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Abstract. Fly ash is one of the major solid residues produced from coal combustion in power plants and 

presents significant environmental challenges due to its large volume and complex handling requirements. 

One promising mitigation approach is transporting fly ash as a slurry through pipeline systems. However, 

efficient slurry transportation remains challenging due to the high concentration of suspended particles, which 

significantly influences flow behavior and energy consumption. This study investigates the flow 

characteristics and energy demand of fly ash slurry transported through circular pipelines using a combined 

experimental and Computational Fluid Dynamics–Discrete Element Method (CFD–DEM) approach. Slurry 

concentrations of 30%, 40%, and 50% by weight were analyzed under turbulent flow conditions with a 

Reynolds number of approximately 50,000. Key flow parameters examined include pressure drop, velocity 

distribution, and turbulent kinetic energy (TKE) to better understand particle–fluid interactions within the 

pipeline. The results show that increasing solid concentration significantly affects the hydrodynamic 

characteristics of the slurry flow. At 30% concentration, the pressure drop is relatively low (approximately 

652 Pa), but the turbulence intensity is insufficient to maintain full particle suspension. At 40% concentration, 

the pressure drop increases to approximately 2660 Pa, creating a more stable flow condition in which particles 

remain suspended while maintaining moderate energy consumption. At 50% concentration, the pressure drop 

reaches approximately 3251 Pa, accompanied by a peak turbulent kinetic energy of 0.086, indicating strong 

particle interactions and increased energy demand. The CFD results show good agreement with experimental 

measurements, with deviations of 6.21%, 4.16%, and 5.03% for the respective concentrations. A Grid 

Convergence Index (GCI) of 0.017% further confirms the numerical reliability. These findings provide 

important insights for improving the efficiency and reliability of fly ash slurry transport systems.  
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INTRODUCTION 
Coal remains one of the most important energy sources 

in modern power generation in Indonesia [1], coal 

plays a dominant role in meeting national electricity 

demand, particularly through coal-fired power plants 

(PLTU) [2]. The operating principle of coal-based 

systems involves burning solid fuels such as coal or gas 

to generate thermal energy, which is then used to heat 

water in a boiler to produce steam [3]. 

One of the combustion technologies widely applied 

in PLTU is the fluidized bed system. In this method, 

air is blown from below using a blower, causing solid 

particles to behave like a fluidized medium. While this 

system is considered efficient for energy production, it 

also generates large quantities of solid waste, most 

notably fly ash [4]. As the number of coal-fired power 

plants in Indonesia continues to grow, the production 

of fly ash has increased significantly, from 1.66 million 

tons in 2000 to nearly 2 million tons in 2006, and is 

expected to rise further in line with coal consumption 

across various industrial sectors [5]. 

One proposed strategy for handling fly ash is to 

transport it as a slurry, a mixture of fly ash and water, 

through long-distance pipeline systems. However, this 

method faces fundamental challenges, such as particle 

sedimentation, flow blockage, reduced transport 

efficiency, and increased energy consumption [6]. 

These challenges become more critical when dealing 

with high solid concentrations, highlighting the need 

for more efficient hydraulic designs [7]. Conventional 

circular pipes typically require high flow velocities to 

prevent sedimentation; however, this approach is 

energy-inefficient because it results in significant 

pressure losses and increased pumping power 

requirements [8]. Recent studies have shown that 

applying multi-stage reducers and optimizing pipe 

geometries can effectively reduce pressure drop and 

improve slurry transport efficiency [9]. Therefore, the 

exploration of alternative pipe designs that can more 

effectively mitigate sedimentation is urgently required. 

A comprehensive understanding of flow regime 

characteristics and particle dynamics is essential in 

designing efficient slurry transport systems [10]. Flow 

regimes inside pipelines ranging from fixed bed flow 

to sliding flow strongly influence transport efficiency 

and sedimentation behavior [11]. These regimes 

depend on several parameters, including flow velocity, 

slurry viscosity, particle physical properties, and pipe 
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geometry. To address this complexity, advanced 

numerical modeling and pilot-scale loop experiments 

have been widely applied, allowing more accurate 

predictions of flow behavior and system performance 

[12]. Insufficient understanding of these dynamics can 

lead to suboptimal system designs, higher risks of 

blockage, and greater energy consumption. 

In this study, experiments were conducted to 

observe the behavior of fly ash slurry flow in pipelines 

with different geometries, namely circular pipes [13]. 

The main objectives were to characterize particle–fluid 

interactions, evaluate sedimentation risks, and assess 

transport efficiency under various operating 

conditions. The experimental setup was designed with 

sufficient pipe length to ensure steady-state flow 

before measurement. A pitot tube was used to obtain 

velocity distribution, while pressure sensors were 

employed to record pressure profiles and energy losses 

due to wall friction [14]. 

