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ABSTRACT 11 

In present work, an Eulerian-Lagrangian CFD model based on the discrete element method (DEM) and 12 

immersed boundary method (IBM) has been developed, validated and used to investigate the accumulation 13 

of heavy particles in a circular bounded viscous vortex flow. The inter-particle and particle-wall collisions 14 

are resolved by a hard-sphere model. Effects of one-way and two-way coupling, Reynolds number, and 15 

particle diameter are systematically explored. Results show that, in case of one-way coupling, the majority of 16 

particles will spiral into an accumulation point located near the stagnation point of the flow field. The 17 

accumulation point represents a stable equilibrium point as the drag created by the flow field balances the 18 

destabilizing centrifugal force on the particle. However, in case of two-way coupling, there does not exist a 19 

stable accumulation point due to the strong interaction between the particles and fluid dynamics. Instead 20 

most particles are expelled from the circular domain and accumulate on the confining wall. The percentage 21 

of accumulated particles on the wall increases with increasing Reynolds number and particle diameter. 22 

Moreover, influence of three well-known drag models is also studied and they give consistent results on the 23 

particle accumulation behavior, although small quantitative differences can still be discerned.  24 
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1. Introduction 3 

The motion of small heavy particles (like droplets, impurities and dust) in gas flows plays an important 4 

role in both the cloud formation in the earth’s atmosphere and many industrial applications, such as steam 5 

turbines, gas-particle separators and combustion engines. Thus, it has gathered much attention from both the 6 

theoretical and numerical point of views in the past two decades (Balachandar and Eaton 2010; Gañán-Calvo 7 

and Lasheras 1991; Ijzermans 2007; Ijzermans and Hagmeijer 2006; Provenzale 1999; Sánchez and 8 

Moreno-López 2005; Tio et al. 1993a; Tio et al. 1993b). A salient feature of such suspensions is the 9 

appearance of strong heterogeneities in the spatial distribution of particles, often dubbed preferential 10 

accumulation.  11 

The general conclusion from previous works is that heavier-than-fluid particles are expelled from 12 

regions of high vorticity and tend to accumulate in regions of high strain and low vorticity. There is also 13 

broad consensus that preferential accumulation is most pronounced when the particle Stokes number St, 14 

defined as the ratio of a characteristic time of particle motion and the characteristic time scale of the flow, is 15 

of order unity. Nevertheless, most work in literature has dealt almost exclusively with systems in which both 16 

the effects of the particles on the motion of the flow and the particle-particle collisions are ignored. While 17 

these are valid approximations for small size of particles and low particle concentration, for large particles 18 

and high particle concentration, both the inter-phase coupling and particle-particle interaction play a 19 

significant role and must be taken into account.  20 

From a physical point of view, the coupling between phases currently comprises the effects of (a) 21 

volume displacement by the particles, and (b) fluid-solid interaction forces (e.g., drag force, Saffman lift 22 
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force, added mass effect, Basset history force). For the small heavy particles studied in the present paper, the 1 

particles have a much higher mass density than the gaseous flow (ρp/ρg >>1) and thus the viscous drag force 2 

will dominate over other interaction forces in determining the particle motion (IJzermans 2007). There are 3 

various drag models available in the literature (Ku et al. 2013). The Gidaspow model (Gidaspow 1994) is a 4 

combination of the Wen and Yu equation (Wen and Yu 1966) for the dilute granular regime (porosity εg>=0.8) 5 

and the Ergun equation (Ergun 1952) for the dense granular regime (εg<0.8). Di Felice (1994), using an 6 

empirical fit to a wide range of fixed and suspended-particle systems covering the full practical range of 7 

flow regimes based on particle Reynolds number and porosities, proposed a continuous single-function 8 

correlation for the drag force. More recently, Hill et al. (2001a, 2001b) proposed a Hill-Koch-Ladd (HKL) 9 

correlation applicable to different ranges of Reynolds numbers and porosities based on data from 10 

Lattice-Boltzmann simulations. Later Benyahia et al. (2006) blended the HKL correlation with known 11 

limiting forms of the gas-solids drag function and constructed an extended HKL drag correlation (EHKL) 12 

which is applicable to the full range of solid volume fractions and Reynolds numbers. In our earlier paper 13 

