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ABSTRACT  

 The study presents the numerical computational fluid dynamics (CFD) analysis of sand-water slurry flow 
with different sand particle sizes viz. 90µm, 125µm, 150µm, 200µm and 270µm having specific gravity of 2.65 
through a 103 mm diameter, 5.5 m long horizontal pipeline for a high flow velocity of 5.4 m/s at various solid 
volumetric concentrations viz. 10%, 20%, 30%, 36% and 40%. Granular version of Eulerian two-phase model with 
dispersed particles along with RNG –epsilon approach has been utilized. Non-uniform structured mesh with a 
refinement near the wall boundary has been selected for discretizing the computational flow domain while Navier-
Stokes governing equations are solved in FLUENT 14.0. The effects of the size of sand particles and solid 
volumetric concentrations on territorial concentration distributions, particle flow velocity and pressure drops have 
been studied and analyzed. Generalized mathematical correlation has been developed from the simulated results for 
calculating the consequences of the size of solid particles and solid volumetric concentration on pressure drop 
analytically. The simulated outcomes of pressure drop are validated with the experimental results. These outcomes 
will be very helpful in the setup of an experimental model for sand/water slurry flow pipelines in many industries 
viz. mining, construction, power generation etc. 
 
Keywords: CFD Modeling, Eulerian Two-Phase Model, RNG K-Epsilon Model, Concentration 
       Distribution, Flow Velocity Distribution, Pressure Drop, Slurry Pipeline 
 
INTRODUCTION 

 Conveyance of solid materials through pipelines over a long distance is a well-known mode of 
transportation over the years. This mode offers several advantages over conventional modes as reduction of air 
pollution, noise pollution, road traffic etc. Therefore, it is essential to have detailed knowledge about various flow 
parameters such as flow velocity, solid particle concentration, pressure drop etc. in a slurry flow for effective solid 
material transportation through pipelines. Comprehensive studies of these flow parameters allow establishing an 
accurate prediction of slurry flow and adaptation of optimal pipe design. It is studied that the solid particle 
concentration distribution is one of the major influencing parameters for accurate prediction of flow arrangements 
in slurry flow. 

Computational fluid dynamics (CFD) is a sophisticated platform that provides the numerical modeling of 
various complex multiphase flow problems with a greater ease and low costs which is almost impossible with 
experimental method. It provides exclusive propaganda for the local variation of different flow variables interior 
to the fluid domain. Researches began from the third decades of 20th century for establishing a general solution for 
the accurate prediction of different slurry flow variables like solid concentration distribution, distribution of flow 
velocity and pressure drop. Initial studies in this area includes the work of O’brien [1] and Rouse [2] who studied 
the concentration distribution of very low volumetric concentration solid particles in an open channel gravity-
based flow using a diffusion model. Some of the prominent outcomes in these fields are given by Shook and Daniel 
[3] who predicted the buoyancy of solid particles in a stationary bed slurry flow regime. They derived a theoretical 
equation necessary for hydraulic gradient for the smooth transportation of slurry flow through pipelines. Wasp et. 
al [4] performed an experimental investigation to predict the spatial distribution of solid particles in slurry 
pipelines. Turian and Yuan [5] developed a correlation for satisfactory prediction of pressure drop from their 
experimental work on slurry flow through pipelines considering homogenous, heterogeneous, stationary bed and 
saltation slurry flow regime. Seshadri [6] proposed an improved model for forecasting the solid concentration 
distribution for the flow of solid materials in circular pipes, rectangular ducts and open channel flow. Roco and 
Shook [7] proposed an explicit algorithm based differential equation for numerical analysis of slurry flow through 
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pipelines having various pipe diameters and solid concentration below 40%. Further, they [8] proposed a 
computational technique for coal-water heterogeneous slurry flow pipelines considering two-phase analysis for the 
prediction of particle size, velocity and concentration distributions. Doron et. al [9] conducted an empirical 
investigation of coarse particles slurry flow through horizontal pipelines. They also proposed a physical model 
which was dependent on two-layer model for analysis of pressure drop and flow patterns. Gillies et. al [10] 
established a two-layer model to figure out the pressure gradient in a coarse particle of sand, gravel and coal slurry 
flow through horizontal pipes. Later, Gillies and Shook [11] performed an empirical analysis for predicting the 
influence of distributions of solid particle concentration in solid-fluid slurry flow in horizontal pipeline. The 
interaction of particles was found to be restricted near-wall region of the pipe, interaction being more for larger 
particles in smaller pipes. An experimental study of slurry flow consisting of solid particles and viscous Newtonian 
fluid was performed by Gillies et. al [12]. The experimental results showed that pressure gradient of 2Kpa/m is 
necessary for smooth transport of sand through the pipeline. Gillies and Shook [13] developed a two-layer approach 
to predict the solid concentration behaviour in highly concentrated (35% by volume) settling slurry flow. Kaushal 
and Tomita [14] predicted the distribution of particle size and solid concentrations for a multi-sized particulate 
slurry flow through ducts having rectangular cross sections using an analytical model proposed by Karabelas. The 
limitations of original models were identified and modifications were adopted accordingly for prediction of 
concentration behaviour. An experimental investigation of sand-water slurry flow with sand particle mean diameter 
of 0.09 mm and 0.27 mm was conducted by Gillies et. al [15] through 103 mm diameter horizontal pipeline. In 
their investigation various flow parameters such as velocity profile, concentration distribution, in-situ solid 
concentration were measured. 

