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Abstract 

A numerical study of falling particles in the fluid domain has been presented in Reynolds number 

perspective. An analysis for the movement of non-circular particles i.e. triangle, square and pentagon 

has been conducted. The simulations are carried out for four different Reynolds numbers which are 

100, 200, 300 and 1000. The numerical results are found for x- and y-components of velocity profile 

and trajectory paths of twin particles settling in the channel. At each Reynolds number the results have 

been compared with particle’s shape. Furthermore, the data in tabular form has been presented for 

minimum x-and y-velocity indicating time for velocity of falling particle in the computational domain, 

also mentioned the height. The minimum distance between twin particles indicating time at which the 

minimum distance has been achieved and the height it attains at that time. The simulations are 

conducted by using fictitious boundary method (FBM) combined with an Eulerian approach, which 

has been utilized for expressing the free movement of particles in the channel. We applied an explicit 

volume integral approach for finding the hydrodynamic forces exerted on the surfaces of particle. The 

numerical simulations are carried out using a multigrid finite element solver FEATFLOW in the fluid 

flow. 

Keywords: Particulate Flow, Fictitious Boundary Method (FBM), General Shaped Particles, Multigrid, 

Reynolds Number. 

1. INTRODUCTION 

Particulate flows have a wide range of applications in different fields such as, industrial, environmental, 

medical and geophysics. In industrial sector these flows are used in fluidized beds, coal combustion in 
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boilers, lubricated transport, paper pulp manufacturing, slurry handling and fuel injection systems. In 

medical fields particulate flows have applications such as blood flow with suspended cells, nano-

particle transport in the body, food manufacturing and seed coating and treatment. Moreover, 

particulate flow plays a crucial role in areas of environment and geophysics such as filtration, melting, 

the purification of petroleum-based fluids and solidification. In natural processes these flows also 

frequently occur in sedimentation processes, transport in rivers and streams, dust storms, volcanic ash 

and pyroclastic flows and hydrothermal vent particulate plumes. In numerous cases, these flows 

involve particles suspended in fluids restricted within complex, time-dependent boundaries. From 

numerical point of view, it is very difficult to analyze the motion of these particles due to continuous 

remeshing of computational grid. 

[23] investigated the results of the dynamics of suspended particles by utilizing the fictitious boundary 

method with a multigrid finite element solver (FEATFLOW) to simulate particle-fluid interactions. 

They considered five distinct shapes which are triangle, ellipse, rectangle, square, and star interacting 

within a fluid channel. The authors analyzed key hydrodynamic properties such as drag/lift and 

terminal velocity for both single and twin particles under various initial orientations. They diagnosed 

complex behaviors like drafting, kissing and tumbling phenomenon. Moreover, their results exhibited 

that particle shape significantly affects settling behavior in the fluid channel. [1] proposed a coupled 

two-dimensional model using the Discrete Element Method (DEM) and the Lattice Boltzmann Method 

(LBM) to simulate fluid flow in porous media. An implicit Immersed Boundary Method (IBM) was 

used to accurately capture fluid-solid interactions without requiring user-defined penalty parameters. 

The model confirmed strong agreement with theoretical results, proving its effectiveness in simulating 

complex pore-scale flow phenomena. 

 

[2] conducted a numerical investigation of solid particle motion and interaction in a fluid-filled channel 

using the Fictitious Boundary Method (FBM) within an Eulerian framework. The study analyzes 

particle-particle and particle-fluid interactions, including phenomena like drafting, kissing and 

tumbling, using a collision model based on Glowinski and others. Results show how particle size, 

initial position, and mesh refinement affect sedimentation dynamics and hydrodynamic behavior 

during interactions. Shahid et al. discussed the computational investigation on drag forces experienced 

by bluff bodies due to non-circular particles (ellipse, square, and pentagon) settling in a vertical fluid 

channel. They used the fictitious boundary method with a multigrid finite element solver (FEATFLOW) 

to simulate particle–fluid interactions, incorporating a modified repulsive force collision model. Their 

analysis expressed trajectory behavior and drag coefficients under various obstacle arrangements and 

gap sizes to understand complex particle–obstacle dynamics. 

