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ABSTRACT 

 

Slurry is the combination of two elements, solid-liquid mixtures. Pipe flows of 

slurry are commonly used in many applications of engineering fields for example 

pharmaceutical, food, civil, oil and gas and many other industries. Concern arises 

when the rate of transporting slurry plays an important role for the operation 

execution, especially regarding efficiency of operation, time management and 

maintenance cost. Its vital contribution to all sectors makes researchers believe that 

by developing the accurate model (simulation) can lead to an efficient reference 

during designing phase. Perhaps it can gives better diameter selection of slurry 

pipe, pumps selection and better power consumption which can economically help 

investors and developers. Studies have proven that there are many factors that can 

influence slurry behavior in pipeline. These factors include fluid types, size of the 

particles, mixtures velocities, solid volume fraction, pressure loss across the pipe 

and etc. This project focuses to comprehend the effect of particle size and solid 

volume fraction on solid concentration profile, cuttings velocity, and frictional 

pressure loss in horizontal pipeline. The Eulerian-Eulerian two-fluid model was 

adopted to simulate solid-water slurry flow in horizontal pipe. The model geometry 

and meshing were designed using ANSYS Workbench, while the flow equations 

were solved using ANSYS CFX 15.0 solver. The model compared satisfactorily 

with experimental cuttings concentration data in literature, thus confirming the 

validity of the current model setup. The k-ε turbulence model proved more robust 

than other turbulence models in comparison to the experimental results. Results 

from this study show that cuttings tend to accumulate at the end of the pipe as 

particles lose their momentum due to gravity at various particle size and cutting 

volume fraction. Furthermore, increasing the cutting volume fraction resulted in 

increase of pressure loss for all particle size, however, larger particle sizes resulted 

in lower pressure loss due to lower friction between particle and particle, particle 

to fluid and particle to wall. Finally, particle settling becomes more pronounced 

for larger particle sizes, leading to higher particle concentrations near the bottom 

of the pipe. The study shows how CFD analysis can replicate the actual transport 

operation, thus providing a better predictive model for engineers.  
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CHAPTER 1 

INTRODUCTION 

 

 1.1 Project Background 

 

Conveyance of slurries through pipelines is common throughout all over the 

worlds. Over decades, world constantly flows their slurries through pipelines for 

food industries, pharmaceutical, solid handling, tailing, and even power 

generation. Its vital contribution to all sectors makes researchers believe that by 

developing the accurate model (simulation) can lead to an efficient reference 

during designing phase. Perhaps it can gives better diameter selection of slurry 

pipe, pumps selection and better power consumption which can economically help 

investors and developers.  

 

There are many factors that can affect the slurries flow behavior in pipelines 

for instance particle size, velocity profile, pressure loss, and concentration profile 

[1-4]. Past studies suggest many empirical correlations to predict fluid’s behavior; 

however their capability is limited to some data range and experimental set up. 

 

In oil and gas industry, applications of horizontal well has increased especially 

in cementing operations and hydraulic fracturing treatment. To have an efficient 

design on both, accurate prediction on the transport slurry properties in horizontal 

pipe is required.  

  

Recently, Computational Fluid Dynamic (CFD) becomes an ultimate tool for 

predicting in the area like fluid movement behavior as it has the capability to tackle 

unlimited number of physical and operation conditions [5]. By developing 

mathematical equation and solve using a numerical algorithm on a computer, it is 

possible to control and extend the application of CFD models [2].  

 

Last but not least, CFD software enable to provide more rapid result as well as 

more cases circumstances, make it a cost-effective tools to be use [6].    
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1.2 Problem Statement 

 

Inaccurate information regarding particles size distribution, cutting volume 

fractions and mixture velocity often cause long distance transporting problems, high 

pressure losses and excessive erosion during cementing operation and hydraulic 

fracturing process. 

 

Despite significant research work, empirical correlations obtained from 

experimental data contributed to the design of slurry pipelines [4]. By having a very 

limited database, correlation is prone to multiply its uncertainties and consequently 

will affect the final product [7]. To add, there are still lacks of experimental data on 

small variation of concentration available due to difficulties in measurement 

technique. As noted, existing models tends to provides macroscopic parameters for 

narrowly sized slurry only while industries of this world demanding variation of 

particle sizes [8, 9].   

1.3 Objective:  

The main objectives of this project are: 

1. To simulate flow of slurry in pipeline using CFD 

2. To predict the effect of particle size and solid volume fraction on solid 

concentration profile, cutting velocity and frictional pressure loss in pipeline. 

1.4 Scope of study: 

 

The scope of this project is bound to predicting slurry flow in pipeline, assuming 

fully developed fluid flow and steady state condition. Developing this model will 

employ Computational Fluid Dynamics (CFD) ANSYS-CFX. 