Kaushal et. al [16] conducted an investigation of glass beads-water slurry flow having high concentration 
through horizontal pipeline to determine a correlation of the impact of distribution of particle size on concentration 
profile aswell as pressure gradient. Monteiro and Bansal [17] conducted an investigation of the four rheological 
approach viz. Herschel-Buckley, power, Casson and Bingham approach to predict the slurry flow parameters 
behaviour in ice-water slurry. The results of their analytical models were correlated with experimental data and 
showed a good consistency. Lahiri and Ghanta [18] developed a generalized model using CFD adopting Eulerian 
two-fluid model along with Standard K-epsilon approach for predicting concentration distributions, velocity 
distributions and pressure drop of slurry flow containing glass beads and water. Kaushal et. al [19] performed a 
numerical analysis of glass beads- water fine particle slurry flow at high concentrations using CFD technique by 
adopting Eulerian two phase model and mixture model along with RNG K-epsilon approach. Messa and Malavasi 
[20] urged a new two layer approach to analyze completely suspended slurry flow in horizontal pipes. This new 
approach claimed for introducing contemporary wall boundary conditions considering solid phase, slurry mixture 
viscosity which takes into account of different solution algorithm and particle shape for reducing the low 
computational load. A numerical model was developed by Nabil et. al [21] adopting Eulerian two phase approach 
and K-epsilon turbulence approach to forecast slurry flow parameters of solid-fluid slurry in horizontal pipeline. 
Swamy et. al [22] developed a numerical model adopting Eulerian two-phase approach for estimating the flow 
regimes in a slurry flow through pipelines. Gopaliya and Kaushal [23] conducted a numerical investigation of 
sand-water slurry containing various sand particle size in a horizontal pipeline. Eulerian multiphase model with 
RNG k-epsilon approach was adopted for modelingthe slurry flow. Kumar et. al [24] performed an experimental 
investigation and CFD modeling for slurry flow of iron ore and water at higher concentration in a horizontal 
pipeline. In this study slurry flow of 12µm iron-ore through 105mm horizontal pipe with solid particle 
concentration varying from 6.23-31% and flow velocity varying from 1.35-5.11 m/s was used. The result was 
validated using appropriate CFD modeling.Wang et. al [25] performed an numerical as well as experimental 
investigation on pressure drop of ice slurry flow considering the heterogeneous distribution of ice slurry through 
horizontal pipeline. Onokoko et. al [26] conducted an experimental and CFD investigation of slurry flow 
containing ice and water and the flow characteristics in a long horizontal pipe. They investigated pressure drop 
along the pipe, outlet and inlet densities, temperature and mass flow rates of the ice slurry from their experimental 
setup. 