The slurry consisted of fly ash mixed with water, 

with solid concentrations of 30%, 40%, and 50% by 

weight. Chemical composition analysis showed that fly 

ash contains 54.32% SiO₂, 31.58% Al₂O₃, 3.66% 

Fe₂O₃, along with smaller fractions of MgO, SO₃, K₂O, 

P₂O₅, and TiO₂. The high silica (SiO₂) content suggests 

an abrasive tendency, while the relatively high Fe₂O₃ 

and SO₃ contents indicate strong chemical reactivity. 

Meanwhile, the presence of Al₂O₃ imparts thermal 

resistance and durability to fly ash in alkaline 

environments. These compositional characteristics 

directly influence slurry viscosity, stability, and 

transport behavior in pipelines [9]. 

In addition to experimental approaches, numerical 

modeling using Computational Fluid Dynamics (CFD) 

and the Discrete Element Method (DEM) has become 

an important tool for studying solid–liquid two-phase 

flows [12]. CFD with a mixture flow regime and 

turbulence modeling, such as k–ω SST, enables 

accurate analysis of slurry flows, particularly in 

predicting pressure distribution and particle 

concentration [15], although it has limitations in 

describing direct particle interactions [10]. DEM 

complements this by enabling detailed analysis of 

individual particle trajectories and interactions with 

fluid and pipe walls [16]. The combined CFD–DEM 

framework provides a comprehensive analytical 

approach: CFD delivers macroscopic insight into the 

flow field, while DEM captures microscopic particle 

dynamics such as trajectories and transient forces, 

which are difficult or even impossible to measure 

experimentally [17, 18]. This integrated approach 

allows a more complete understanding of fly ash slurry 

flow regimes and supports the development of more 

efficient transport systems. 

METHODS 

Experimental Setup 
The experimental setup used in this study is illustrated 

in Figure 1. The system configuration follows the 

baseline design previously investigated by Yanuar [8], 

in which the hydraulic performance of a slurry 

transport pipeline was evaluated using a circular pipe 

geometry. The experimental apparatus consists of a 

main mixing tank, a centrifugal pump, a circular test 

pipe, and a discharge tank. The circular test pipe has a 

total length of 1100 mm, with an inner diameter of 36 

mm and an outer diameter of 42 mm. The slurry 

mixture is prepared in the mixing tank and circulated 

through the pipeline system using the centrifugal pump 

to ensure continuous flow during the experiment. To 

evaluate hydraulic performance, two pressure 

transducers are installed at the upstream and 

downstream ends of the test pipe to measure the 

pressure drop due to slurry viscosity and internal 

friction along the pipe wall. The distance from the pipe 

inlet to the first measurement location is 130 mm. This 

inlet length is designed to allow the flow to develop 

fully before entering the test section, thereby ensuring 

accurate pressure measurements under fully developed 

flow conditions. 

 

 

Figure 1. Experimental Setup 

The total internal volume of the circular test pipe is 

4.476 L. Prior to operation, the sealed pipeline system 

is filled with water to prevent leakage and to establish 

stable initial operating conditions. During the 

experiment, the slurry flows continuously from the 

mixing tank through the test pipe and is subsequently 

collected in the discharge tank. This circular pipe 

configuration serves as the reference case for 

evaluating the baseline hydraulic characteristics of 

slurry transport. The experimental results obtained 

from this setup are later used as a benchmark for 

comparison with alternative pipe geometries. 

Pipe Configuration and Slurry Properties for 

Experiment and Simulation 
In the experimental study, the pump was operated at a 

constant power of 25 W, while the flow rate was 

controlled by maintaining a fixed valve opening. The 

pump used in this study was a Sewage Submersible 
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Pump V250, which has a maximum capacity of 9 m³/h 

and a maximum head of 7.5 m. Two types of working 

fluids were used, namely water and fly ash slurry. The 

slurry was prepared with three different solid 

concentrations (Cw), namely 30%, 40%, and 50% by 

weight. These variations were selected to evaluate the 

influence of solid concentration on flow characteristics 

under turbulent conditions. The experimental data 

were analyzed using rheological methods to 

characterize the slurry's non-Newtonian behavior. The 

operating conditions and key parameters used in the 

experiment are summarized in Table 1. 

 

Table 1. Case Parameter Setting of Experiment (Re = 50000).  

Circular Fly Ash 

Volume Fraction (%) 30% 40% 50% 

Velocity Inlet (m/s) 1.301139 2.9115772300 3.063218808 

Velocity Outlet (m/s) 1.638227 3.5477037400 3.700317860 

Pressure Drop (pa) 782.457412 2537.946 4544.8906 

Reynolds Number 50823.7509 50765.0368 50836.3 

Flow Rate (Kg/s) 0.00167 0.003597 0.0045475 

Mass Flow Rate (Kg/s) 4.0922 5.011 8.23 

 

Mathematical Model 
The CFD–DEM approach is applied to analyze particle 

transport behavior in fly ash slurry flow within a 

circular pipe. In this method, the slurry consisting of 

water and fine particles is treated as a continuous phase 

using the CFD mixture model, while coarse particles 

are modeled as a discrete phase using the Discrete 

Element Method (DEM). This approach enables 

simultaneous analysis of macroscopic flow 

characteristics and microscopic particle dynamics. The 

simulation captures key particle transport mechanisms, 

including suspension, settling, and rolling, which are 

influenced by variations in velocity, particle 

concentration, and particle size, thereby determining 

the velocity distribution and particle dispersion across 

the pipe cross-section. 