(Ku et al. 2015b), we reported some preliminary results of the qualitative influence of various drag models 14 

on the motion of heavy particles in vortex flow. In this paper, as an extension, we present in detail an 15 

Eulerian-Lagrangian approach with a hard-sphere collision model for the simulation of the accumulation of 16 

heavy particles in a circular bounded vortex flow. The objective of the present work is to explore the effects 17 

of one-way and two-way coupling, Reynolds number, and particle diameter on the accumulation of heavy 18 

particles in vortex flow. In addition, the differences resulting from the above mentioned drag models are also 19 

highlighted. The circular bounded vortex flow considered is characterized by an eccentrically placed point 20 

vortex in a closed circular domain and directly relevant to industrial gas-particle or gas-condensate 21 

separators with the aim of separating small heavy particles and droplets from the gas by a selective swirl. By 22 
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studying the effects as described above, we will gain further insight into the understanding of particle 1 

dynamics in vortex flows and the results can also be useful in the design of industrial gas-particle or 2 

gas-condensate separators. 3 

This paper is organized as follows: In section 2, the equations of motion describing the evolution of the 4 

heavy particles and fluid phase are formulated and the three drag models are tabulated. In section 3, the flow 5 

geometry and parameter settings are presented. In section 4, the numerical results of accumulation of heavy 6 

particles in a circular domain containing one vortex are documented. Here, we first verify our approach by 7 

comparing our simulation results with both analytical solutions and numerical predictions reported in the 8 

literature. Subsequently, we investigate the particle accumulation behavior for both one-way and two-way 9 

coupling, where the effects of Reynolds number and particle diameter are explored and the differences 10 

resulting from different drag models are highlighted. A short summary and conclusions are provided in 11 

section 5. 12 

2. Mathematical modeling 13 

2.1. Discrete particle phase 14 

The Discrete Element Model (DEM) used in this work is an Eulerian-Lagrangian model, which 15 

describes the gas-phase as a continuum, whereas each of the individual particles is treated as a discrete entity 16 

(Ku et al. 2014, 2015a). The inter-particle collisions are handled through a hard-sphere collision model. In 17 

this model the particles are assumed to be rigid spheres, and collisions among particles are treated as binary, 18 

instantaneous and impulsive events. For particle-wall collisions the wall is treated as a “special particle” with 19 

infinitely large mass. Particle collision dynamics are described by collision laws, which account for energy 20 

dissipation due to non-ideal particle-particle and particle-wall interactions by means of the empirical 21 
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coefficients of normal and tangential restitution, and the coefficient of friction. An advantage of the 1 

hard-sphere model is that there is an analytical solution available for the collision model. Given the 2 

velocities of the particles prior to collision together with the particle properties, the post-collision velocities 3 

can be calculated analytically. For not too dense systems, the hard-sphere model is considerably faster than 4 

the soft-sphere model. For further details on the implementation of DEM and the hard-sphere collision 5 

model the interested reader is referred to the works of Deen et al. (2007), Hoomans (1999), Hoomans et al. 6 

(1996) and Hoomans et al. (2000).  7 

In the DEM, the motion of every individual particle with mass mi and volume Vi is calculated from 8 

Newton’s second law of motion, which reads in a stationary coordinate system and in dimensional form: 9 

                        g
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v
u v g                            (1) 10 

where vi is the velocity of the particle i, ug is the instantaneous gas velocity at the particle position and g the 11 

gravitational acceleration. The term on the left hand side of Eq. (1) represents particle acceleration. The 12 

forces on the right hand side are respectively due to the pressure gradient, drag and gravity. In this paper, we 13 

restrict the mathematical formulation to the case where the direction of gravity is opposite to that of the z 14 

axis and consider a two-dimensional plane (x-y plane) motion only, so the term related to gravity can be 15 

neglected. The factor β represents the inter-phase momentum transfer coefficient due to drag. Three drag 16 

models for calculating β are summarized in Table 1, where εg is porosity, p g1   , and the subscripts g 17 

and p refer to the gas and particle, respectively. 18 

    Table 1 19 

The angular momentum of the particle is computed with: 20 
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ω
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where Ti is the torque and Ii is the moment of inertia which for spherical particles with radius ri is 22 
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22 / (5 )i i iI m r . Note that Ti = -rin×J only exists when particle i has a collision with anther particle (e.g., 1 

particle j), where n is the normal unit vector pointing in the direction from the center of particle j to the 2 

center of particle i, and J is the impulse vector exerted on particle i during the collision. 3 

