted in the Figure 9(a-b) and 11(a-b). The velocity contours 
are also symmetrical at low velocity (Vm = 3-5 ms-1) and higher solid concentration (Cvf = 50%) due to increased 
momentum and turbulence as depicted in the Figure 9(e) and 11(e). The velocity contours becomes asymmetrical 
at low velocity (Vm = 3-4 ms-1) and for solid concentration range (Cvf = 30 - 40%) as depicted in the Figure 9(c-d) 
and 11(c-d). However, the velocity contours are symmetrical about the pipe centre at high velocity, Vm = 5 ms-1 
for all solid concentration range, Cvf  = 10 - 50 % because of increased turbulence at higher velocity that increase 
the dispersal/spreading of  solid particulates in the slurry as depicted in the Figure 13(a-e). 
 

 
 

Figure 8. Solid velocity at Vm = 3 ms-1for particulate size dp = 125 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,           
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 %  

 

   
 

Figure 9. Solid velocity at Vm = 3 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,           
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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Figure 10. Solid velocity at Vm = 4 ms-1for particulate size dp = 125 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,         
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 %  

 

 
 

Figure 11. Solid velocity at Vm = 4 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,         
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 %  

 

 
 

Figure 12. Solid velocity at Vm = 5 ms-1for particulate size dp = 125 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,         
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 

  

 
 

Figure 13. Solid velocity at Vm = 5 ms-1for particulate size dp = 440 µm at (a) Cvf = 10 %, (b) Cvf = 20 %,         
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 %  

 
Solid concentration profiles 

Figures (14-16) (a-e) depict the solid concentration profile in XY plane at (x =3.7 m) from pipe inlet at 
different mean flow velocity, Vm = 3-5 ms-1 and solid concentration, Cvf = 10-50 %. In general, it is found that solid 
concentration decreases from bottom to top of the pipe for chosen particulate size at all velocity and solid 
concentration range. For 125 µm solid particulates, the solid concentration is maximum at the pipe bottom and 
then decreases radially to the top of the pipe as depicted in the Figure (a-d). However, at Cvf  = 50 % the solid 
concentration is maximum away from the pipe bottom and then decreases radially to the top of the pipe as depicted 
in the Figure 14(e). For 440 µm solid particulates, the solid concentration zone is situated away from the pipe 
bottom in the lower half section of the pipe and then decreases radially from bottom to top of the pipe as depicted 
in the Figure 14(a-e). Similar effects can also be observed in the subsequent Figures 15(a-e) and 16 (a-e). 
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Solid velocity profiles

Figures (17-19) (a-e) depict the solid velocity profiles in XY plane at (x =3.7 m) from pipe inlet at 
different mean flow velocity, Vm = 3-5 ms-1 and solid concentration range, Cvf =10-50 %. In general, the maximum 
velocity is found at the centre of the pipe at all mean flow velocity and solid concentration for chosen solid 
particulate size. It is found that for the solid concentration range (Cvf = 10-40 %) the velocity profile is flatten in 
nature for 125 µm   particulates as depicted in Figure 17(a-d), which in turn becomes parabolic in nature at Cvf = 
50 % as depicted in the Figure 17(e). Whereas, for large sized 440 µm solid particulates the velocity profile is 
flatten in nature for the solid concentration range , Cvf = 10 -20 % as depicted in the Figure 17(a-b), which in turn 
becomes parabolic in nature  for the solid concentration range, Cvf = 30-50 % as depicted in the Figure 17(c-e).  
Similar effects for both the particulate size at different velocity and solid concentration can also be observed in 
the subsequent Figures 18(a-e) and 19 (a-e). It has been noticed that the behaviour of both solid particulates, at 
mean flow velocity, Vm = 3-5 ms-1 and low solid concentration range, Cvf = 10 -20 % is nearly same.  