Those techniques will cover the following aspects: 

1. Design a simulation flow of slurry model in pipeline using ANSYS, which 

validated with experimental results. 

2. Study the effect of particle size and solid volume fraction on solid 

concentration profile, cutting velocity and frictional pressure loss in pipeline. 
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CHAPTER 2 

LITERATURE REVIEW 

 

As mentioned earlier, a lot of work had been done to study and predict the 

slurry flow in pipelines especially regarding the information relates to velocity 

profile, concentration profile, pressure loss and particle size effect. According to 

[4,7] simulation result shows an affirmative with the published experimental data 

by gornvening Euler-Euler correlation along the standard k-Ԑ turbulence with 

mixture properties model.  

 

Previous effort shows that because of gravitional effect slurry particles 

distributed asymmetrically in the vertical plane, and the degree of asymmetry 

increasing with the increase in particle size [2]. In addition, asymmetry reduces as 

concentration increase due to the disturbance effect between the solid particles at 

given velocity [9].   

2.1.1 One layer model 

 

An approach related to slurry flow modelling started where one-dimensional 

Schmidt-Rouse equation [10] (or equivalent to Hunt [11]) was developed to relate 

the particle sedimentation rate to the turbulence exchange rate, as represented by 

solid eddy diffusivity. Based on this formulation Karabelas [12] built an empirical 

model to predict the profile of particle concentration, work done by him then 

continued by Kausal and co-workers [13-17] to develope a diffusion model. The 

model proposed a modification for solid diffusivity for course slurry flow and 

their function shows that increasing solid concentration is due to increasing in the 

solid diffusivity. However it was done without taking solid diffusivity on both size 

and pipe Reynold number [18] into consideration. By comparing their pressure 

loss data with modified Wasp model they found match at higher fluid velocity, 

however significant deviation shows at flow velocities near the depositon velocity 

[19]. 
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2.1.2 Two layer model 

 

One dimensional two-layer model considering coarse-particle slurry was 

developed by Wilson [20] compromising two separate layers. He takes each layer 

a uniform velocity and concentration because he assume particles were very 

coarse. Doron at al.[21] developed model (two dimensional) to predict flow 

patterns and pressure loss which similar to Wilson [20], which also assumed lower 

layer as stationary. Wilson and Pough [22] expand dispersive force model by 

accounted particles suspended by fluid turbulence and contact-load (Columbic) 

friction, as result they find a good agreement with experimental in predicting 

particles concentration and velocity profile. 

 

2.1.3 Three layer model 

 

Doron and Barnea [23] extend to a three-layer model of slurry fluid flow in 

horizontal pipeline which consist of suspended layer, bed layer and dispersive 

layer (layer lies in between suspended and bed). They assume dispersive layer to 

be high in concentration gradient and the suspended layer, and no slip condition 

between fluid and solid particles. The model prediction successfully showed an 

assent with experimental data. Ramadan et al. [24] also extend to three 

dimensional-layer. Model prediction were then compared with the experimental, 

which clearly shows that there still a room of improvement can be done.   

 

2.2 Effect of Particle size on Pressure loss 

 

 Figure 1 and Figure 2 [7] showing how solid particle size behaves accordingly. 

It is comparing the pressure gradient of different particles size at constant velocity 

and volume fraction range. By observing to this figures, finer particles prone to 

have less pressure loss (at all concentration and velocities) than medium and 

coarser particles [10]. At high concentration and low velocity coarser particle 

shows an increment of pressure loss, this is due to the accumulation of particles 

moving in pipeline’s bed pulled by gravitational forces. While pressure loss in the 

finer particles, it increase the surface area in the suspension consequently 
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contribute to higher frictional losses. As the slurry velocity increase, the pressure 

loss’s different of different particles becoming decreased. In figure 2, high solid 

concentration (25%) showing greatest pressure loss slope from fine slurry 

particles, therefore at 5m/s (high velocity) pressure loss of fine particles greater 

than medium size of slurry.  

 

 

 

 

 

 

Figure 1: Effect of solid particle size on the slurry pressure loss at Cv= 5% [7] 

 

 

 

 

 

 

 

Figure 2: Effect of solid particle size on the slurry pressure loss at Cv= 25% [7] 
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2.3 Effect of solid volume fraction and mixture velocity on concentration profile 

 

Data represented by [7] will assist in understanding the effect of volume 

fraction and mixture velocity on concentration profile. It shows concentration 

profile at various solid (sand) volume fraction, mixture velocities and particles 

sizes. The particles asymmetry behaving depends on particles size. The degree of 

asymmetry is directly proportional to the particles size due to the gravitational 

effect. While it is observed that the degree of asymmetry is inversely proportional 

to the mixture velocity at constant volume fraction [7].  