2.2. Continuous gas phase 4 

In the DEM the gas phase hydrodynamics are calculated from the volume-averaged Navier–Stokes 5 

equations which are coupled with those dynamics of the particle phase and the immersed large body through 6 

the porosity and the inter-phase momentum exchange: 7 

                               g g g g g( ) ( ) 0
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Here, εg is porosity, and g , ug, g and p are the density, velocity, viscous stress tensor and pressure of 10 

the gas phase, respectively. Sp is a source term that describes the momentum exchange of the gas with the 11 

small heavy particles and Sibm is a source term for the momentum exchange with the immersed large bodies. 12 

These two source terms will be discussed in more detail below. g  is determined using the ideal gas law, 13 

g

g

g g

pM

R T
                                               (5) 14 

where Mg and Tg are the molecular weight and temperature of the gas, respectively. Rg is the universal gas 15 

constant. g is assumed to obey the general form for a Newtonian fluid (Bird et al. 1960): 16 

T

g g g g g g

2
( )( ) (( ) ( ) )

3
g         τ u I u u                       (6) 17 

where the bulk viscosity g  can be set to zero for gas, and g  is the dynamic gas viscosity. 18 

The two-way coupling between the gas-phase and the small heavy particles is achieved via the source 19 

term Sp as shown in Eq. (4), which is a function of the inter-phase momentum transfer coefficient β and is 20 

computed from: 21 
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where ri, vi and Vi are the position, velocity and volume of the particle i, respectively. ug is the local flow 2 

velocity of the gas phase and Vcell is the volume of the fluid cell. The distribution function D is a discrete 3 

representation of a Dirac delta function that locally distributes the reaction force acting on the gas-phase to 4 

the near Eulerian computational grids via appropriate volume-weighing technique whose details can be 5 

found in the works of Hoomans (1999) and Deen et al. (2007).  6 

Figure 1 7 

The Immersed Boundary Method (IBM) is adopted to resolve the circular boundary and the large 8 

rotating cylinder in our computational domain. In IBM the complex boundary and large immersed body are 9 

represented by a set of Lagrangian marker points uniformly distributed over the solid-fluid interface (see Fig. 10 

1). Each marker point exerts a force on the gas phase such that the local velocity of the gas is equal to the 11 

velocity of that marker. Specifically, the interaction between the gas phase and the immersed body is then 12 

controlled by a source term Sibm as shown in Eq. (4). Sibm guarantees the imposition of the no-slip boundary 13 

condition over the solid-fluid interface. Implementation details of IBM are described in references (Lima E 14 

Silva et al. 2003; Mittal and Iaccarino 2005; Peskin 2002; Taira and Colonius 2007; Uhlmann 2005). 15 

3. Computation parameters 16 

Figure 2 17 

Figure 2 shows a closed circular domain with a small rotating cylinder placed inside the domain (Ku et 18 

al. 2015b). As shown in Fig. 2, the radii of the circular domain and the small rotating cylinder are R and rs, 19 

respectively. In order to mimic the flow field generated by a point vortex, the small rotating cylinder is 20 

assumed to rotate not only around its own axis, but also around the vertical axis through the center of the 21 
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circular domain. Then, the small rotating cylinder appears as a point vortex with circulation Γ. The position 1 

of the vortex is determined by the center-to-center distance r1 between the small rotating cylinder and the big 2 

circular domain. The orientation of the vortex is denoted by the angle θ1. The rotation rate of the cylinder 3 

around its own axis is 
2

s/(2 )r   and the constant angular velocity around the vertical axis through the 4 

center of the circular domain 1  is given by (IJzermans and Hagmeijer 2006): 5 

1 2 2

1

1

2 R r








                                     (8) 6 

The no-slip boundary condition on the circular walls and the surface of the small rotating cylinder is 7 

imposed via the immersed boundary method.  8 

Our interest focuses on the two-dimensional (x-y plane) particle dynamics in the flow field. The 9 

position is denoted by (x, y) in Cartesian coordinates, and by ( ,  ) in a co-rotating reference frame which 10 

co-rotates with the vortex. Then the following coordinate transform is easily derived:  11 