 

[4] numerically investigated the sedimentation dynamics of a two-dimensional elliptical particle in a 

Newtonian fluid using both lattice Boltzmann and finite-element methods. They analyzed on how flow 

patterns are influenced by boundary effects, density ratio, aspect ratio and channel blockage ratio. They 

identified five distinct sedimentation modes and presented a phase diagram showing transitions 

between these modes as the blockage ratio varies. [5] numerically investigated the behavior of general 

shaped particles (circular, square, and elliptical) in a concentric annular duct with an internal obstacle 

in the fluid domain. Their study focused on the influence of particle shape, size, initial position and 

Reynolds number on particle trajectories, revealing critical conditions under which particles migrate 



Reynolds Number-dependent Flow Dynamics of Twin Non-Circular Particles                                 3 

towards the inner or outer boundary. [6] numerically investigated the sedimentation behavior of 

circular particles forming chain-like configurations in a vertical fluid channel using the fictitious 

boundary method within an Eulerian framework. They analyzed various initial particle arrangements 

and orientations to study DKT effects. They also compared the results obtained for trajectory and 

settling dynamics of the particles. 

 

[7] utilized fully resolved direct numerical simulations of thermal convective suspensions of elliptic 

particles using a multigrid Finite Element Fictitious Boundary Method (FEM-FBM). They used a 

modified collision model for handling the interactions between circular and elliptic particles. The 

method was applied to investigate the effects of heat exchange, Grashof number and particle-particle 

interactions in large-scale suspensions with high efficiency of the model.[8] performed a 

computational study on the settling behavior of twin circular particles in a fluid using the fictitious 

boundary method (FBM) with the finite element approach. Their study focuses on the variation of 

Reynolds number and the particle initial horizontal spacing between pair of particles. They investigated 

the dynamics of particles through terminal velocity and at each configuration of Reynolds number and 

distinct particle-gap. [9] discussed the behavior of elliptical and rectangular particles falling in a 

vertical channel and compared the results obtained for the shapes of ellipse and rectangle. [10] 

conducted numerical simulations involving pentagon- and square-shaped particles, while [11] 

extended the investigation to more general shapes, including square and triangular particles . 

 

Many collision models have been presented to handle the collision between two or more moving 

particles. Some of them are lubrication force models [12], repulsive force models [13, 14], models 

based on conservation of linear momentum and kinetic energy [15], stochastic collision models [16] 

and so on. In the present study, we utilize the repulsive force model developed by Glowinski et al. [17], 

which effectively prevents particle collisions and handles overlapping issues arising from numerical 

point of view. In the movement of particles, when a particle enters the wake of a neighboring particle, 

it tends to accelerate toward the leading particle a phenomenon influenced by particle shape, size and 

inter-particle spacing. The space-time finite element method is employed to obtain solutions and 

analyze numerical results. Furthermore, when two solid particles approach each other during 

settlement, lubrication forces become significant and help to model the collision process. 

1.1 Novelty of work 

The present article examines the computational analysis of non-circular shaped particles by using the 

fictitious boundary method combined with an Eulerian approach. The numerical investigation of the 

movement of these non-circular shaped particles has been conducted for different Reynolds number 

(Re), which are Re=100, 200, 300 and 1000. The analysis predicts the results for three different non-

circular shaped particles which include triangle, square and pentagon for the said Reynolds numbers. 

The numerical results, such as minimum/maximum distance between falling particles at different time 

intervals and the terminal velocity obtained by each particle at each Reynolds number, have been 

presented for the analysis. Furthermore, the results have been displayed for snapshots, velocity profiles 

and trajectory mapping of twin particles. We noted the horizontal and vertical components of velocities 

of adjacent settling particles under the effect of gravity. Moreover, it is investigated that how particle 

shape significantly affects during sedimentation and their velocities. Through the numerical 
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computations it is analyzed the relationship between peak horizontal velocity and Reynolds numbers 

and also investigated the impact of the shape of the particle on particle dynamics. 