From these [7] it also tell us that increasing interference effect in between solid 

particles makes increasing concentration lowers the asymmetry at given velocity. 

Therefore it can be conclude that degree asymmetry in concentration profile 

depends on particles size, solid volume fraction and mixture velocity [17]. 
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CHAPTER 3 

METHODOLOGY 

 

2.2 Research Methodology 

 

Methodology is a series of processes undergrowth during realizing objectives 

of the project. Simulation used in order to realize the project‘s objective is 

Computational Fluid Dynamic which govern Euler-Euler correlation along with 

the standard k-Ԑ turbulence with mixture properties model [4,7]. 

2.3 Mathematical Modelling 

 

Model builds in this CFD based on the extended two-fluid model, which 

implement granular kinetic theory to describe interaction of particles. Particles are 

assumed to be spherical, inelastic, and flows with binary collision. Each phase is 

then solved by the fundamental of equation of momentum, mass and conservation 

of energy. 

To close the conservation equations, suitable equation has to be selected in 

order to describe the rheological and/or physical properties for each phase. For 

this time, several equations and theories had been adopted to fulfill the agreement 

between simulation and experimental results’ requirement as instance: Continuity 

and Momentum Equation, Kinetic Theory of Granular Flow, Interfacial Force 

(momentum), Turbulence Equations and last but not least the Boundary Condition 

applied to the simulation model. 

2.3.1 Continuity equation 

 

Two phase conservation equations obtained by performing energy, mass and 

momentum balances on independent phase. Continuity equation descibes as the 

rate of mass entering the system equivalent to the mass leaving, assuming 

isothermal flow condition. liquid phase; 

 

𝜕𝜌𝑙

𝜕𝑡
+ 𝑉. (𝜌𝑙𝑣𝑙) = 0      (1) 
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Solid Phase equation: 

𝜕𝜌𝑠

𝜕𝑡
+ 𝑉. (𝜌𝑠𝑣𝑠) = 0      (2) 

 

Sum of volume fraction: 

   Kl + Ks = 1                      (3) 

2.3.2 Momentum equation 

 

Interaction between each phase is modeled by the force and interphase 

momentum each phase.  

Fluid phase: 

𝜌𝑙𝑘𝑙 [
𝜕𝑣

𝜕𝑡
+ 𝑣𝑙 . 𝛻𝑣𝑙] = −𝑘𝑙𝛻𝑃 + 𝑘𝑙𝛻𝜏𝑙 + 𝜌𝑙𝑘𝑙𝑔 − 𝑀    (4) 

Solid phase: 

𝜌𝑠𝑘𝑠 [
𝜕𝑣

𝜕𝑡
+ 𝑣𝑠. 𝛻𝑣𝑠] = −𝑘𝑠𝛻𝑃 + 𝑘𝑠𝛻𝜏𝑠 + 𝜌𝑠𝑘𝑠𝑔 + 𝑀    (5) 

 

𝜕

𝜕𝑡
= 0   at steady state condition. 
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2.3.3 Closure model 

 

A) Interphase Drag force model 

Drag force per unit volume equation (spherical): 

𝑀
𝑑=

3𝐶𝐷
4𝑑𝑠

𝐾𝑠𝜌𝑙∣𝑣𝑠−𝑣𝑙∣(𝑣𝑠−𝑣𝑙)
                  (6) 

 

For solid volume fraction Ks ˂ 0.2 or 20%, drag coefficient Wen and Yu model 

may used. This will assist ANSYS-CFX to apply appropiate limiting behaviour in 

intertial regimes as : 

𝐶𝑑 =  𝐾𝑙
−1.65max [

24

𝑁′
𝑅𝑒𝑝

(1 + 0.15𝑁′
𝑅𝑒𝑝
0.687

), ]          (7) 

Where: 𝑁′𝑅𝑒𝑝 = 𝐾𝑙𝑁𝑅𝑒𝑝 𝑎𝑛𝑑 𝑁𝑅𝑒𝑝 =  𝜌𝑙 ∣ 𝑣𝑠 − 𝑣𝑙 ∣ 𝑑𝑠/𝑀𝑙  

 

While solid volume fraction greater than 20%, the Gidaspow drag model is use 

with the interphase drag force: 

𝑀𝑑 =
150(1−𝑘𝑙)2 𝑀𝑙

4𝑑𝑠
+

7

4

(1−𝑘𝑙)𝑁𝑅𝑒𝑝

𝑀𝑙𝑑𝑠
    𝐾𝑠𝜌𝑙 ∣ 𝑣𝑠 − 𝑣𝑙 ∣ (𝑣𝑠 − 𝑣𝑙)         (8) 

 