The DEM model is based on Newton’s laws of 

motion to calculate particle trajectories, considering 

forces such as drag, gravity, and collision interactions 

between particles and pipe walls. The CFD model 

employs the k–ω SST turbulence model to accurately 

capture turbulent flow behavior, particularly near the 

wall region. The coupling between CFD and DEM 

allows the exchange of momentum, mass, and energy 

between phases, where the fluid field influences 

particle motion and particle interactions provide 

feedback to the fluid domain. This coupled framework 

provides a reliable approach for predicting slurry flow 

behavior and optimizing pipeline transport 

performance. 

CFD Fluid and Particle Phase Modeling 

The mixture model for transient Navier–Stokes 

equations is widely used to simulate multiphase flows 

in which the phases share a common velocity field with 

low slip velocities. This model provides a balance 

between computational efficiency and accuracy in 

capturing multiphase interactions [19]. The governing 

equations are based on the Navier–Stokes equations, 

which are fundamental for solving flow problems in 

CFD simulations [21]. The continuity equation for the 

mixture is expressed as 

 

𝜕𝜌𝑚

𝜕𝑡
+ ∇. (𝜌𝑚𝑈𝑚) = 0 (1) 

 

where, 𝜌𝑚 = ∑ ∝𝑖𝜌𝑖𝑖
 represents the mixture density, ∝𝑖 is the volume fraction of phase 𝑖, and 𝑈𝑚 is the mixture 

velocity. The momentum equation is given by: 

 

𝜕

𝜕𝑡
(𝜌𝑚𝑈𝑚) +  ∇ . (𝜌𝑚𝑈𝑚𝑈𝑚) =  −∇𝑃 + ∇. (𝜇𝑚∇𝑈𝑚) + 𝜌𝑚𝑔 +  ∑ ∝𝑖 𝜌𝑖𝐹𝑖

𝑖

 (2) 
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where 𝑃 is pressure, 𝜇𝑚 =  ∑ ∝𝑖 𝜇𝑖 𝑖 is the mixture 

viscosity, 𝑔  is gravitational acceleration, and 𝐹𝑖 

accounts for interphase forces such as drag. Various 

multiphase Navier-Stokes formulations have been 

proposed to describe non-matching density mixtures, 

yet a unified modelling approach remains absent [20]. 

The volume fraction equation for each phase follows 

 

𝜕 ∝𝑖

𝜕𝑡
+ ∇. (∝𝑖 𝑈𝑚) + ∇ . (∝𝑖 𝑈𝑠𝑙𝑖𝑝,𝑖) = 0, (3) 

 

where 𝑈𝑠𝑙𝑖𝑝,𝑖 =  𝑈𝑖 − 𝑈𝑚 represents the slip velocity 

between the phase and the mixture. Additionally, in the 

momentum equation of the Mixture Model, this study 

employs the turbulent kinetic energy (k) and specific 

dissipation rate (ω) transport equations as defined in 

the k-ω SST (Shear Stress transport) model. The 

turbulent viscosity is defined as 𝜇𝑡= 
𝜌𝑘

𝜔
 and the 

Boussinesq hypothesis is applied to model the 

turbulent viscous forces. This substitution allows the 

viscous terms in the momentum equations to be 

rewritten, resulting in the transport equations for the 

mixture model being expressed in terms of k-ω SST 

while incorporating the volume fraction ∝𝑖  of each 

phase: 

 

𝜌𝑚𝑘𝑚 =  ∑ ∝𝑖 𝜌𝑖𝑘𝑖𝑖  and 𝜌𝑚𝜔𝑚 =  ∑ ∝𝑖 𝜌𝑖𝜔𝑖𝑖  (4) 

 

The mixture model using k - ω SST is typically 

employed in ANSYS Fluent for multiphase flows with 

low interphase slip, such as slurry transport, sediment 

transport, and bubbly flows with low gas fractions. 

This approach offers a balance between computational 

efficiency and accuracy, making it suitable for 

engineering applications where tracking individual 

phases explicitly is unnecessary. 

DEM Particle Phase Modeling 

The Discrete Element Method (DEM) is employed to 

simulate the motion and interactions of discrete 

particles within a fluid environment. DEM tracks 

individual particle trajectories based on Newton’s 

second law, formulated as: The governing equations 

for the translational and rotational motions of the 

particles within the pipe are as follows [10]: 

 

𝑚𝜌 =  
𝑑𝑣𝑝

𝑑𝑡
=  ∑ 𝐹 (5) 

 

where 𝑚𝜌 is the particle mass, 𝑣𝑝 is the velocity, and 

∑ 𝐹 represents the total forces acting on the particle. 