This current study represents CFD analysis of the impact of the size of solid particles and solid volumetric 
concentration on distribution of solid particles, flow velocity and pressure gradient for a slurry flow of sand and 
water in horizontal pipeline. Eulerian two-phase model along with RNG k-epsilon approach are adopted for 
modelling the multiphase flow of sand-water slurry in horizontal pipeline having 103mm pipe diameter. Length of 
the pipe is taken as 5.5 m which is longer than 50D length required for fully developed flow. Sand particles with 
density of 2650 kg/m3and different mean particle diameter of the order of 90µm, 125µm, 150µm, 200µm and 
270µm are considered for a flow velocity of 5.4 m/s; varying the volumetric concentration of solid particles from 
10% to 40% (viz. 10%, 20%, 30%, 36% and 40%) by volume. Sand particles are considered as mono-dispersed. 
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The 3D simulated result of pressure gradient for 270µm particle size at various volumetric concentration level at 
high velocity (5.4 m/s) are correlated with the experimental data available in the work of Gillies et. al [15] for the 
validation of this current study. 
 
MATHEMATICAL MODEL  

Selection of proper mathematical model is indispensable for all numerical analysis problems keeping in 
view the objectives and physics of the problem. Slurry flow problem is a multiphase (solid-liquid) flow problem. 
Various multiphase models such as discrete phase, mixture model, Eulerian model etc. are available in FLUENT 
software package for modelling the multiphase flow problem. Slurry flow contains continuous (liquid) phase and 
discrete (solid) phase and is not considered as a diffused dilute system. The usage of discrete phase model is not 
possible for modelling its flow. Eulerian model and mixture model can be used for this purpose. But based on 
previous literature survey, the best suited model is the Eulerian model sometimes called as two- fluid model; which 
satisfies the laws of conservation of momentum and mass for both solid and fluid phase individually. Moreover the 
granular version of Eulerian model is preferred for modeling slurry flow because unlike non-granular version, it 
provides the option for considering the collision and friction among solid particles which is very essential for 
modelling the slurry flow. The granular version of Eulerian two phase model is adopted for this current study and 
is described as below. 
 
Eulerian Model 
 The Eulerian model cannot differentiate solid-fluid and fluid-fluid multiphase flows. In Eulerian model it 
is assumed that the slurry flow comprises separate fluid and solid phases, and they structure continuum, so that the 
volume concentration of solid(α!) and fluid(α") is equal to 1. i.e.α! + α" = 1.Thismodel satisfies both law of 
conservation of momentum and mass for solid and liquid individually. The assumptions undertaken in the present 
study and the forces that act on a single fluid particle are: 

• Static pressure gradient, ΔP. 
• Inertial force caused by interaction of particles or solid pressure gradient ΔPs. 
• Differences in velocity between the solid and fluid phase causes the drag force, 𝐾#$	(𝜐# − �⃗�$) where, 𝐾#$ 

is the drag coefficient of inter-force, where �⃗�$the velocity of fluid is phase and 𝜐# is the velocity of solid 
phase. 

• Forces due to viscosity, ∇.�̿�$, 𝜏$̿ is being the stress tensor for fluid phase. 
• 𝜌�⃗�, is the body force. 
• Virtual mass force, ∁%&𝛼#𝜌$(�⃗�$∇�⃗�$ − �⃗�#∇𝜐#) where, ∁%&is the coefficient of virtual mass force and is 

taken as 0.5 in this current work. 
• Lift force, ∁'𝛼#𝜌$4�⃗�$ − 𝜐#5 × (∇ × 𝜐$), where, ∁'is the coefficient of lift, taken as 0.5 in this current 

work. 
• The particles in the present study are assumed to be fluid in nature; therefore, the stress tensor of fluid is 

undertaken for computational analysis. 

Governing Equations 
 Continuity and momentum equations are formulated as [16] 
Continuity equation: 

 
𝛻. (𝛼!𝜌!�⃗�!) = 0,         t being either solid or fluid.                                     (1) 

 
Momentum equation for fluid phase:  

 
	∇. -𝛼"𝜌"�⃗�"�⃗�". = −𝛼"∇𝑃 + ∇. 𝜏"3 + 𝛼"𝜌"�⃗� +	𝐾#"-𝜐#666⃗ − 𝜐"666⃗ . 	