B) Lift force model 

In two phase flow, force act perpendicularly to the motion called lift motion, 

while drag force in parallel to the flow. Two types of lift force employed by 

ANSYS are Mei lift and Saffman:       

𝑀𝐿 =
3

2𝛱

√𝑢𝑡

𝑑𝑠√∣𝑉𝑋𝑣𝑙∣
𝐶𝐿

′𝑘𝑠𝜌𝑙(𝑣𝑠 − 𝑣𝑙)𝑋(𝛻𝑋𝑣𝑙 + 2Ω)             (9) 
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3.3 Geometry Modelling 

Geometry of model generated using ANSYS 15.0 Workbench through CFX 

solver. Design modeler for geometry modeling is used to create a simple 

horizontal pipeline. Fully opened pipeline with 103mm diameter and 3500mm 

length is developed as shown in Table 1 below. 

Table 1: Geometry modeling 

 

 

 

Diameter of pipe set to be 103mm based on [10], while length of pipe is 

calculated based on hydrodynamic calculation. Hydrodynamic was take into 

account as we were expecting a fully developed flow profile to be achieved 

beyond that length. As result we can concluded that length of the pipe is 44 times 

the pipe diameter (L=44D).  

Hydrodynamic formula (turbulent): 

    Lh = 4.4 (NRE)1/6D 

             Where: 

                                      Lh  : Hydrodynamic length 

                                      NRE : Reynolds number 

                                      D : Diameter  

3.4 Meshing and Grid Independence Study 

 

Hexahedron meshing shape is utilized over other as for the same number of 

elements it is proved that hexahedron gives higher accuracy. While for grid 

independence study a graph relating pressure loss against element size is used 

(Figure 9).  

Parameters Values (mm) 

Diameter 106 

Length 3500 
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Figure 3: Pressure loss against Element size. 

As we can see the trend started to reach a stable and consistence at element size 

of 80-85. In this study elements size of 82 is taken as optimum grid independence 

because it still can convey a good result as what 86 and above elements size able 

to deliver. On top of that simulation will takes lesser time to compute and produces 

results. Table 2 shows the selected meshing and grid independence information, 

while Figure 10 shows meshing 3-dimensional view. 

Table 2 : Meshing and Grid Independence information 

Parameters Range 

Meshing type Hexahedron 

Edge size (optimum) 82 

No. of elements 801848 

No. of nodes 840048 
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Figure 4 : Meshing 3-dimensional view 

3.5 Boundary Condition  

Boundary conditions are very important element in making simulation 

initialization model, without this it is impossible to have a satisfactory agreement 

between benchmark simulation models with experimental result. 

In present work concentration and velocities at the inlet of both phases are 

specified, while in the outlet zero gauge pressure is specified. Average parabolic 

velocity profile and solids volume fraction are set as initial condition in order to 

initiate the numerical solution. At the wall liquid’s velocities were set to non-slip 

condition (zero) for fluid phase, and free slip condition for solid phase were 

specified. 

3.6 Parametric Study 

Basically in this work, parametric study follows and experimental work done 

by [10], which will be validating after a simulation model is developed. Validated 

model will be use as benchmarking if an only if the performance is same with 

experimental study. Table 3 is the parametric done by [10]. 
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3.7 Benchmarking: CFX Model Validation with Experimental Data 

For this work, benchmark was inspired by the experimental case study carried 

by [10]. Before any parametric study can be done, the simulation has to be 

validate. After imitating all the experimental data needed, validation of simulation 

model becomes clearer by varying the turbulence equations. Below shows the 

experimental data done by [10] used as benchmarking validation table and also 

graphs showing the comparison between experimental result and simulation 

result. 

Table 3 : Experimental Data by [10] used as Benchmarking Validation 

Experimental Data Values 

Pipe Diameter 103mm 

Pipe Length 3500mm 

Size of particle 90-270 (µm) 

Solid Volume Concentration 10-45 (%) 

Specific Gravity of particle 2.65 

Velocity of mixture 5.4 (m/s) 

Turbulence Equation - 

 

As mentioned above the turbulence equation is varying in order to make 

validation of simulation become easier. There are many types of turbulence 

equation available in ANSYS but in this work only k-epsilon, k-Omega, SSG 

Reynold Stress, Shear Stress Transport, and Eddy Viscosity Transport were tested. 