These forces include the drag force 𝐹𝑑𝑟𝑎𝑔 , lift 

force 𝐹𝑙𝑖𝑓𝑡 gravitational force 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 , and collision 

forces 𝐹𝑐𝑜𝑙𝑖𝑠𝑜𝑛  based on the Hertz-Mindlin contact 

model. The rotational motion of particles is determined 

using: 

 

𝐼𝜌

𝑑𝜔𝜌

𝑑𝑡
= 𝑚𝜌 (6) 

 

where 𝐼𝜌 is the moment of inertia, 𝜔𝜌 is the angular 

velocity, and 𝑚𝜌 is the torque due to contact forces. 

Interfacial Forces 

The interaction between the fluid phase (CFD) and the 

particle phase (DEM) is governed by interfacial forces, 

representing the velocity difference between the 

phases and the mixture [21]. including

: 

𝐹𝐵 =  (𝜌𝑓 − 𝜌𝑃)𝑔𝑉𝑃 (7) 
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where 𝐹𝐵  is the buoyancy force 𝜌𝑓 and 𝜌𝑃 are the 

densities of fluid and particles, respectively, and 𝑉𝑃 is 

the particle volume. 

 

𝐹𝐷 =  
18𝜇𝑒

𝜌𝑃𝑑𝑃
2 𝐶𝐷𝑅𝑒𝑃(𝑈𝑓 − 𝑈𝑃) (8) 

 

where 𝐶𝐷  is the drag coefficient, 𝑅𝑒𝑃  is the particle 

Reynolds number, and 𝜇𝑒 is the effective viscosity. 

 

𝐹𝑃 =  −
1

𝜌𝑃
𝛻𝑃 (9) 

𝑈𝑠𝑙𝑖𝑝,𝑖 =  𝑈𝑖 − 𝑈𝑚 (10) 

 

where, 𝐹𝑃  is Pressure Gradient Force and 𝑈𝑠𝑙𝑖𝑝,𝑖 is slip 

velocity 

Wall Function 

The wall function approach is used to model near-wall 

turbulence effects and particle wall interactions in 

CFD-DEM simulations. This is particularly important 

in the k-ω SST turbulence model, where turbulence 

viscosity near the wall is modeled using logarithmic 

wall functions [21]: 

 

𝑈+ =  
1

𝑘
𝑙𝑛(𝑦+) + 𝐶 (11) 

 

where 𝑈+ is the non-dimensional velocity, 𝑘 is the von 

Kármán constant, and 𝑦+ is the non-dimensional wall 

distance. For particle-wall interactions, the Hertz-

Mindlin contact model is used: 

 

𝐹𝑛 =  𝑘𝑛𝛿𝑛 +  𝐶𝑛𝑣𝑛 (12) 

𝐹𝑡 = 𝑚𝑖𝑛(𝜇𝑠𝐹𝑛𝑘𝑡𝛿𝑡  +  𝐶𝑡𝑣𝑡) (13) 

 

where 𝑘𝑛  and 𝑘𝑡  are normal and tangential stiffness, 

𝛿𝑛 and 𝛿𝑡 are normal and tangential overlaps, and 𝐶𝑛 

and 𝐶𝑡 are damping coefficients. 

Coupling Process 

The CFD-DEM coupling integrates Mixture-based 

fluid modeling (CFD) with Lagrangian-based particle 

modeling (DEM). To capture the detailed process of 

the interaction between the liquid and solid phases, the 

coupling process is implemented by initializing the 

boundary conditions for the fluid domain in ANSYS 

Fluent and the solid-phase particles defined in the 

Rocky DEM environment. Once the system is 

initialized, the simulation is run in a sequence of time 

steps. Since the solid-phase interaction requires higher 

time resolution, for each CFD time step, multiple DEM 

sub-time steps are performed to capture particle 

dynamics. 

Then, a force-exchange mechanism occurs, in 

which the CFD solver calculates the flow field and 

interpolates the velocity, pressure, and turbulence 

properties onto each DEM particle. The DEM solver 

then uses these interpolated values to calculate the 

interaction forces acting on the particles, updating their 

motion and position accordingly. This computational 

loop of fluid calculation, force interpolation, and 

particle update is then repeated until both the fluid and 

particle domains reach the steady states. 

This coupling approach enables an accurate 

representation of multiphase flow interactions, 

especially in complex applications such as slurry 

transport, sediment transport, and turbulent particle-

laden flows. The use of the k-ω SST turbulence model 

in ANSYS Fluent further enhances near-wall flow 
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resolution, contributing to more reliable simulations of 

fluid-particle dynamics. 

 

 

Table 2. Parameter Setting of Control Group in CFD – DEM Coupling Simulation on Fly Ash 

 

 

 

 

 

 

 

 

Grid Independence Convergence Verification 

The GCI (Grid Convergence Index) results 

approaching 1 indicate a stable, convergent, and valid 

solution with a very high level of accuracy. The Grid 

Convergence Independence analysis results show that 

the optimal mesh element count for the circular pipe is 

1,032,324, with a cell size of 0.001456411 meters and 

an error rate of 0.017432%. The skewness value of 0.9 

indicates a slight asymmetry in the data distribution for 

circular pipes. 