+ 	∁$%𝛼"𝜌"-𝜐#666⃗ . ∇𝜐#666⃗ − 𝜐"666⃗ . ∇𝜐"666⃗ .
+ 	∁&𝛼#𝜌"-𝜐" − �⃗�#. × (∇ × 𝜐"666⃗ ) 

 

(2) 
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Momentum equation for solid phase: 
 
∇. (𝛼#𝜌#𝜐#�⃗�#) = −𝛼#∇𝑃 − ∇𝑃# + ∇. 𝜏#3 + 𝛼#𝜌"�⃗�
+ 𝐾#"-𝜐"666⃗ − 𝜐#666⃗ .+∁$%𝛼#𝜌"-𝜐"666⃗ . ∇𝜐"666⃗ − 𝜐#666⃗ . ∇𝜐#666⃗ .
+ ∁&𝛼#𝜌"-𝜐# − �⃗�". × (∇ × 𝜐"666⃗ ) 

(3) 

 
Turbulence Model 

 The turbulent model is solved using RNG K-𝜀 model along with other additional conditions causing 
interfacial turbulent momentum transfer. The fluid phase Reynolds stress tensor is given by: 

 

𝜏!,"9999 = − (
)
-𝜌"𝑘" + 𝜇!,"∇𝜐".𝐼 ̿ + 𝜇!,"(∇�⃗�" + ∇�⃗�"!*)  (4) 

 
Here 𝜇(,$  is the viscosity corresponding to turbulence. An analytical differential interrelationship for turbulent 
viscosity is provided with RNG K-𝜀 model for modelling the flow at lower Reynolds number. At large Reynolds 
number (which is the case in current study) this analytical correlation converts to: 
 

𝜇!," = 𝜌"∁+
,*
+

-*
  With ∁+= 0.09  

(5) 

The prediction of turbulent kinetic energy 𝑘$and turbulent energy dissipation rate 𝜀$  by Standard K-
epsilon and RNG K-epsilon approach is almost very much alike. Standard and RNG k-epsilon approach differ in 
such a fashion that RNG k-epsilon approach contains a supplementary expression in the epsilon equation: 

 

𝑅- =
∁,/0-(230/0.)-+

(2670-),
  

(6) 

Where,𝜂 = 𝑆𝑘/𝜀, 𝜂/ = 4.38,𝛽 = 0.012, the constant parameters are taken as∁0&= 	0.0845, ∁12= 1.42, ∁32=
1.68,∁4251.4𝜎7 = 0.75, 𝜎2 = 1.2 
 
Wall Function 

Wall functions are defined as the collection of empirical and semi- empirical formulae used for obtaining 
accurate and better results at the wall boundary of the computational domain. Therefore the near wall boundary 
region of the flow domain demands exclusive treatment at the time of simulation due to the presence of higher 
gradient terms in this study. This is accomplished by selecting standard wall function available in RNG K-epsilon 
approach. 
NUMERICAL SOLUTIONS 
Geometry and Mesh 

A pipe having 103 mm diameter and 5.5 m length has been modelled in ANSYS workbench design 
modular. Non uniform structured mesh has been generated in workbench using multi-zone method with hexa core 
elements. 7 inflation layers of smooth transition with a ratio of 0.272 are introduced for refining the mesh near the 
wall boundary of the flow domain. The mesh contains approximately 213594 elements. (Figure 1). 

 

 
Figure 1.  2D and 3D view of meshed geometry used in this study 
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Boundary Conditions 
Boundary conditions need to be assigned to initiate the flow in the flow domain. Three different boundary 

conditions namely outlet boundary, wall boundary and inlet boundary are specified to the flow domain. At inlet 
boundary volume fraction i.e. α" = 1 − α!  ; α! = ∁8" (α"  andα! are volume fraction of fluid and solid phase 
respectively, ∁8" is the solid volume fraction) and mixture velocity i.e. V9 = υ! = υ"  (V9 , υ"andυ!are mixture 
velocity, velocity of fluid phase and velocity of solid phase respectively) for both fluid and solid phase has been 
introduced. At wall boundary no slip boundary conditions are selected for liquid phase and full slip boundary 
conditions are selected on solid phase. A completely developed flow at the pipe outlet is used in current study for 
prediction of velocity distributions and concentration distributions. 