Besides, Lifting force and Lubrication Force were not activated as is has no 

significant impact instead increase the time to completed the run.   
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3.7.1 The RNG k-epsilon model in ANSYS CFX 

 

The RNG k-Ɛ model is based on Navier-Stokes equation which has been 

renormalize. The model constant is slightly differ where CƐ1 replaced by 

CƐ1RNG but transport equations for turbulence generation and dissipation are the 

same (standard k-Ɛ model). The transport for turbulence dissipation becomes:  

𝜕(𝜌Ɛ)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗Ɛ) =

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

ơƐ𝑅𝑁𝐺
)

𝜕Ɛ

𝜕𝑥𝑗
] +

Ɛ

𝑘
(𝐶Ɛ1𝑅𝑁𝐺𝑃𝑘 − 𝐶Ɛ𝑅𝑁𝐺𝜌Ɛ +

𝐶Ɛ1𝑅𝑁𝐺𝑃Ɛ𝑏)          (10) 

Where:  

𝐶Ɛ1 𝑅𝑁𝐺=1.42−𝑓𝜂
 

And 

𝑓𝜂 =
𝜂(1 −

𝜂
4.38)

(1 +  𝛽𝑅𝑁𝐺𝜂3)
 

𝜂 =  √
𝑃𝑘

𝜌𝐶𝜇𝑅𝑁𝐺 ∈
 

 

3.7.2 The k-omega model 

 

For k-omega equation Wilcox developed the initial point of present equation, 

it include two transport equation (kinetic energy, [k] and turbulence frequency, 

[ω]). 

 

k-equation: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

µ𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝛽′𝜌𝑘𝜔 + 𝑃𝑘𝑏      (11) 

 



15 
 

 ω-equation: 

𝜕(𝜌ω)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ω) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

µ𝑡

𝜎ω
)

𝜕ω

𝜕𝑥𝑗
] +∝

ω

𝑘
𝑃𝑘 − 𝛽𝜌ω2 + 𝑃ω𝑏  (12) 

The model constant given by: 

β’= 0.09                  𝜎𝑘 = 2 

α = 5/9                    𝜎𝜔 = 2  

β = 0.075 

 

3.7.3 The SSG Reynold Stress 

 

Reynolds Stress applicable when assumption of the eddy-viscosity no longer 

valid. The standard Reynolds Stress model in ANSYS-CFX is based on the ε-

equation. The CFX-Solver utilize the following equations and solve for the 

transport of the Reynolds stresses: 

𝜕

𝜕𝑥𝑘
(𝑈𝑘𝜌𝑢𝑖𝑢𝑗) =

𝜕

𝜕𝑥𝑘
((µ +

2

3
𝐶𝑠𝜌

𝑘2

Ɛ
)

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑘
) + 𝑃𝑖𝑗 −

2

3
𝛿𝑖𝑗𝜌Ɛ + ɸ𝑖𝑗  (13) 

Where ɸij is pressure-strain correlation: 

 Pij is the exact production term given by: 

 

 𝑃𝑖𝑗 = −𝜌𝑢𝑖𝑢𝑗  
𝜕𝑈𝑗

𝜕𝑋𝑘
  −𝜌𝑢𝑗𝑢𝑘 

𝜕𝑈𝑖

𝜕𝑋𝑘
     (14) 

   

As the turbulence dissipation arises in the stress equations individually, an 

equation for it is still required and takes the form: 

𝜕

𝜕𝑋𝑘
(𝜌𝑈𝑘𝜀) =

𝜀

𝑘
(𝐶𝜀1 − 𝐶𝜀2𝜌𝜀) +

𝜕

𝜕𝑋𝑘
[(µ +

𝜇𝑡

𝜎𝜀,𝑅𝑆
)

𝜕𝜀

𝜕𝑋𝑘
]             (15) 

The constants in the equations take the form: 

𝐶𝜇𝑅𝑆 = 0.1, 𝐶𝜀𝑅𝑆 = 1.36, 𝐶𝑠𝑙 = 1.7, 𝐶𝑠2 = −1.05, 𝐶𝑟𝑙 = 0.9, 𝐶𝑟2 = 0.8, 𝐶𝑟3 =

0.65, 𝐶𝑟4 = 0.625, 𝐶𝑟5 = 0.2  
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3.7.4 The Shear Stress Transport 

 

The other turbulence model used in current study is The Shear Stress Transport 

where the k-ω based on (SST) model of Menter (1994). The transport equations 

for k and turbulence frequency (ω) are given by: 

𝛻. (𝜌𝑈𝑘) = 𝛻. [(µ +
𝜇𝑡

𝜎𝑘3
) 𝛻𝑘] + 𝑃𝑘 − 𝛽′𝜌𝑘𝜔               (16) 

 

𝛻. (𝜌𝑈𝑘) = 𝛻. [(µ +
𝜇𝑡

𝜎𝜔3
) 𝛻𝜔] + (1 − 𝐹𝑠)𝜌

2

𝜎𝜔2𝜔
𝛻𝑘𝛻𝜔

𝑘
+ 𝛼3

𝜔

𝑘
𝑃𝑘 − 𝛽3𝜌𝜔2

    (17) 