1 1( , , ) cos ( ) sin ( )x y t x t y t                                 (9) 12 

1 1( , , ) sin ( ) cos ( )x y t x t y t                                 (10) 13 

Moreover, let the velocity field in the (x, y)-frame be denoted by ( ,x yu u ) and in the ( ,  )-frame by 14 

( ,u u  ), then: 15 

1 1 1cos sinx yu u u                                    (11) 16 

1 1 1sin cosx yu u u                                     (12) 17 

In the following, all variables are made dimensionless by choosing R as the characteristic length, Γ/R as 18 

the characteristic velocity, and R2/Γ as the characteristic time. The flow Reynolds number is Re=ρgΓ/µg. 19 

Unless stated otherwise, we will only deal with dimensionless quantities in the co-rotating reference frame. 20 

Table 2 summarizes the parameter settings used in the simulation.      21 

Table 2 22 
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4. Results and discussions 1 

4.1. Validation 2 

Figure 3 3 

The accuracy and validity of our model are firstly checked by simulating the steady velocity profile of 4 

pipe flow. The implementation of the immersed boundary method to impose the no-slip condition on the 5 

circular wall is validated for steady flow in a tube. Figure 3 shows the steady velocity profile at the pipe 6 

outlet, where the circular symbols represent the simulation results and the coincident solid line threading the 7 

circles represents the analytical solution. The excellent agreement demonstrates the accuracy and validity of 8 

the present immersed boundary method implementation. 9 

Table 3 10 

In order to further validate the integrated approach and the three drag models, Table 3 shows the 11 

comparison of predicted values of the particle accumulation point in the frame co-rotating with the vortex by 12 

the three drag models with the numerical data reported by IJzermans (2007). The simulation condition is 13 

based on one-way coupling, Re =200 and St =0.25. It can be observed that good agreement is obtained. The 14 

relatively small deviations are induced by the nonlinear drag models adopted in the present work, whereas 15 

IJzermans (2007) used the Stokes drag force law. The particle accumulation point is a key index for vortex 16 

flows and the successful prediction of this quantity thereby provides an important example to verify the 17 

proposed approach.  18 

4.2. Initial flow field 19 

Figure 4 20 
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The first step of the simulations is to obtain an initial steady flow field, during which no particles are 1 

introduced. This initial flow field is then saved as a starting flow field for the study of particle accumulation. 2 

Figure 4 shows the streamlines of the initial flow field for Re = 200. This flow field is induced by the small 3 

rotating cylinder in a circular domain (see Fig. 2), plotted in the frame co-rotating with the vortex. The flow 4 

field is characterized by the presence of a single stagnation point, which is a point of zero flow velocity in 5 

the ( ,  )-frame. The location of the stagnation point is ( ,  ) = (-0.263，-0.132). As also shown in Fig. 4, 6 

the flow around the rotating cylinder is dominated by a counterclockwise motion, whereas the left half plane 7 

is dominated by a large rotating motion in clockwise direction around the stagnation point. The rotation of 8 

the flow field around this stagnation point is always opposite to the rotation of the frame, which is generally 9 

called anti-cyclonic motion. In addition, it is noted that the viscous flow field is not symmetric: the 10 

stagnation point is situated well below the negative  -axis.  11 

4.3. One-way coupling  12 

Figure 5 13 

Using the one-vortex flow as the background flow field (see Fig. 4), we now consider the motion of 14 

heavy particles in such a flow. Firstly, we turn off the influence of particles on the flow field and start with 15 

the relatively simple case of one-way coupling. Figure 5 shows the evolved positions of a group of 482 16 

heavy particles at eight instants in (dimensionless) time: t = 0, 10.6, 20.3, 30.9, 100.4, 200.9, 500.3, 600.7 17 

under one-way coupling for different drag models. The particles’ positions are plotted in the frame 18 

co-rotating with the vortex and the solid dots denote the positions of those particles. At the start of the 19 

simulation (t = 0), the particles are uniformly distributed over the circular domain with zero velocity. There 20 

is no overlap between particles at t = 0 which is required for the hard-sphere collision model. Each particle is 21 

traced individually. As can be clearly seen from Fig. 5, depending on the initial positions, some particles 22 
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released close to the wall quickly escape to the wall and remain permanently on the wall. However, the 1 

majority of particles gradually spiral towards a single point located inside the domain and remain there 2 

permanently. This accumulation feature is robust and does not appear to depend on the specific drag model. 3 