 

 
 

Figure 14. Solid concentration profiles in XY plane at X = 3.7 m and Vm = 3 ms-1 (a) Cvf = 10 %,  
(b) Cvf = 20 %, (c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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Figure 15. Solid concentration profiles in XY plane at X = 3.7 m and Vm =4 ms-1 (a) Cvf = 10 %, (b) Cvf = 20 %, 
(c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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 Figure 16. Solid concentration profiles in XY plane at X = 3.7 m and Vm = 5 ms-1 (a) Cvf = 10 %, 
 (b) Cvf = 20 %, (c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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Figure 17. Solid velocity profiles in XY plane at X = 3.7 m and Vm = 3 ms-1 (a) Cvf = 10 %, (b) Cvf = 20 %, 
 (c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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Figure 18. Solid velocity profiles in XY plane at X = 3.7 m and Vm = 4 ms-1 (a) Cvf = 10 %, (b) Cvf = 20 %, 
 (c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 
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Figure 19. Solid velocity profiles in XY plane at X = 3.7 m and Vm = 5 ms-1 (a) Cvf = 10 %, (b) Cvf = 20 %, 
 (c) Cvf = 30 %, (d) Cvf = 40 %, and (e) Cvf = 50 % 

 
Pressure drop 

Pressure drop is the key parameter for designing the slurry pipeline systems. The pressure drop per meter 
length at different velocity and concentration range is depicted in the Figure 20(a) and 20 (b). It is found that 
pressure drop increases with increase in velocity at all efflux concentration range. The pressure drop finding for 
small sized solid particulate slurry pipeline is very less as compared to the pressure drop of large sized particulate 
slurry pipeline. The ample change in pressure drop found at solid concentration, Cvf = 40-50% for both sized solid 
particulates due to increased turbulence that results in damage and severe losses in the pipeline. For solid 
particulate 125 µm and 440 µm the percentage change in pressure drop w.r.t. solid concentration at Cvf = 10 % is 
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depicted in the Table 1 and Table 2 respectively. Table 3 depicts the percentage change in pressure drop w.r.t. 125 
µm solid particulates and it is found that the percentage change in pressure drop for 440 µm solid particulate is 
very high i.e. 170 % compared to the pressure drop of 125 µm solid particulates at Vm = 5 ms-1 and Cvf  = 50 %. It 
has been found that up to 30% solid concentration, large sized solid particulate can be used but at the same time, 
it is also observed that the pressure drop rises suddenly as solid concentration increases beyond 30% and will 
require more power. Additionally, the increase in pressure drop also affects the life of slurry pipeline system. 
Therefore, it is recommended that first reduce the size of solid particulate as small as possible by crushing and 
grinding in order to make the slurry pipeline system more efficient. The increased pressure drop also increase the 
power consumption requirement. Hence, the comparative analysis of pressure drop for solid particulate size proves 
the practical utility and high designing capability of slurry pipeline system. 

 
Figure 20. Pressure drop per meter length vs Flow Velocity at all solid concentration (a) dp = 125µm and  

(b) dp = 440 µm 
 

Table1. Percentage change in pressure drop for 125 µm solid particulate at different velocity and solid 
concentrations 

 

 
Vm (ms-1) 

Pressure drop change in (%) w.r.t. solid concentration at Cvf = 10 % 

At Cvf  = 20% At Cvf  = 30% At Cvf  = 40% At Cvf  = 50% 
3 14 25 95 285 

4 10 24 93 258 
5 4 17 83 226 

 
Table 2. Percentage change in pressure drop for 440 µm solid particulate at different velocity and solid 

concentrations 

Vm (ms-1) 
Pressure drop change in (%) w.r.t. solid concentration at Cvf = 10 % 

At Cvf  = 20% At Cvf  = 30% At Cvf  = 40% At Cvf  = 50% 
3 48 140 214 525 
4 27 113 202 484 
5 9 89 192 445 

Table 3. Percentage change in pressure drop for different solid particulate size (125 µm and 440 µm) at different 
velocity and solid concentration 
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Vector representation 
Figure 21 (a-b) and 22 (a-b) depicts the vector representation of solid concentration and solid velocity in 

last one meter length of the pipeline for particulate size (125 µm and 440 µm) at Vm = 3ms-1 and Cvf = 20 % 
respectively. It has been observed that the small sized solid particulate moves in the pipe bottom as depicted in 
the Figure 21 (a). However, large sized particulate moves away from the pipe bottom due to near wall lift force as 
depicted in the Figure 21 (b).  Figures 22 (a) and (b) depict that the small sized and large sized particulate exhibits 
maximum velocity in the centre of the pipeline and their velocity diminishes, when move from pipe centre to pipe 
wall due to viscous forces. Similar trend has been found at other all solid concentration range and flow velocities, 
hence not been shown here. 
 