Boundary Condition 

In this simulation, the Mixture model is used as the 

multiphase model to represent the flow as a slurry, with 

solid and liquid phases fully accounted for by a single 

mixture momentum equation to maintain 

computational efficiency and stability. The CFD model 

accounts for different turbulence, granular-flow, and 

numerical-discretization models to predict realistic 

flows. The volume fraction parameters are modeled 

using the Implicit Scheme, and viscous modeling is 

carried out using the k−ω SST turbulence model to 

better capture near-wall interaction effects. The 

granular phase interactions are described based on the 

Syamlal-O'Brien model for viscosity and radial 

distribution, the Lun et al. bulk viscosity and solid 

pressure model, and the Johnson et al. 

 

 

Figure 2. GCI Verification 

 

 

 

Parameter Input Value 

Fly Ash 

Particles Density (kg/m3)/Bulk Density 1780 

Particle Diameter(m) 1x10-3 

Specific Dissipation Rate[s-1] 

Cw 30% = 683.4509 

Cw 40% =1241.672 

Cw 50% =1115.457 

Turbulent Kinetic Energy[m2/s2] 

Cw 30% = 0.01029739 

Cw 40% =0.03389762 

Cw 50% = 0.04246381 
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Table 3. Parameter Setting of Control Group in CFD – DEM Coupling Simulation 

Check Mesh Quality Yes, Errors 

Target Skewness Default (0.9) 

Smoothing Medium 

Mesh Metric 
Orthogonal 

Quality 

Min 0.22932 

Max 0.99171 

Average 0.80627 

Standard Deviation 9.1248e-002 

 

 

Model force interaction is applied for phase 

interaction, utilizing the frictional pressure-based 

model, Based-KTGF, and the Algebraic model for 

granular temperature. SIMPLE Scheme for pressure 

velocity coupling, Least Squares Cell-Based 

discretization for gradients, and PRESTO! for 

pressure, Second Order Upwind for momentum, 

turbulent kinetic energy and specific dissipation rate, 

and Compressive for volume fraction. collisions 

within the phase are also accounted for, the Schiller-

Naumann drag coefficient with Wall-Drag 

Enhancement, the Manninen et al. slip-velocity model, 

and a constant surface-tension coefficient of 0.072 

N/m in the Continuum Surface Force method with 

Wall Adhesion. Pseudo Time is also off, and the First 

Order Implicit transient formulation is employed to 

balance computational cost and solution accuracy in 

CFD simulations. 

Rheological Modeling  

The rheological properties of the slurry were analyzed. 

The fluid characteristic obtained from experimental 

data is plotted in the Moody chart. Laminar region 

refers to the Hagen-Poiseuille line, and the turbulent 

region refers to the Prandtl-Karman line [8]. Power law 

model used in non-Newtonian fluid model, with the 

relation between shear stress (𝜏) and shear rate (𝛾) is 

proportional as follows: 

 

𝜏 = 𝐾(𝛾)𝑛 (14) 

 

These parameters were subsequently input into the CFD software for simulation calculations. 

 

Table 4. Fly Ash Power Law Model 

Fluid 𝑲 𝒏 

Fly Ash 

Cw=30% 

0.001555 0.90 

Fly Ash 

Cw=40% 

0.002892 0.93 

Fly Ash 

Cw=50% 

0.0038 0.96 

 

Experiment Validation of The Model 

Figure 3 highlights the performance of the CFD–

DEM–DPM multiphase simulation in replicating the 

flow behavior of fly ash slurry under turbulent 

conditions in a circular pipe. The simulation model 

shows strong agreement with experimental data, with 

all deviations remaining well below 10%. Specifically, 

the deviations are 6.21% (FA 30%), 4.16% (FA 40%), 

and 5.03% (FA 50%). 

These values demonstrate the reliability and 

robustness of the coupled CFD–DEM–DPM approach 

in modeling dense slurry flows, particularly in 

capturing particle–fluid interactions, wall-bounded 

behavior, and turbulence-induced dispersion. The 

consistent validation across varying solid 

concentrations confirms the model's ability to 

represent complex rheological responses and 

heterogeneous particle–fluid interactions. 

This performance is in line with, and even expands 

upon, previous work by Singh et al. [7], who reported 

a minimum deviation of 6.81% using SST k-ω 

modeling for coal–water slurry systems. While Singh’s 

study was limited to a single turbulence model, the 

present work demonstrates comparable or better 
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accuracy across multiple concentration levels, 

reinforcing the applicability of CFD–DEM–DPM in 

real-world process engineering contexts. 