 
Grid Independency Test 

In numerical simulations there is a high recommendation of selecting an optimal mesh for the analysis of 
flow parameters for the sake of minimal error and better accuracy. For this reason a grid independency test is 
conducted to select the optimal mesh for final calculation. In this test seven different mesh containing 143 
thousand, 171 thousand, 213 thousand, 287 thousand, 357 thousand, 393 thousand and 512 thousand elements have 
been selected. The flow problem is simulated for each mesh applying same boundary conditions in each case 
(𝐶:$ = 0.4 and velocity 𝑉 = 5.4 m/s) and the particle velocity distribution along the vertical centreline of the pipe 
outlet in y-direction is obtained (Figure 2). 

 

 
Figure 2. Plots of particle flow velocity distributions for different mesh 

 
From Figure 2 it can be noticed that velocity distribution for the mesh containing 213 thousand elements 

is super imposing with the velocity distribution for the mesh containing 287 thousand elements, hence the mesh 
containing 213 thousand elements is selected as optimal mesh and is adopted for further simulation. 
 
Solution Method and Convergence Criteria 

In this current study the Navier- Stokes governing equations along with their closure parameters are solved 
using ANSYS FLUENT 14.0. Momentum and mass equations are solved by control volume finite difference 
approach. Turbulent kinetic energy, momentum equation and turbulent dissipation rate are discretized using second 
order upwind scheme while for discretizing the volume fraction first order upwind scheme is used in this study. 
For pressure and velocity coupling phase coupled SIMPLE algorithm is selected. Convergence of problem depends 
on the scaled residual. For this flow problem the residuals contains continuity, X-velocity, Y- velocity, Z-velocity 
for both the phases; k and ε for phase 1 and volume fraction for phase 2 which need to be converged at some 
specific region. Application of these schemes confirmed better stability, accuracy and convergence of the flow 
problem. Moreover decreasing the value of under relaxation factors ensured better convergence of the problem. 
URF (under relaxation factor) for volume fraction has been reduced to 0.3 from 0.5 and for momentum it has been 
reduced from 0.7 to 0.5. 
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RESULTS AND DISCUSSION 
This section shows the impact of solid particle size (𝐷;) as well as solid volume fraction (∁:$) on local 

concentration distribution of solid particles [∁(𝑌′)], flow velocity (V9) and pressure drop (ΔP/L) along the vertical 
centerline at pipe outlet cross section (𝑌′ =Y/D- in Y- direction). Solid volumetric concentration is determined 
taking the mean value of particle concentration along the vertical centreline, represented as: 

											∁89=
2
(: ∫ α;(y, Y′)dy6:

3:   (7) 

WhereY′ = Y/D, Y is the height of the vertical centreline from top to bottom of the cross section of pipe at outlet 
in Y-direction. 
 
Effects of particle size and solid volume fraction on concentration distribution 
 

        
                      (a) D< = 90µm               (b) D< = 125µm 

      
                (c)	D< = 150µm              (d) D< = 200µm 

 
         (e)	D< = 270µm 

Figure 3. Contours of particle concentration distribution for various particle sizes [(a)	D< = 90µm, (b) D< =
125µm, (c) D< = 150µm, (d) D< = 200µm and (e) D< = 270µm ] at solid volumetric concentration ∁:$= 0.2 

From Figure 3(a)-(e) a significant change in solid particles local concentration distribution can be 
observed as the particle size becomes larger. It is noteworthy that the smallest particles (𝐷; = 90µm) are more 
buoyant and the particle distribution is homogenous in the fluid phase. The particle concentration zone is 
symmetrically distributed over the cross section of pipe at outlet. When the particles become larger in size from 
𝐷; = 90µm to 𝐷; = 270µm, the concentration zone is shifted towards the bottom portion of the pipe cross section 
because of gravitational effect; as a result the concentration distribution becomes asymmetrical. Because of this 
the larger particles concentrate at the pipe bottom constituting a stationary bed and refuse to travel further along 
with the fluid to the exit of the pipe. Maximum predicted particle concentrations accumulated at the pipe bottom 
are 0.27, 0.36, 0.37, 0.40 and 0.45 for particle size 𝐷; = 90µm, 125µm, 150µm, 200µm and 270µm respectively. 
As the particle become larger in size the thickness of the bed also increases. These results show that in conveyance 
of sand-water slurry through pipeline, the larger particles accumulates at the bottom of the pipe thereby reducing 
effective flow area and which leads to poor productivity. 
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Figure 4. Plots of influence of solid particle size (D< = 90µm, 125µm, 150µm, 200µm and 270µm) on local 
concentration distribution at different solid volumetric concentration [(a)	∁8"= 0.1, (b) ∁8"= 0.2, (c) ∁8"= 0.3, 