 
 

Figure 21. Vector representation of solid concentration in XY plane at Vm = 3 ms-1and Cvf = 20 % (a) dp = 
125µm (b) dp = 440 µm, 

 

 
 

Figure 22. Vector representation of solid velocity in XY plane at Vm = 3 ms-1and Cvf = 20 % (a) dp = 125µm (b) 
dp = 440 µm 

 
 

MODEL VALIDATION 
The present developed computational model for 125 µm and 440 µm is validated with the available experimental 

data of Kaushal et al. (2007) in the literature. Figure 23(a) depicts the validation of the present study with the 

available experimental data at Cvf = 50 % for 125 µm particulate size. Figure 23(b) depicts the validation of the 

present study with the available experimental data at Cvf = 10 % for 440 µm particulate size. It is found that the 

present computational results using Eulerian two-phase model with RNG K-ɛ turbulence closure are in 

synchronism with the experimental data.
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Figure 23. Validation of computational model (a) for particulate size 125 µm at Cvf = 50 % and (b) for 
particulate size 440 µm at Cvf = 10 % 

 
CONCLUSIONS 

Based on the investigations on 0.0549 m diameter glass -beads slurry pipeline using commercial CFD software 
for different efflux concentrations and slurry velocities, the following conclusions have been drawn: 

 

 It is observed that Eulerian model using RNG k-ɛ turbulence closure gives the more appropriate and 
meticulous predictions of the pressure drop for chosen range of solid concentration, flow velocity and 
particulate size. 

 The high concentration zone is situated near the pipe bottom for small sized particulates at all velocities 
and all efflux solid concentration except at (Cvf = 50 %). Whereas, the solid concentration zone for large 
sized particulates is situated away from the pipe bottom at all velocities and all efflux solid concentration 
range. 

 At higher solid concentration (Cvf = 50%), the momentum exchange between the solid particulates 
increases and enhance the turbulence mixing that results the glass beads particulates shift around the pipe 
centre.  

 The maximum velocity region of small sized and large sized particulates is situated at the pipe centre at 
all velocity and solid concentration range. 

 For 440 µm solid particulates, the velocity contours are asymmetrical about the centre at the flow velocity, 
Vm = 3-4 ms-1 and solid concentration range, Cvf = 30 - 40 %. However, the velocity contours are 
symmetrical for 125 µm at all velocity and solid concentration. 

 The distributions of glass beads concentration are found flatten in nature at low solid concentration, which 
in turn becomes parabolic at higher solid concentration range for both sized solid particulates. 

 Pressure drop increases for both 125 µm and 440 µm solid particulates with increase in velocity at all solid 
concentration range. 

 Pressure drop abruptly increases for both sized solid particulates in the solid concentration range Cvf = 40-
50 %. 

 Pressure drop for 440 µm solid particulates is found higher as compared to the pressure drop of 125 µm 
solid particulates. 

 The obtained results of predicted pressure drop are observed to be in synchronism with the experiment 
results. 

 
The comparison of the solid particulate size using Eulerian multiphase RNG k-ɛ turbulence closure proves the 
practical utility and high designing capability of slurry pipeline system.  
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NOMENCLATURE 
Cvf Efflux concentration (by volume) 
D Diameter of pipe, m 
ds Particle diameter, µm 
g Acceleration due to gravity, m/s2 

sv


 Velocity of solid phase, m/s 

fv


 Velocity of fluid phase, m/s 

Cvm Coefficient of virtual mass 

ρ Mass density, kg/m3 

ρf Mass density for fluid phase, kg/m3 

ρs Mass density for solid phase, kg/m3 

CL Lift force 

Vm Mean flow velocity, m/s 
Res Relative Reynold number between solid and fluid phase 

I  Identity tensor 

λs Bulk viscosity of solid phase 

f  viscous stress tensor for fluid phase 

go,ss Radial distribution function 

µs Shear viscosity for solid phase, Pa-s 

µf Shear viscosity for fluid phase, Pa-s 

μs,col collisional viscosity 

μs,kin kinetic viscosity 

μs,fr frictional viscosity 
CD Drag coefficient 
ess Restitution coefficient 
Θs Granular temperature 

I2D Second invariant strain rate tensor for solid phase 

Ksf Inter-phasial momentum exchange coefficient 
Vr,s Terminal velocity for solid phase, ms-1

 

 
Greek symbols 
αs,max Static settled concentration, 
αs Solid phase concentration 
αf   Liquid phase concentration 
 
Subscripts  
f Refers to fluid 
s Refers to solid  
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