Note that the particle-particle collisions are also taken into account for the one-way coupling case. In 4 

contrast to the point-particle results obtained by IJzermans and Hagmeijer (2006), the present results are 5 

obtained for finite size particles that may collide with others frequently due to the high particle concentration 6 

in the vicinity of the accumulation point. Because the particles cannot overlap, it is better to refer to an 7 

accumulation ‘island’ instead of an accumulation point. The bigger the particle size is, the larger the 8 

accumulation island is. The physical mechanism leading to particle accumulation is that the Coriolis force 9 

drives inertial particles to the center of anti-cyclonic region of the flow field, where the particles are trapped 10 

by a balance between the viscous drag and the centrifugal force (IJzermans and Hagmeijer 2006). Note that 11 

the particle Stokes number St, defined as the ratio between the characteristic time of particle motion and the 12 

characteristic time of the flow, can characterize the particles’ inertia and is 1.0 in the present paper. 13 

4.4. Two-way coupling 14 

From the analysis of the one-way coupling case (see Fig. 5), we observe that the heavy particles will 15 

spiral to an accumulation point within the domain. What will happen when two-way coupling is considered? 16 

A major distinction between one-way coupling and two-way coupling is that, for two-way coupling the fluid 17 

flow is significantly modified due to the influence of the particles on the carrier fluid and the flow evolves 18 

dynamically with spatial and temporal structures.  19 

Figure 6 20 

Figure 6 presents the evolved positions of a group of 482 initially uniformly distributed heavy particles 21 

into the initial flow field at eight dimensionless time instants: t = 0, 10.6, 20.3, 30.9, 200.9, 600.7, 700.2, 22 
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750.4 under two-way coupling for different drag models. The conditions are the same as in Fig. 5 except for 1 

the influence of the particles on the flow field being taken into account. It can be firstly found that the stable 2 

accumulation point as observed for the one-way coupling case ceases to exist in the case of two-way 3 

coupling. Secondly, as we go from t = 0 to t = 30.9, it is found that many particles are still spiraling inside 4 

the domain, while the rest of them have been attracted by the wall. However, for larger times (t > 30.9), the 5 

particles no longer accumulate in one single position, instead they periodically orbit along a non-regular 6 

trajectory inside the domain. Thirdly, as we progress from t = 0 to t = 750.4, it is observed that the number of 7 

particles inside the domain decreases and most particles are collected at the wall. As also shown in Fig. 6, 8 

although the qualitative features described above are the same for the three different drag models, some 9 

differences can still be discerned at larger times (t > 200.9). 10 

Figure 7 11 

In order to explore the physical reason for these phenomena, Figure 7 shows the corresponding 12 

streamlines of the carrier flow at eight dimensionless time instants for the three drag models. It is clearly 13 

seen that the flow field varies with time due to the influence of particles. Specifically, at the initial stage (t < 14 

10.6), the streamlines change slightly because fairly weak inter-phase interaction is introduced into the flow 15 

field due to the dilute loading and the initial spread of the particles. Therefore, the evolution of particles is 16 

similar to the one-way coupling case and many particles accumulate somewhere. However, at later stages 17 

(t > 20.3), the flow modification is large and the streamlines are much different from the initial flow because 18 

a region of concentrated particles is locally formed inside the domain and the inter-phase interaction is 19 

strong. The big changes of the local spatial structures of the flow will in turn significantly affect the particle 20 

motion and push particles to the wall. At further later stages (t > 200.9), the streamlines become similar to 21 

those of the initial flow since most particles are collected at the wall and there are only few particles moving 22 
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inside the domain. 1 