The combined k-ε and k-ω models developed by not account for the transport 

of the turbulent shear stress consequently results in an over prediction of eddy-

viscosity, and eventually bring to a wrong prediction of onset and the amount of 

flow separation from smooth surfaces. The proper transport behavior can be 

archived by a limiter to the formulation of the eddy-viscosity: 

𝑉𝑡 =
𝛼𝑙𝑘

max (𝛼𝑙𝜔,𝑆𝐹2)
; 𝑉𝑡 =

𝜇𝑡

𝜌
 

 

3.7.5 Eddy Viscosity Transport 

 

Menter developed one simple equation which directly derived from k-ε model 

and is therefore named the (k-ε)1E model: 

𝜕𝜌ṽ𝑡

𝜕𝑡
+

𝜕𝜌𝑈𝑗ṽ𝑡

𝜕𝑥𝑗
= 𝑐𝑙𝜌ṽ𝑡𝑆 − 𝑐2𝜌(

ṽ𝑡

L𝑣𝐾
)2 + [(𝜇 +

𝜌ṽ𝑡

𝜎
)

𝜕ṽ

𝜕𝑥𝑗
]                                    (18) 

 

Where ṽ is the kinematic eddy viscosity ṽ, and ơ is a model constant. The 

model contains a destruction term which accounts for the turbulence of the 

structure. The model is based on the von Karman length scale: 

(𝐿𝑣𝐾)2 = |
𝑆2

𝜕𝑆
𝜕𝑥𝑗

 
𝜕𝑆
𝜕𝑥𝑗

| 
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Where S is the shear strain rate tensor. The eddy viscosity is computed from: 

𝜇𝑡 = 𝜌ṽ𝑡 

In order to prevent a singularity of the formulation as the von Karman length 

scale goes to zero, the destruction term is reformulated as follows: 

𝐸𝑘−𝜀 = (
ṽ𝑡

𝐿𝑣𝐾
)2 

𝐸𝐵𝐵 =
𝜕ṽ𝑡

𝜕𝑗
 
𝜕ṽ𝑡

𝜕𝑗
                                                                                                            (19) 

𝐸𝑙𝑒 = 𝑐3𝐸𝐵𝐵tanh (
E𝑘−Ɛ

𝑐3𝐸𝐵𝐵
) 

𝜕𝜌ṽ𝑡

𝜕𝑡
+

𝜕𝜌𝑈𝑗ṽ𝑡

𝜕𝑥𝑗
= 𝑐𝑙𝐷𝑙𝜌ṽ𝑡𝑆 − 𝑐2𝜌𝐸𝑙𝑒 + [(𝜇 +

𝜌ṽ𝑡

𝜎
)

𝜕ṽ𝑡

𝜕𝑥𝑗
] 

       

 

The coefficient are: 

Coefficient Value 

C1 0.144 

C2 1.86 

C3 7.0 

A 13.5 

K 0.41 

ơ 1.0 

 

3.8 Design of Experiment 

 

1. K-Ɛ turbulence model is chosen for the liquid phase.  

2. Particles size varies from 90-270 µm. 

3. Solid volume concentration varies from 10-40 %. 

4. Mixture velocity is maintain at 5.4 m/s. 
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Table 4: Design of Experiment 

Particle size. Dp (µm) Solid conc. α s (%) Mixture velocity (m/s) 

90 

10 

5.4 

25 

40 

150 

10 

25 

40 

210 

10 

25 

40 

270 

10 

25 

40 
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Table 5: Experimental parameters [10] 

Parameter  Values  

Fluid type  Water  

Diameter of pipe  103mm  

Size of particle  90-270 μm  

Solid volume fraction  10-45%  

Specific gravity of particle  2.65  

Velocity of mixture 1.0-5.0 m/s  

 

3.9 Key Milestone 

Table 6: Key milestone 

No Milestone Week 

1 Literature Review 5 

2 Modelling and Meshing geometry using ANSYS 9 

3 Grid Independence Study 10 

4 Benchmark problem (Model validation) 14 

5 Studies the parametric and identify of all conditions (simulation) 19 

6 Data collection and Result Analysis 26 

7 Report and Technical Paper writing 28 
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3.9.1 Gantt Chart  

 

Table 7: Gantt chart 

 

 

 

 

 FYP1 

Mission/Week (FYP) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Preliminary research objective and scope 

Determination 

              

Identifying key point for benchmark problem               

Model Validation of benchmark case study               

Study the effect of particle size and solid 

pressure to slurry’s behavior in pipeline 

              

Studying the effect of types of flow to slurry’s behavior 
in pipeline. 