 

 

Figure 3. Experiment Validation 

 

RESULTS AND DISCUSSION 

Analysis of Pressure Fly Ash Distribution of 

Slurry at Circular Pipe and Different Volume 

Fractions 
The pressure distribution of fly ash slurry in circular 

pipes is strongly governed by solid concentration, flow 

regime, and particle–fluid interactions. At low 

concentration (30% CW), the pressure drop is minimal 

(651.6 Pa), reflecting low hydrodynamic resistance 

and reduced pumping energy requirements. However, 

the limited turbulence at this level provides insufficient 

suspension force, allowing particles to settle at the pipe 

bottom. This condition represents a transitional regime 

between laminar and turbulent flow, where 

stratification and instability are more likely to occur. 

At medium concentration (40% CW), the pressure 

drop increases to 2,660 Pa, indicating stronger 

turbulence that effectively suspends particles 

throughout the pipe cross-section. The flow exhibits a 

more balanced hydraulic condition, maintaining 

particle suspension without incurring excessive energy 

losses. This scenario represents the most stable and 

efficient transport condition for fly ash slurry. 

At high concentration (50% CW), the largest 

pressure drop is observed (3,250.8 Pa), caused by 

increased slurry density, frequent particle–particle 

collisions, and intensified particle-wall interactions. 

The flow exhibits a shear-thinning response, with 

viscosity decreasing as shear rate increases, 

accompanied by high turbulence and localized vortices 

near the wall. While this condition ensures effective 

suspension, it demands higher pumping power and 

significantly increases the risk of pipe wall erosion. 

 

30% CW 

40% CW 

50% CW 

 

 

Figure 4. Fly Ash Pressure in Circular Pipe 

 

 

Figure 5. Graph of Fly Ash Pressure 
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Analysis of Velocity Fly Ash Distribution of 

Slurry at Circular Pipe and Different Volume 

Fractions 
The velocity contour visualization in Figure 6 

illustrates the dynamic evolution of slurry flow 

characteristics as the fly ash concentration increases 

across three volume fractions (Cw = 30%, 40%, and 

50%) under fully turbulent conditions (Re = 50,000). 

The contour gradients, ranging from blue (low 

velocity) to red (high velocity), depict variations in 

flow intensity throughout the pipe cross-section. The 

flow analysis conducted at x = 0.9 meters, located near 

the pipe outlet, offers a representative depiction of the 

slurry’s final hydrodynamic behavior after traversing 

the entire pipe length within the 0.5-second simulation 

timeframe under steady-state conditions 

At 30% Cw for fly ash, the velocity remains under 

2.5 m/s, dominated by light cyan hues, and displays a 

symmetric distribution of particles suspended closer to 

the pipe centerline, with consistent particle velocities 

and minimal deposition along the pipe’s lower wall, 

typical of a sliding bed regime. Turbulent intensity and 

shear gradients are minimal at this stage, and there is 

no significant evidence of secondary flow or vortex 

formation within the slurry stream, indicating a 

relatively orderly flow structure. 

As the concentration increases to 40% Cw, the core 

velocity rises to approximately 3.5 to 4.0 m/s. The flow 

shifts toward a transition regime; this shift is visualized 

by the transition from green to yellow shades near the 

pipe center. The flow begins transitioning toward a 

turbulent regime, with steeper velocity gradients 

forming near the wall. These changes suggest the onset 

of weak secondary flows or the early development of 

vortices, although the flow direction remains 

predominantly axial. 

At the highest concentration of 50% Cw, the 

velocity distribution undergoes a marked 

transformation. The core velocity reaches 5.5–6.0 m/s, 

evidenced by bright yellow and pale orange regions at 

the center. Meanwhile, dark blue zones near the wall 

indicate flow velocities below 1.5 m/s, signifying a 

sharp radial gradient. This scenario corresponds to a 

shear-dominated or fixed/dense-bed regime, 

characterized by well-defined shear layers and 

significant velocity gradients between the core and 

boundary regions. These conditions promote the 

formation of rotational vortices at the core boundary 

interface, which are essential for maintaining particle 

suspension but may also lead to localized recirculation 

near the pipe wall. Although streamline plots are not 

explicitly shown, the velocity profile and contour 

geometry strongly suggest the presence of tangential 

flow components, a defining feature of secondary 

vortex structures in dense, non-Newtonian slurry flows 

under turbulent shear. 
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Figure 6. Fly Ash Velocity in Circular Pipe 
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Figure 7. Particle Flow Velocity 

 

Figure 7 presents the distribution of particle 

velocity in fly ash slurry flowing through a circular 

pipe under fully developed turbulent conditions, with a 

Reynolds number set at 50,000. Despite the fluid flow 

rate being held constant throughout the simulation, 

increasing the slurry concentration significantly 

elevates the dynamic viscosity, which in turn modifies 

the internal flow structure and the resulting velocity 

profiles. 

At Cw = 30%, the dynamic viscosity is relatively 

low, resulting in a highly centralized flow regime. The 

velocity profile exhibits a symmetrical parabolic shape 

with a peak velocity of around 2.5 m/s, concentrated 

along the pipe’s central axis.  