Clearly shown in Figs. 5, 6 and 7, the one-way coupling approximation may give some misleading 2 

estimates of the accumulation process. The results here imply that the local dynamical interaction of particles 3 

with flow structures are strong and that the interaction plays a significant role on the particle motion in 4 

vortex flow. So when the particle accumulation is considered, a proper account of two-way coupling is 5 

essential. 6 

In order to quantify the particle accumulation, the percentage of accumulated particles on the wall, P, is 7 

defined as follows  8 

number of particles collected on the wall
100%

total number of initially uniformly distributed particles
P             (13) 9 

4.4.1. Effect of Reynolds number 10 

Figure 8 11 

In our earlier works (IJzermans and Hagmeijer, 2006, 2007), the accumulation of heavy particles in 12 

potential vortex flows were numerically studied. The results showed that the heavy particles tended to 13 

accumulate in elliptic islands of the flow, which was consistent with the findings of the one-way coupling 14 

case in the present paper. However, the previous numerical models were constructed based on the 15 

assumptions of one-way coupling and low Reynolds number where the Stokes drag force law holds. 16 

Considering the flow solver and the drag models in this paper are applicable to cases of both two-way 17 

coupling and high Reynolds number which are not yet examined, their influences are explored in this 18 

subsection. Figure 8 shows the effect of Reynolds number on the percentage of accumulated particles on the 19 

wall for the three investigated drag models. It is clear that P increases monotonically with increasing Re. 20 
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This result is consistent with physical intuition. Since a higher Reynolds number corresponds to a larger 1 

centrifugal force acting on the particle which tends to push more particles to the wall. It is also found that the 2 

differences among the different drag models decrease with an increase in Re.  3 

4.4.2. Effect of particle diameter 4 

Figure 9 5 

Figure 9 presents the effect of particle diameter (dp) on the P for the three drag models. It is easily seen 6 

that P increases monotonically with an increase in dp. The reason is that a larger dp means a particle with a 7 

greater inertia and thus a greater chance of avoiding the captivity inside the flow field and escaping to the 8 

wall. It is also observed that P is the largest for the Di Felice model and almost the same for the Gidaspow 9 

and EHKL models within the dp range studied. These small differences are attributed to the different 10 

non-linear drag exerted on the particles by various drag models as shown in Table 1. 11 

4.5. Discussion 12 

From the above analyses, it is found that the heavy particles will spiral to an accumulation point within 13 

the domain for the one-way coupling case (see Fig. 5) and this accumulation point is located near the 14 

stagnation point of the flow field in the left half plane. The specific location of the accumulation point 15 

depends on the particle Stokes number St and the distance between the accumulation point and the stagnation 16 

point becomes large as St increases. Note that in the limit case of St =0, the accumulation point will coincide 17 

with the stagnation point of the flow field. However, in case of two-way coupling, there does not exist a 18 

stable accumulation point due to the strong inter-phase interaction. Instead, most particles are expelled from 19 

the circular domain and accumulate on the confining wall. Qualitatively, one-way coupling holds when the 20 

particle concentration is low, while the two-way coupling must be taken into account when the particle 21 
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concentration is high. In order to check the transition concentration at which the inter-phase interaction 1 

becomes important, we initially put more and more particles at the accumulation point to see at what 2 

concentration they will leave that location. The results show that the particles can still locate near the 3 

accumulation point when the local particle concentration is below 3%, above which they start to deviate 4 

from the accumulation point. Furthermore, the deviation distance increases with increasing concentration 5 

and some particles can collide with the wall and be trapped at the wall when the initial local particle 6 

concentration is above 6%. 7 

5. Conclusions 8 

The accumulation of heavy particles in a circular bounded vortex flow has been numerically 9 

investigated by an Eulerian-Lagrangian CFD model based on the discrete element method (DEM) and 10 

immersed boundary method (IBM). The inter-particle and particle-wall collisions are resolved by a 11 

hard-sphere model. Effects of one-way and two-way coupling, Reynolds number, particle diameter, and 12 

three drag models (Gidaspow 1994, Di Felice 1994 and EHKL 2006) are systematically explored. Results 13 

show that, in case of one-way coupling, the majority of particles will spiral into an accumulation point 14 

located near the stagnation point of the flow field for all the drag models. The accumulation point represents 15 

a stable equilibrium point as the drag created by the flow field balances the destabilizing centrifugal force on 16 

the particle. However, in case of two-way coupling which is a more general and practical regime, there does 17 

not exist a stable accumulation point due to the strong interaction between the particles and fluid dynamics. 18 