(d) ∁8"= 0.36 and (e) ∁8"= 0.4] 

Figure 4(a)-(e) show the variation of local concentration distribution of the solid particles at five different 
solid volumetric concentration level viz.∁:$= 0.1 ,∁:$= 0.2 ,∁:$= 0.3 , ∁:$= 0.36  and ∁:$= 0.4  with varying 
solid particle size. These plots show the effect of fluid turbulence on the suspension of solid particles which 
changes from suspended to sluggish at the pipe bottom as the particle size increases for each constant solid 
volumetric concentration level. Furthermore it can be noticed that suspension of solid particles in fluid increases 
with the increase in solid volumetric concentration level for each particle size. At ∁:$= 0.1 [FIG 4(a)] most of the 
solid particles are accumulated at the pipe bottom, while at ∁:$= 0.4 the solid particles are seen to be suspended 
from the pipe bottom. This is the effect of increase in turbulent energy at higher solid volumetric concentration 
which causes the particle suspension. In addition to this no remarkable change in concentration distributions can 
be observed for smallest particle size (𝐷; = 90µm) at different solid volumetric concentration level because the 
particles are fine and flow velocity is greater than the deposition velocity. But for particle size 𝐷; = 270µm, the 
concentration distributions disintegrate due to the weak interactions among the particles. As the solid volumetric 
concentration increases from∁:$= 0.1	to 0.4 a strong particle-particle bond becomes vivid thereby increasing the 
suspension of the solid particles in the fluid. [Figure 5 (a)-(c)]. 
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    (a) ∁:$= 0.1             (b) ∁:$= 0.3 

 
(c) ∁:$= 0.4 

 
Figure 5. Contours of solid particle concentration distributions at different solid volumetric concentration level 

[(a) ∁8"= 0.1, (b) ∁8"= 0.3, (c) ∁8"= 0.4] for a constant particle size D< = 270µm. 
 

Impact of particle size and solid volumetric concentration on flow velocity 
From Figure 6(a)-(c) it can be observed that the distribution of particle velocity is asymmetrical about the 

central axis. However the degree of asymmetry is affected by particle size. At a given solid volumetric 
concentration level the velocity distribution becomes more distorted as the particles become larger in size from 
𝐷; = 90µm to 270 µm. [Figure 6(c)]. This may be the result of accumulation of coarse particles at the pipe bottom 
due to gravitational effect. Moreover the degree of distortion of particle velocity is influenced by solid volumetric 
concentration. At low solid volumetric concentration i.e.  ∁:$= 0.2 the distortion of velocity distribution is less 
[Figure 6(a)] and it increases with the increase in solid volumetric concentration i.e. ∁:$= 0.4 [Figure 6(c)]. This 
might be the effect of increased turbulence energy at higher solid volumetric concentration. In addition to this it is 
noteworthy that the particle velocity becomes less with the decrease in particle size for each solid volumetric 
concentration level, this is due to the fact that smaller particles show more buoyancy effect which leads to 
symmetrical distribution and blending of the particles with the fluid which causes smoother flow of the particles 
through the pipeline. 

 

Figure 6. Plots of solid particle velocity distributions for different particle sizes at solid volumetric concentration 
level of (a)	∁:$= 0.2, (b) ∁:$= 0.3 and (c) ∁:$= 0.4 
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Effect of particle size on pressure drop 
Figure 7 shows the effect of the size of solid particles on pressure drop at various solid volumetric 

concentration level viz.∁:$= 0.1, ∁:$= 0.3 and∁:$= 0.4. 
 

 
Figure 7. Plots of the effect of the size of solid particles (D<) on pressure drop at different solid volumetric 

concentrations. 
 