              

Data collection & results Analysis               

Report Writing               

FYP2 

15 16 17 18 19 20 21 22 23 24 25 26 27 28 
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CHAPTER 4 

RESULT AND DISCUSSION 
 

4.1 Benchmarking Study Result 

 

Benchmarking study was conducted in order to validate the simulation model with 

the experimental. In other word, this is to ensure the model behaving or having the 

same performance as the real experiment. In this study, simulation model is set 

identically with the experimental parameters, condition and setup except turbulence 

equation. The validation judgement is done by varying the turbulence equation.   

 

 

Figure 5: Benchmarking Graph 

 

From Figure 11, clearly shown that by taking k-Epsilon as Simulation 

turbulence equation it gives the closes curve to the Experimental Result, meaning 

this study agrees with [4,7]. Therefore in this study, benchmarking study is said 

to be archived by taking k-Epsilon as turbulence equation.  
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4.2 Cutting Volume Fraction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Cutting concentration at outlet with variation particle sizes and cutting 

volume fraction at mixture’s velocity of 5.4 m/s 

Figure 6 and 15 (appendix) showing cutting concentration at outlet with variation 

particle sizes and cutting volume fraction at mixture’s velocity of 5.4 m/s. from left 

to right 2D diagram showing increasing in cutting volume fraction from 10, 25 and 

40%. Result in simulation showing that cutting concentration (at outlet) increased 

as increasing the cutting volume fraction injected into the system (pipe) at all 

Cvf=10% 

90µm 

Cvf=10% 

150µm 

Cvf=25% 

90µm 
Cvf=40% 

90µm 

Cvf=25% 

150µm 
Cvf=40% 

150µm 

Cvf=10% 

210µm 
Cvf=25% 

210µm 
Cvf=40% 

210µm 

Cvf=10% 

270µm 
Cvf=25% 

270µm 
Cvf=40% 

270µm 
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particle size. This is because cutting volume fraction injected is directly 

proportional to the amount of solid enters the system, the higher the volume fraction 

the higher amount of solid particle in pipe. Therefore 40% of cutting volume 

fraction having the highest cutting concentration (in the outlet) at all particle size 

distribution. While going down showing increasing in particle size from 90, 150, 

210 and 270μm. Size of particle influence particle propensity to deposit at bottom 

of pipe due to gravity. The bigger the particle the heavier it be, thus more likely to 

be pulled by gravity. Therefore in this simulation cutting with bigger size will have 

more visible result in term of cutting concentration compared to small particle size 

at all volume fraction. 

4.3 Effect of Particle Size on Pressure Loss at Various Cutting Volume Fraction 

  

 

 

 

 

 

 

 

 

 

 

Figure 7: Effect of Particle size on Pressure loss at various cutting volume 

fraction. 

From Figure 7, the CFD predicted that higher cutting concentration have higher 

pressure loss. This is because particle try to settling radially due to gravity forces 

which consequently create friction to carrier fluid moving in axial direction. 
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Increasing more cutting fraction creates more resistance and therefore higher 

pressure loss plotted. On the other hand, presence of particle in the flow of carrier 

fluid introduces three additional friction sources to the system, there are particle to 

particle, fluid to particle and particle to wall friction. The CFD predicted the higher 

the particle size the smaller the pressure loss which is contradicting to [10] as he 

found “finer particles prone to have less pressure loss (at all concentration and 

velocities) than medium and coarser particles”. This is due to as particle size 

increases the smaller the total effective flow area (as can be seen in Figure 6 and 7), 

thus increase in effective flow velocity. Higher the velocity will decrease the 

friction as friction is indirectly proportional to the Reynold number. Therefore the 

lesser the friction the lower pressure loss as there are indirectly proportional to each 

other. 

However this result become more interesting as there are changing in the pressure 

loss trend line at higher cutting volume fraction (25% and 40%) for particle size of 

270µm. What influenced the sudden increment in pressure loss are at 270µm the 

particle is relatively big to the diameter of the pipe used in this study therefore the 

deposited particle not only reduced the effective flow area it also starts to block the 

pipe. Besides higher volume fraction of cutting is injected into the system increase 

the amount of particle entered the system, cuttings not only deposited but they also 

moving along with the carrier fluid which consequently increase the friction in the 

pipe. Therefore increment of pressure loss plotted at particle size of 270µm at high 

cutting volume fraction. 
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4.4 Effect of Particle Size on Radial Particle Concentration Profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 8: Effect of Particle size on Radial particle concentration profile at 

different cuttings volume fraction (10%, 25% and 40%). 

Figure 8 showing the effect of particle size on radial particle concentration profile 

at the various cutting volume fraction (10%, 25% and 40%). Generally there are 

three areas can be identified. First, low concentration area close to the top of pipe. 