As the solid content increases to Cw = 40%, the 

elevated viscosity thickens the near-wall boundary 

layer, leading to a wider radial spread of velocities. 

Under these conditions, the maximum velocity reaches 

approximately 3.3 m/s, indicating a partial 

redistribution of flow momentum away from the 

center. 

At the highest tested concentration, Cw = 50%, the 

dynamic viscosity reaches its maximum, promoting the 

development of steep velocity gradients and intensified 

shear near the pipe walls. This encourages a shift in 

flow energy toward the outer radial regions, 

accelerating particles further from the core and pushing 

the peak velocity beyond 3.5 m/s. The resulting 

velocity field displays characteristics of a shear-driven 

flow regime with increased radial heterogeneity. 

The imposed Reynolds number of 50,000 enhances 

the influence of these phenomena, as the flow resides 

within a turbulence-dominated regime where inertial 

effects are pronounced. The velocity distribution 

becomes increasingly blunted and radially diffused, 

effectively enlarging the cross-sectional area 

contributing to particle transport. This change may 

lead to a higher volumetric flow rate. Additionally, 

under high concentration conditions, the interaction 

between elevated viscosity and sharp velocity 

gradients can give rise to localized instabilities, 

fostering the development of secondary flows or 

vortices. These dynamic structures influence the 

spatial distribution of particles and may increase the 

likelihood of deposition zones or pipe wall erosion 

over time. 

Analysis of Vortex Fly Ash Distribution of 

Slurry at Circular Pipe and Different Volume 

Fractions 
Figure 8 illustrates contour distributions of turbulent 

intensity for fly ash slurry flows inside a circular pipe, 

analyzed across three solid volume concentrations (Cw 

= 30%, 40%, and 50%). The vortex evaluation 

performed at the x = 0.9 meter position, proximal to the 

pipe outlet, provides a representative depiction of the 

slurry’s final hydrodynamic behavior after traversing 

the entire pipe length within the 0.5-second simulation 

timeframe under steady-state conditions. The color 

mapping reflects the magnitude of velocity 

fluctuations relative to the local mean velocity, with 

red areas indicating zones of maximum turbulence 

intensity (reaching approximately 7.25e+00), while 

blue areas represent regions with minimal fluctuation 

(approaching zero). 

For fly ash, at a concentration of Cw = 30%, the 

flow is in an early transitional regime. Turbulent 

intensity is localized near the pipe wall with 

symmetrical contours, indicating the formation of 

Dean circulation type I, characterized by a pair of 

small, symmetric counter-rotating vortices along the 

wall. These vortices are limited in scale and maintain a 

balanced rotational structure. 

As the concentration increases to Cw = 40%, the 

turbulent intensity distribution begins to exhibit 

asymmetric deformation in the contour plot. The 

thickening of red zones near the pipe wall, along with 

intrusions of velocity fluctuations toward the core 



` 

Yanuar et al./ENG-119/316 

region, suggests the development of Deformed Dean 

circulation type II. This circulation is identified by two 

vortices rotating in opposite directions that are no 

longer symmetrical, reflecting the growing influence 

of shear forces as inertial effects begin to outweigh 

viscous damping. 

At Cw = 50%, the turbulent contours display further 

deformation and strong spatial irregularities. Bright red 

intensity zones dominate not only the boundary layer 

but also begin to penetrate the pipe core, indicating the 

emergence of more complex vortex structures. This 

pattern corresponds to Intermediate circulation type III 

or potentially approaches Deformed Lyne circulation 

type IV, where vortices become non-symmetric and 

begin to shift, forming micro-spiral rotation patterns 

due to the imbalance between shear stress and local 

centrifugal forces. This phenomenon is indicative of a 

transition to a fully turbulent regime, in which the flow 

exhibits multidirectional instabilities.

 
   

   

30% CW 40% CW 50% CW 

Figure 8. Fly Ash Vortex in Circular Pipe 

Analysis of Erosion Fly Ash Distribution of 

Slurry at Circular Pipe and Different Volume 

Fractions  
The performance analysis of fly ash slurry flow in 

circular pipes at three concentration variations (Cw 

30%, 40%, and 50%) reveals significant differences in 

particle accumulation, flow velocity, turbulence levels, 

and pipe wall erosion potential. Figure (a) presents the 

trend in the number of particles reaching the pipe outlet 

over time for slurry concentrations of Cw 30%, 40%, 

and 50%. The FA 50% curve demonstrates the most 

rapid accumulation, indicating that a higher solid 

volume fraction facilitates faster particle transport due 

to increased momentum and flow energy. In 

comparison, FA 30% exhibits the slowest 

accumulation rate, suggesting that drag forces 

dominate and may lead to particle stratification or 

settling along the pipe base. This trend is consistent, as 

illustrated in Figure (b), FA 50% reaches the highest 

average particle velocity, exceeding 4 m/s, followed by 

FA 40% (approximately 3.2 m/s) and FA 30% (around 

2.3 m/s). This velocity gradient highlights the effect of 

solid concentration on particle acceleration—greater 

Cw leads to enhanced hydrodynamic propulsion and 

increased mass transfer. Elevated particle velocity also 

increases the probability and severity of collisions with 

the wall. 