2. MATHEMATICAL MODELLING 

Consider the fluid flow containing n solid particles, the mass of ith particle in the fluid is mi, where (i 

= 1,2,3,· · ·,n), density of the particle is ρ, density of fluid is ρf and viscosity of fluid is ν. The Ω is the 

total domain, which is given by, 

Ω = Ωf(t) ∪ Ωi(t) ∀ i ∈ (1,2,3,· · ·,n), 

 

Figure 1: Domain containing fluid and particle 

where, Ωf, Ωi denote the domain of fluid and domain occupied by ith particle respectively and 

boundary for the ith particle is represented by ∂Ωi [18]. 

2.1 Incompressible Fluid 

Navier-Stokes equations govern the motion of incompressible fluid in the computational domain [19, 

20, 6] 

 , (1) 

where α is the total stress tensor in the fluid defined as,  

α = −PI + µf ∇vf + (∇vf)
Ti. h (2) 

The pressure is denoted by P, the fluid velocity is denoted by vf, µf is the viscosity coefficient and 

I is the identity tensor. 

2.2 Motion of Particles 

The freely moving solid particles in fluid acquire translational and rotational motion due to 

hydrodynamic forces, gravitational acceleration and the particle-particle and particle wall collision 

forces. If Ui and ωi are the translational and angular velocities of the ith particle respectively, then they 

satisfy, 

dUi 

 , (4) 

△mi = mi − mf, 

, (3) 
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where, Fi and Fc
i are the drag/lift forces and collision forces acting on the particle respectively. But the 

mass of fluid mf and mass of the particle mi have same volume. The rotational effect is denoted by τi, Ii 

is the identity tensor the moment of inertia and g is the gravitational acceleration. 

The position xi of the center of mass of the ith particle and its angle ϕi can be obtained after integrating 

the following equations [6, 21], 

 , . (5) 

We apply no-slip boundary conditions between the fluid and the particle, the velocity vf is calculated 

as, 

 vf (x) = Ui + ωi × (x − xi). (6) 

2.3 The Drag and Lift Forces 

The drag/lift force Fi and the rotational effect Ti acting on center of mass of the particle is given by 

[22], 

Z 

 Fi = (−1) (α · nˆ)dΓi, (7) 

∂Ωi 

Z 

 Ti = (−1) (x − xi) × (α · nˆ)dΓi, (8) 

∂Ωi 

where ˆn is the unit normal vector drawn outwards to the boundary of the particle. 

2.4 Collision model for non-circular particles 

We have chosen the collision models from different classes of collision models for analysis. Analysis 

of these collision models for circular particles is discussed by [18]. We have modified these collision 

model for non-circular shaped particles to handle the collision between particles while settling in the 

channel. 

Initially the particles are considered circular (inscribed in a circle) and collision between such circular 

particles is detected. 

If collision occurs between circumscribed circles, then again collision is detected for the original non-

circular particles. 

If collision occurs between non-circular particles then collision force is activated otherwise no force is 

required. 
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                               (a) Circular particle                               (b) Noncircular shaped particle 

Figure 2: Schematic diagram for general shaped particles. 

A lot of computational effort is required to calculate the minimum distance between non-circular 

particles as point to point distance from the surface of both particles need to be evaluated. Hence, 

particles are initially considered as circular which reduces a lot of computational cost. Similarly, 

collision forces acting on the circular particles are mostly normal to the surface but in case of non-

circular particles, the rotational effect also comes into play [23]. Keeping these points, all the three 

collision models are presented in modified form given below: 

2.4.1. Repulsive Force Model 

It is a lubrication based model; it refers that the lubrication force between particles always exists. A 

collision model presented by [24] is modified to handle the particle-particle collision, which is given 

by 

 

 0 , d0 > ζ, 

 F  (9) 

  , d0 ≤ 0, 

 

 

 

 

 

Figure 3: Working procedure of FBM 
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 T , (10) 

Here, x′
i and x′

j are the closest points on the surface of ith and jth particles, respectively. d0 =| x′
i − x′

j | is 

the surface-to-surface distance and Ti is the torque on the ith particle. 