Instead most particles are expelled from the circular domain and accumulate on the confining wall. The three 19 

drag models employed give consistent results on the percentage of accumulated particles on the wall, 20 

although small quantitative differences can still be discerned. Moreover, the percentage of accumulated 21 

particles on the wall increases with an increase in Reynolds number and particle diameter. In addition, the 22 
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transition particle concentration at which the inter-phase interaction must be taken into account is also 1 

numerically studied. 2 

The computational model in this study corresponds to a flow induced by one slender helical vortex 3 

filament in a pipe where a three-dimensional swirl flow can be approximated by a two-dimensional rotating 4 

flow. The results obtained give a global idea of the motion of heavy particles in such system and may have 5 

useful implications for the design of industrial gas-particle separators and also have significant practical 6 

application in estimating particle accumulation in strongly rotational flows such as centrifuges.  7 
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Figures 1 

 2 

 3 

Fig. 1. Lagrangian marker points of immersed boundary method for a circular boundary. 4 

5 
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 1 

Fig. 2. A closed circular domain with a small rotating cylinder placed inside the domain. 2 

3 



 20 

 1 

Fig. 3. Steady radial profile of the axial velocity at the outlet for pipe flow.  2 

3 
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 1 

Fig. 4. Initial steady flow filed in the frame co-rotating with the vortex, Re = 200. 2 

3 



 22 

 1 
(a) 2 

 3 
(b) 4 

 5 
(c) 6 

Fig. 5. Instantaneous positions of heavy particles at eight instants in the frame co-rotating with the vortex for 7 

one-way coupling. t is the dimensionless time, Re = 200, St =1.0, dp =0.00125. (a) Gidaspow model; (b) Di 8 

Felice model; (c) EHKL model. 9 

10 
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(a) 2 

 3 
 (b) 4 

 5 
 (c) 6 

Fig. 6. Instantaneous positions of heavy particles at eight instants in the frame co-rotating with the vortex for 7 

two-way coupling. t is the dimensionless time, Re = 200, St =1.0, dp =0.00125. (a) Gidaspow model; (b) Di 8 

Felice model; (c) EHKL model. 9 
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 (c) 6 

Fig. 7. Streamlines of the flow field at eight instants in the frame co-rotating with the vortex for two-way 7 

coupling. t is the dimensionless time, Re = 200, St =1.0, dp =0.00125. (a) Gidaspow model; (b) Di Felice 8 

model; (c) EHKL model. 9 
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 1 

Fig. 8. Effect of Reynolds number on the percentage of accumulated particles on the wall for different drag 2 

models. dp =0.00125. 3 

4 



 26 

 1 

Fig. 9. Effect of particle diameter on the percentage of accumulated particles on the wall for different drag 2 

models. Re = 200. 3 

4 
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Tables 1 

 2 

Table 1 Three drag models commonly used for particulate flows. 3 

1. Gidaspow model (1994) 
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3. EHKL model (2006) 
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       Table 2 Parameter settings for the simulations. 1 

Parameter Value (non-dimensional) 

Domain radius (R) 1 

Small rotating cylinder radius (rs) 0.1 

Distance from the vortex to the domain center (r1) 0.5 

Particle diameter (dp) 0.00075, 0.00125, 0.001875 

Reynolds number (Re) 200, 400, 800 

Normal restitution coefficient between particles 0.97 

Tangential restitution coefficient between particles 0.33 

Friction coefficient between particles 0.1 

 2 

3 



 30 

Table 3 Comparison of predicted locations of the accumulation point in the frame co-rotating with the vortex 1 

by the three drag models with the data reported by IJzermans (2007). One-way coupling, Re =200 and St 2 

=0.25. 3 

Drag model used Location of accumulation point, (ξ, η) 

This work IJzermans (2007) 

Gidaspow (-0.271, -0.112) (-0.272, -0.109)1 

Di Felice (-0.271, -0.111)  

EHKL (-0.271, -0.112)  

1 The drag model used by IJzermans (2007) is Stokes drag law. 4 

 5 