The Turbulent Kinetic Energy (TKE) [Figure (c)] 

shows a clear escalation in kinetic energy with 

increasing concentration. FA 50% attains the highest 

kinetic energy (0.0863673), almost twice that of FA 

40% (0.0561258) and quadruple that of FA 30% 

(0.0185431). This parameter reflects both the internal 

motion of particles and their interactive dynamics with 

the carrier fluid. Elevated kinetic energy is indicative 

of vigorous momentum exchange, thereby increasing 

the risk of material erosion at the pipe wall. Figure (d) 

reveals that although FA 50% exhibits superior kinetic 

parameters, the most severe wall wear occurs under FA 

40% conditions, particularly toward the end of the 

simulation. 

Figure (e) captures vertical upward forces acting on 

the pipe wall. Both the FA 40% and the FA 50% 

approaches yield magnitudes of approximately 2.5e-8 

N, suggesting considerable particle suspension and 

collision above the flow centerline. Conversely, FA 

30% shows minimal force, consistent with a lower-

energy regime in which particles remain closer to the 

bottom boundary layer. In contrast, Figure (f) depicts 

the downward impact exerted by particles. FA 40% 

again shows the highest negative Z-axis force (~-1.2e-

8 N), indicating that collisions with the lower pipe wall 

are more forceful under this condition. This contributes 

directly to abrasive wear at the pipe base and reflects 

the combined effect of velocity, turbulence, and 

particle mass. 

The spatial distribution of erosion illustrates 

contrasting effects across different concentrations. In 

FA 30% (g), erosion is minimal and highly localized 

near the inlet zone. FA 40% (h) displays a wide and 

deep erosion track extending halfway down the pipe, 

indicating more aggressive and focused particle wall 

interactions. FA 50% (i), while showing a more 

dispersed erosion pattern, registers slightly lower 

maximum intensity than FA 40%. This supports the 

interpretation that FA 40% represents the most erosive 

condition, balancing high particle energy with 
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sufficiently chaotic flow to produce intensified wall 

stress. 

Although a higher solid volume fraction enhances 

particle velocity, transit, and kinetic activity, the 

highest erosion rate does not necessarily correspond to 

the maximum concentration. FA 40% emerges as a 

critical operational point at which erosion potential is 

maximized, driven by the convergence of moderate 

energy, high particle-interaction frequency, and 

directional impact forces. In the context of circular 

pipe design, this finding underscores the importance of 

identifying concentration thresholds where 

hydrodynamic forces optimize particle momentum for 

erosion without exceeding material tolerance limits. 
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Figure 9. Schemes follow another format. If there are multiple panels, they should be listed as: (a) Particle X Position vs 

Time; (b) Particle Velocity vs Time; (c) Turbulent Kinetic Energy vs Time; (d) Graph of Fly Ash DPM Erosion in Circular 

Pipe; (e) Wall X Forces vs Time; (f) Wall Z Forces vs Time.; (g) Erosion of Fly Ash 30% CW in Circular Pipe; (h) 

Erosion of Fly Ash 40% CW in Circular Pipe; (i) Erosion of Fly Ash 50% CW in Circular Pipe 

CONCLUSION 
This study confirms that circular pipes can transport fly 

ash slurry effectively at high concentrations under 

turbulent conditions (Re = 50,000). The CFD–DEM 

model showed strong agreement with experiments, 

with deviations of 6.21%, 4.16%, and 5.03% at 30%, 

40%, and 50% CW, respectively. The Grid 

Convergence Index of 0.017% further verified the 

accuracy of the simulations. Energy demand increased 

with rising solid concentration. At 30% CW, the 

pressure drop was the lowest (≈652 Pa), but turbulence 

was too weak to maintain suspension, raising the risk 

of sedimentation. At 40% CW, the pressure drop 

increased to 2,660 Pa, creating enough turbulence to 

keep particles suspended while avoiding excessive 

energy losses. At 50% CW, the pressure drop reached 

3,251 Pa and TKE peaked at 0.086, about four times 

higher than at 30% CW indicating dense turbulent flow 

with strong particle–wall interactions. Erosion results 

followed this trend. At 30% CW, erosion was minimal 

and localized near the inlet. At 50% CW, erosion was 
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more dispersed but less intense. The most severe 

erosion occurred at 40% CW, where concentrated 

particle collisions and the highest downward impact 

forces (–1.2 × 10⁻⁸ N) created a deep erosion track 

along the lower pipe wall. Overall, 40% CW emerged 

as the most efficient but also the most critical operating 

condition. It balanced energy use and particle 

suspension while generating the highest erosion risk. 

These findings highlight the importance of CFD–DEM 

for pipeline design and the need to combine efficiency 

improvements with erosion-control strategies. 
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