The coordinates of the centres of the ith particle are xi and ζ is the minimum distance to activate the 

force of repulsion between particles. The values for the positive stiffness parameters βp and   are 

chosen such as to avoid discontinuity or singularity [23]. 

3. FICTITIOUS BOUNDARY METHOD 

In this method, the total domain contains both the fluid domain and the domain occupied by the particle. 

The multigrid finite element method (FEM) [19, 21] works in the background of the fictitious boundary 

method [23]. Since the domain of particle is changing its position in the whole domain at every moment 

that results to generate new boundary conditions. By including equation (6) as additional constraints 

to the Navier-Stokes equations, the Navier-Stokes equations take the form, 

∀ x ∈ Ω, 

 , ∀ x ∈ Ωf, 

(11) 

∀ x ∈ Ω¯i, (i = 1,2,3,· · ·,n). 

4. NUMERICAL RESULTS 

The numerical results have been obtained using a mesh refinement level 5 that guarantees mesh 

independence and there are 66304 number of elements on the mesh at this mesh refinement level. The 

computational mesh consists of 2 units in width and 8 units in height. The simulations have been 

performed for different particle shapes which include triangle, square and pentagon. The particle’s 

density is 1.25 and of the fluid is kept 1.0, with the characteristic length of particle as 0.1. The twin 

particles fall freely in the vertical fluid domain through gravitational acceleration g = 980. Zero 

Dirichlet boundary conditions have been used at the boundary of the walls of the channel. The 

numerical results from simulations have been obtained with utilization of the CFD code FEATFLOW 

[25] at Reynolds number of Re = 100, 200, 300 and 1000. The numerical experiments are performed 

by considering three different shapes for particle with fixed initial horizontal gap between pair of 

particles i.e. 0.1, that indicates the first particle’s position at (1.15,7.2) and second particle’s position 

at (0.85,7.2). 

 

The selected snapshots have been presented and have been shown in the figure 4, figure 5 and figure 

6 for triangular, square and pentagonal shaped particles. Furthermore, we presented the results for 

trajectories of the particles settling in the channel as shown in figure 8. The x-and y-components of 

velocity profiles have been presented in the figure 7. The numerical results have been calculated in the 

tables 1 and 2 containing the data of minimum distance between pair of particles during the settlement 

of the twin particles. The figure 4 represents the results for each particle shape at time t = 0.0 (a-c) and 

t = 0.20 (d-f) having different Reynolds number. Similarly, for time t = 0.40 and t = 0.60 have been 
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displayed in the figure 5 and for time at t = 0.80 and t = 1.00 have been presented in the figure 6 for 

each configuration. From these figures we observe that square shaped particle reaches to bottom in the 

channel fastest followed by pentagonal and triangular shaped particles. 

 

(a) Triangle (b) Square (c) Pentagon (d) Triangle (e) Square (f) Pentagon 

Figure 4: Snapshots at time t=0.00 (a-c) and at t=0.20 (d-f) for particle pair of Triangle, Square 

and Pentagon at Re=100. 

 

    (a)Triangle      (b) Square      (c) Pentagon    (d) Triangle    (e) Square     (f) Pentagon 

 

Figure 5: Snapshots of twin particles at time t=0.60 (a-c) and at t=0.80 (d-f). 
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(a) Triangle (b) square (c) pentagon (d) Triangle (e) square (f) pentagon 

Figure 6: Snapshots of twin particles at time t=0.80 (a-c) and at t=1.00. 