Second, central area where the concentration found almost at similar at initial 

cutting concentration. Last, is the area where high concentration settles at bottom 

of the pipe with the cutting volume fraction that greater than mean value. Particle 

settling becomes more remarkable as the particle diameter increased, leading to 

higher concentrations area (approaching) at bottom of pipe. Compared to bigger 

particle size, the small form a uniform radial distribution as smaller particle 

naturally in buoyant.   
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4.5 Effect of particle size and volume fraction on cuttings velocity 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 9: Effect of particle size and cutting volume fraction on cutting velocity 

 

Figure 9 shows the effect of particle size on cutting velocity. Sample result are only 

obtained from particle size of 90µm and 270µm as both having more visible in 

comparison. Generally, from both result cutting velocity profile behaving 

asymmetrical about the central axis, but from here it is shown that degree of 

asymmetry is influenced by particle size which rhymes with what [17] had found. At 

particle size of 270µm cutting velocity plot skewed to the bottom of the pipe, this is 

result of particle settling due to difference mass of two different particle size. On the 

other hand, both particle size agrees that small cutting volume fraction leads to fastest 

cutting velocity followed by medium and large cutting volume fraction.   
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 
 

Simulation result shows reasonably good agreement with the published 

experimental data. The profile pattern in those results matches the theoretical 

knowledge understanding by taking K-Epsilon model as turbulence equation. To 

conclude Computational Fluid Dynamic (CFD) has a credibility to validate the 

behavior of slurry flow in pipeline. 

 

The CFD simulation model was then used to study the cutting concentration at 

outlet with variation particle sizes and cutting volume fraction (at mixture’s 

velocity of 5.4 m/s), which resulting cuttings tend to accumulate at the end of the 

pipe as particles lose their momentum due to gravity. 

 

Increasing the cutting volume fraction resulting increase the pressure loss in 

the simulation outcome, but larger particle sizes results in lower pressure loss due 

to lower friction between particle and particle, particle to fluid and particle to wall. 

 

Finally, particle settling becomes more pronounced for larger particle sizes, 

leading to higher particle concentrations near the bottom of the pipe. 

 

As a recommendation running simulation relating two phase between solid and 

liquid should consider K-Epsilon as turbulence equation. Second, since cuttings 

tend to accumulate at end of pipe due to gravity therefore lighter and smaller 

particle should be used especially in long-range pipeline. Third, lower the cutting 

volume fraction in order to have smaller pressure losses which will increase the 

efficiency of cementing or hydraulic fracturing operation. Finally, since particle 

settling becomes more remarkable as the particle diameter increased thus leading 

to higher concentrations area (approaching) at bottom of pipe. Therefore, finer 

particle size should be employ in transporting slurry in pipeline.  
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APPENDIXES 

 

 

 

Figure 10: Cutting volume fraction at outlet with variation particle sizes and 

cutting concentration at mixture’s velocity of 5.4 m/s (side view) 

 

 

Cc = 10% Cc = 25% Cc = 40% 

Cc = 25% Cc = 40% Cc = 10% 

Cc = 40% Cc = 10% Cc = 25% 

Cc = 40% Cc = 10% Cc = 25% 
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Nomenclature and symbol 

CR1 Linear resistance coefficient ᴦ Shear stress 

CR2 Quadratic resistance 

coefficient 

u Fluctuating velocity 

component in turbulent flow 

CƐ 1 k-Ɛ turbulence model 

constant (1.44) 

Ɛ Turbulent dissipation rate 

CƐ 1 RNG RNG k-Ɛ turbulence model 

coefficient (1.42-fh) 

ƠƐRS Reynold stress model 

constant 

CƐ 2 k-Ɛ turbulence model 

constant (1.92) 

ƠkRNG RNG k-Ɛ turbulence model 

constant (0.7179) 

CƐ 1 RNG RNG k-Ɛ turbulence model 

coefficient (1.68) 

ƠƐRNG RNG k-Ɛ turbulence model 

constant (0.7179) 

Cµ k-Ɛ turbulence model 

constant (0.09) 

ν Specific volume  

Cµ RS Reynold Stress model 

constant 

ɸ Additional variable (non-

reacting scalar) 

Cµ RNG RNG k-Ɛ turbulence model 

constant (0.085) 

β coefficient of thermal 

expansion (for the 

Boussinesq approximation) 

ID Internal diameter β RNG RNG k-Ɛ turbulence model 

constant (0.012) 

NRep Reynold Number ρ density 

ℳg Fluid viscosity Ks Volume fraction solid 

Lh Hydrodynamic length Kl Volume fraction liquid 

D Diameter Cd Drag coefficient 

µ Viscosity ds Diameter particles 

U Vector of velocity Ux,y,z ɸij Pressure strain correlation 

U Velocity magnitude   

 