 From Figure 7 it can be noticed that the pressure drop rises as particles become larger in size. The coarser 
particles (𝐷; > 90µm) tend to accumulate at the pipe bottom thereby blocking a part of effective flow area. This 
raises the turbulence and flow velocity in the effective flow area which leads to increase in Reynolds number. A 
correlation of Reynolds number with pressure drop can be found in many literature which shows that pressure drop 
is directly proportional to turbulence of the flow, hence with the rise in Reynolds number (turbulence) the pressure 
drop increases. On the contrary the smaller particles are well suspended in the fluid because of turbulence effect, 
which increases effective viscosity of suspension therefore decrease in Reynolds number. Hence the pressure drop 
is less for smaller particle size. (𝐷; = 90µm). Moreover it can be noticed that the degree of increase in pressure 
drop becomes more rapid and abrupt at higher solid volumetric concentrations(∁:$= 0.4). 
 
Effect of solid volume fraction on pressure drop 
 

 
Figure 8. Effect of solid volumetric concentration (∁8") on pressure drop at different particle size. 

 
From Figure 8 it might be noticed that pressure drop increases with the rise in solid volumetric 

concentrations for each constant particle size. As the solid volumetric concentration increases, the interaction 
among the solid particles, solid-fluid interaction and solid-wall interaction also increases, which is responsible for 
the increase in turbulence (Reynolds number). As a result, the pressure drop also increases at higher solid 
volumetric concentrations. It can also be observed that the rate of increase in pressure drop becomes more rapid at 
larger particle size (𝐷; = 270µm). 
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Mathematical model for pressure drop in terms of particle size and volume fraction of solid 
particles 

The impact of size of the solid particles on pressure drop at different solid volumetric concentration is 
discussed in section 4.3. A mathematical relationship is developed for analytical calculation of the influence of the 
size of solid particles on pressure drop at different solid volumetric concentration. Initially an exponential graph 
was plotted for pressure drop with solid particle size to predict the functional relationship between them. Then all 
the data of variation of pressure drop at different solid volumetric concentration level were plotted against particle 
size. (Fig7). The mathematical model is represented as: 
 

∆=
&
= 𝐴(𝐵𝑒>?=)  (8) 

Here  ∆?
'

 is the pressure drop along the pipe length, 𝐷; is the size of solid particles; A, B and C are constants 
𝐴 = 1705 
 
 1.00 for ∁:$= 0.1 
B = 1.03 for ∁:$= 0.3 
 1.04 for ∁:$= 0.4 
 
 0.001 for ∁:$= 0.1 
n =  0.003 for ∁:$= 0.3 
 0.004 for ∁:$= 0.4 
 

The effect of solid volumetric concentration on pressure drop is discussed in section 4.4. A generalized 
mathematical relationship is developed for the analytical estimation of the influence of solid volumetric 
concentration on pressure drop. Initially an exponential graph was plotted for pressure drop with solid volumetric 
concentration to predict the functional relationship between them. Then all the data of variation of pressure drop 
for different particle size were plotted against solid volumetric concentration (Fig 8). The developed mathematical 
model is represented as: 
 

∆=
&
= 𝑃(𝑄𝑒@A@*)  (9) 

 
Here ∆?

'
 is the pressure drop along the pipe length, ∁:$  is the solid volumetric concentration; P, Q and R are 

constants. 
 
𝑃 = 1705  
 
 1.00 for 𝐷; = 90µm 
 1.27 for 𝐷; = 125µm 
Q= 2.09 for 𝐷; = 150µm 
 2.45 for 𝐷; = 200µm 
 2.9 for 𝐷; = 270µm 
 
 0.011 for 𝐷; = 90µm 

0.014 for 𝐷; = 125µm 
α= 0.023 for 𝐷; = 150µm 
 0.027 for 𝐷; = 200µm 
 0.032 for 𝐷; = 270µm 
 
Validation of the study 

The intention of this study is to legitimize the simulated predicted outcome of the effect of flow velocity 
on pressure drop at different solid volumetric concentrations of the settling slurries in horizontal pipe. The 
verification is achieved by correlating simulated outcome with the experimental outcome of pressure drop available 
in the work of Gillies et. al  [15]. Figure show the impact of particle flow velocity on pressure drop at different 
solid volumetric concentration. Differential pressure along the length (ΔP/L) is taken on Y-axis and particle flow 
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velocity has been taken on X-axis for plotting the graphs. For comparing the simulated and experimental results, 
Plot digitizer software is used to extract the coordinates from the experimental results. 