 

The velocity profiles for the twin particles have been displayed in the figure7. In the graph, the first 

particle P1 is denoted by (solid line) and the second particle P2 is denoted by (dotted line) and the color 

scheme is reserved for triangle (red), square (blue) and pentagon (black). The numerical results for 

velocity and trajectory have been obtained at four Reynolds numbers Re = 100,Re = 200,Re = 300 and 

Re = 1000 for each particle shape. The figure 7 (a-d) shows the graphs for x-component (horizontal) 

of the falling particle and a pentagonal shaped particle predicts many fluctuations than other particle 

shapes. Similarly, a pentagonal particle experiences more oscillations for y-components of the velocity 

and almost all velocity profiles for Vy show an identical behavior for other particle shapes. The 

trajectory graphs of twin falling particles have been presented in the figure [?] and we can observe that 

the square shaped particle settles down fastest and reached to bottom earliest than other particles in the 

fluid channel. When we increase the Reynolds number the oscillation pattern for triangle become more 

prominent while pentagon and square get less oscillation pattern. Also, the square shaped particle 

experiences the least fluctuations even when Reynolds number jumps to 1000.  



10                                                                       International Journal of Emerging Multidisciplinaries 

 

 

(a) Vx at Re=100           (b) Vx at Re=200 

 

(c) Vx at Re=300                                                                     (d) Vx at Re=1000 

 

(e) Vy at Re=100                                                                       (f) Vy at Re=200 

 

(g) Vy at Re=300         (h) Vy at Re=1000 

Figure 7: Velocity profiles for different Reynolds number. 
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                    (a) Re=100                 (b) Re=200               (c) Re=300                  (d) Re=1000 

Figure 8: Trajectories for Triangle, Square and Pentagon with different configurations. 

Table 1: Minimum distance between twin particles indicating time and height. 

No. of elements (at mesh refinement level-5) 66304 

Re Shapes Min Dist. at Time Height 

100 

Triangle 0.11584 0.099 7.0253 

Square 0.14157 0.087 6.9661 

Pentagon 0.10717 0.057 7.0990 

200 

Triangle 0.11248 0.096 7.0158 

Square 0.14124 0.084 6.9600 

Pentagon 0.10712 0.054 7.0992 

300 

Triangle 0.11374 0.090 7.0265 

Square 0.14103 0.081 6.9662 

Pentagon 0.10704 0.051 7.1049 

1000 

Triangle 0.11292 0.087 7.0212 

Square 0.13521 0.078 6.9654 

Pentagon 0.10676 0.051 7.0962 

 

The minimum distance between settling pair of particles and minimum velocities have been calculated 

and presented in the tables 1 and 2. The table 1 shows the minimum distances between twin particles 
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within the first zigzag loop for different Reynolds numbers with fixed initial horizontal distance 

between pair of particles. When the particle pair is settling down in the channel we notice that, at Re 

= 100, the minimum separation distance is observed 0.10717 for pentagon at time 0.057 with height 

of 7.0990 at that time. Whereas for triangle, the minimum separation distance is recorded to 0.11584 

at time 0.099 and height 7.02530. For square, the minimum separation distance is noted that 0.14157 

at time 0.087 and height 6.96610. Other cases for Reynolds number, 200, 300 and 1000, the results 

have been presented in this table 1. It can be observed that with different Reynolds number, overall the 

minimum distance has been achieved by pentagonal particle shape which is 0.10676 at time 0.051 

when the particles were at a height of 7.0962. It is observed that the particles move apart from each 

other and then come close to each other while settling in the fluid domain, then they achieve the 

minimum spacing between twin particles. This process continues until the particles reach to the bottom 

of the channel and a wiggly trajectory of particles is formed. 

The table 2 provides data for the velocity of x-component Vx (horizontal velocity) and y-component Vy 

(vertical velocity) of settling particles of different shapes (triangle, square and pentagon) under 

different Reynolds numbers. Analysis reveals that the particle shape has a crucial influence on settling 

velocities. The square shaped particle consistently demonstrates the lowest terminal velocities Vx 

across all Reynolds numbers. For example, at Re = 100, the Vx of the square is −0.9855, which is 

smaller than that of the pentagonal and triangular shaped particles under the same conditions. This 

phenomenon suggests that the square shaped particle is less influenced by hydrodynamic forces and 

enables the particle to achieve lower velocity. In contrast, the triangular shaped particle have a velocity 

of −1.7368 at height 4.7911 and at time = 0.585, which is 

Table 2: Minimum x-and y-velocity of the particles at different Re 

No. of elements (at mesh refinement level-5) 66304 

Re Shapes Min VX at Time Height Min VY at Time Height 

100 

Triangle -1.7368 0.585 4.7911 -3.1803 0.198 4.8197 

Square -0.9856 0.285 2.3574 -5.4364 0.198 2.5636 

Pentagon -2.4859 0.165 4.4805 -3.7779 0.117 4.2221 

200 

Triangle -2.7193 0.816 4.6673 -3.2905 0.198 4.7095 

Square -1.0832 1.035 2.4597 -5.6692 0.198 2.3308 

Pentagon -2.6576 0.144 4.5484 -3.8170 0.093 4.1830 

300 

Triangle -2.7714 0.816 4.2334 -3.3445 0.198 4.6555 

Square -1.1765 0.858 2.2407 -5.6801 0.192 2.3199 

Pentagon -2.7270 0.144 4.6527 -3.8445 0.090 4.1555 

1000 

Triangle -3.0810 0.840 4.2758 -3.3204 0.195 4.6796 

Square -1.4978 0.189 2.4112 -5.6082 0.180 2.3918 

Pentagon -2.8152 0.135 4.6257 -3.9666 0.198 4.0334 

 

lower than that of the pentagonal shaped particle. Whereas in case of Vy, at Re = 100, the y-velocity of 

the triangle is −3.1803 at height of 4.8197 and at time 0.198 which is smaller than that of the pentagonal 
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and square shaped particles under the same conditions. Similarly, the results for Re = 200, Re = 300 

and Re = 1000 can be observed from the table 2. The data also highlights the impact of Reynolds 

number (Re) on settling velocities. With increasing Reynolds number, the x-component of velocity 

increases for all particle shapes in general. This trend is observed across all the particle shapes, 

indicating that as the Reynolds number rises, the particles experience greater inertial forces. This 

pattern reflects the transition from laminar to turbulent flow with increasing Reynolds number, where 

turbulent flow causes higher drag on the particle. 

5. CONCLUSION 

In this article, the numerical experiments have been performed using a fictitious boundary method and 

the finite element method. The results have been presented for three non-circular particle shapes, 

namely: an ellipse, a rectangle and a square, settling in the fluid domain at different Reynolds number. 

A fine mesh at mesh-refinement level 5 has been employed, which guarantees mesh independence, 

and it has 66304 number of elements in the computational grid. The major objective of the work is to 

investigate the impact of Reynolds number on particle shape. The outcomes of the research work may 

significantly enhance the understanding of behavior of twin particles. Furthermore, the numerical 

approach utilizing the finite element method can increase the efficiency of the systems, especially in 

case of non-circular particle shapes. The results in Reynolds number perspective have been discussed 

earlier for circular shaped particles, the undergoing study comprises the results for non-circular shaped 

particles. We have computed the numerical results at four different Reynolds numbers Re = 100,200, 

300 and 1000 having fixed starting positions of the twin particles. The particles’ interaction is analyzed 

by presenting the snapshots, graphs for velocity profiles and trajectories of pair particles settling in the 

fluid domain. The tables contain the data for minimum distance between twin particles during fall 

indicating time and height at which the minimum distance is achieved. Similarly, minimum x- and y-

velocity indicating the time and height of the particle is presented for each particle shape and distinct 

Reynolds number. The results presented in trajectory graphs and in the tabular form, we can observe 

that the square shaped particle settles down fastest and reached to bottom earliest than other particles. 

In other words, the terminal velocity of square increases because it experiences less hydrodynamic 

force and DKT process. On the other hand, when we come across by increasing Reynolds number, the 

flow changes from Laminar to turbulent and predicts many fluctuations than the lower Reynolds 

numbers. The triangular shaped particle has greatest influence of hydrodynamic forces than other 

particle shapes (square and pentagon) and we also conclude that the horizontal velocity increases 

gradually with increasing Reynolds number (Re). 
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