Figure  9 (a)-(e) show the analogous relation between simulated and experimental pressure drop contours 
for a flow velocity of 5.4 m/s and particle size of 270µm at different solid volumetric concentration level viz. 0.1, 
0.2, 0.3,  0.36 and 0.4 respectively. Different trend in development of pressure drop with an increase in velocity 
can be observed and generally increase in velocity brings around the rise in pressure drop. The rate of rise in 
pressure drop is less at low velocity and rises abruptly at higher velocity. 

 

 
         (a) ∁:$= 0.1      (b) ∁:$= 0.2 

 
 

 
      (c) ∁:$= 0.3       (d) ∁:$= 0.36 

 
(e) ∁:$= 0.4 

Figure 9. (a)-(e) Comparison of simulated and experimental effect of particle flow velocity on pressure drop at 
different solid volumetric concentrations. 

 
CONCLUSIONS 

The study presents a 3D numerical investigation of two phase flow of sand-water slurry using CFD 
technique. Five different particle sizes viz. 90µm, 125µm, 150µm, 200µm and 270µm and particle density of 2650 
kg/m3is undertaken. Granular version of Eulerian two-phase model and RNG K-ε turbulence model are selected 
for the mono-dispersed sand particles. The following conclusions can be drawn based on the current study: 

• As the particle size increases from 90µm to 270µm, the concentration zone is shifted towards the bottom 
half of the pipeline and thereby; larger particles accumulate at pipe bottom due to gravitational effect. It 
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makes the concentration distribution asymmetrical that can lead to creation of bed at the pipe bottom 
thereby reducing the effective flow area and reducing productivity. 

• For each constant particle size, as the solid volumetric concentration increases from 20% to 40%, the 
velocity distribution becomes more asymmetrical and distorted because of the rise in turbulence. 

• The rise in pressure drop is higher for particle size of (>90µm). This is because the coarse particles form 
a bed at the pipe bottom thereby, blocking a part of effective flow area which raises the particle flow 
velocity and hence increases turbulence. On the other hand, the rise in pressure drop decreases as the 
particle size of 90µm. 

• For each constant particle size, the pressure drop rises with the increase in solid volumetric concentration 
level, because at high concentration the turbulence of the flow increases. 

• Moreover, a generalized mathematical relationship has been developed for better understanding of the 
functional relations amongst particle size, solid volumetric concentrations and pressure drop. These 
relationships will be very helpful in the setup of an experimental model for sand/water slurry flow 
pipelines. Furthermore, the experimental setup made with such optimum outcomes will be cost effective 
and physically viable. Hence, the present study is highly useful and applicable in view of experimental 
research method in this field. 

NOMENCLATURE 
 

Cvf Efflux concentration (by volume) CD Drag coefficient 
D Diameter of pipe (mm) ΔPs Solid pressure gradient 
Dp Particle diameter (µm) ∇P Static pressure gradient (Pa) 
L Length of the pipe (m) Ksf Inter-phasial momentum exchange coefficient 
g Acceleration due to gravity (m/s2) 𝐶(𝑦A) Local concentration distribution of solid particles 

 Velocity of solid phase (m/s) Re  Reynolds number 

 Velocity of fluid phase (m/s) A constant 

Cvm Coefficient of virtual mass B constant 
CL Lift force n constant 

 
Reynolds stress tensor P constant 

 
Viscous stress tensor for solid phase Q constant 

V Mean flow velocity (m/s)   
Greek symbols 

 
 Identity tensor   αs,max Static settled concentration, 

λs Bulk viscosity of solid phase αs  Solid phase concentration 

 
stress tensor for fluid phase αf   Liquid phase concentration 

α constant ρ Mass density of solid kg/m3 

Abbreviations 
CFD Computational Fluid Dynamics 
 

ANSYS Analysis System 
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