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Abstract 

In this study, we present a coupled volume of fluid-fictitious domain method for the simulation 

of droplet-particle binary interactions. In this approach, the liquid-gas flow is modelled by the 

VOF method, and the particle presence is introduced to the Eulerian grids by a volume fraction 

scalar field. The hydrodynamic forces acting on the particle are computed over the particle-

covered grids, and particle moves according to Newton’s second law. A penalization term is 

added to the momentum equation at the particle-covered grids via a continuous force field. 

The VOF algorithm is then modified to prevent the penetration of liquid into the particle region. 

First, a 3D benchmark problem is tested for validation. Then, a 3D configuration is considered 

for the droplet-particle interaction where a water droplet and a solid particle constitute a heads-

on binary collision in the surrounding air. The collision behaviour at different impact velocities 

and droplet-to-particle diameter ratios are pictured, and the outcome regimes are character-

ized based on impact Weber numbers. The present approach is developed within the open-

source C++ libraries of OpenFOAM and LIGGGHTS ® codes and can be further employed for 

the fully-resolved description of the interfacial physics in droplet-laden flows in the presence 

of moving particles.  
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Introduction 

Atomization, fluidization, and emulsification are examples of dispersed multiphase flows that 

are present in different chemical, pharmaceuticals, and metallurgical industries. There are also 

situations where the dispersed phase contains both fluid and solid elements, e.g. liquid 

droplets and solid particles. In such multiphase systems, the binary interaction of droplets and 

particles is important for various applications including, but not limited to, spray drying [1], 

particle capture in spray towers [2], spray coating in spouted beds [3], and particle 

encapsulation [4]. From a mathematical modelling viewpoint and depending on the target 

physical scales, most of these applications can be described by Eulerian one-fluid and two-

fluid formulations of the two-phase flows as well as Eulerian-Lagrangian methods. However, 

a small-scale picture of the liquid-gas flows in the presence of solid particles, as happens in 

droplet-particle collisions, requires extra treatment to resolve the hydrodynamic forces on the 

particle and the fluid-solid interactions. This justifies the use of immersed boundary-based 

methods [5] where fixed Eulerian grids are used to solve the fluid fields, and the particle 

presence imposes a rigid body constraint to the fluid flow. There are two approaches to 

account for this constraint: (I) the direct forcing method that imposes a no-slip boundary 

condition at the rigid boundaries [6], and (ii) the continuous forcing method (also known as 

fictitious domain) that introduces a penalization term for the rigid domain in the momentum 

equation before discretization [7]. While the immersed boundary method is originally designed 

for single-phase flows in the presence of rigid bodies, its combination with multiphase flow 

simulation methods, mainly interfacial flows, has also gained attention in the past years. 
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Particularly, efforts have been made in the context of liquid-gas flows with particles [8-12].  

Apart from the method, numerical investigations on the binary interaction of particles and 

droplets are rather scarce, unlike the droplet-droplet collisions. Malgarinos et al. [13] simulated 

the droplet-particle collisions at low and moderate Weber numbers (We). They studied the 

wetting area over particles and characterized the outcome regimes in a map for different We 

and droplet-to-particle diameter ratios. Bordbar et al. [14], Vilela, and de Souza [15] studied 

the outcome of droplet-particle impact employing Level set and VOF simulations, respectively. 

The former remains limited to the low Weber number collisions, and the latter only focuses on 

the physics of lamella formation after the impact. Milacic et al. [16] performed a detailed 

simulation of droplet spreading on the spherical particle. Recently, Yoon and Shin [17] 

reported a DNS study on the droplet collision with stationary particles unveiling new post-

impact regimes. Most of these methods are computationally expensive for large-scale 

systems. Besides, neither of them uses the immersed boundary method (except [16] which is 

limited to very low Weber number collision), and the stationary particle is considered as a wall 

boundary in the domain. Thus, if multiscaling [18] is intended, their applicability to small-scale 

fully-resolved simulations of more dynamic systems might be limited. Especially, when the 

outcome of droplet-particle collision is subject to more interactions with other particles and 

droplets. The main objective of the present study is to provide a numerical platform where 

such a droplet-particle collision could be simulated at higher We numbers (more than 100) 

with a reasonable computational cost. The combination of VOF with the DEM-based fictitious 

domain in the present study enables such simulations and has a direct implication to multiscale 

methods and magnification lens concept.    

Numerical method description 

The fluid dynamics of the droplet-particle interactions can be described by a two-phase liquid-

gas flow (droplet in surrounding gas) in the presence of a moving solid region (particle). 

Therefore, the mathematical formulation of the fluid flow in such a three-phase system follows 

a coupling concept between these two physical environments. The governing equations of 

two-phase incompressible flow in the context of one-fluid formulation consist of the continuity 

and Navier-Stokes equations together with the advection equation for VOF function as follows: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑈) = 0 (1) 

𝜕(𝜌𝑈)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑈 ⊗ 𝑈) = −𝛻𝑝 + 𝛻 ∙ (2𝜇𝐷) + 𝜌𝑔 + 𝐹𝜎 + 𝐹𝑝 (2) 

𝜕𝛼

𝜕𝑡
+ 𝛻 ∙ (𝛼𝑈) = 0 (3) 

In this formulation, U is the mixture velocity vector shared with both fluid phases, and the 

scalar α is the volume fraction which is one at the liquid region and zero in the gas, and 

determines the physical properties of the fluid. For more details, we refer to [19]. Besides the 

fluid flow, Newton’s second law governs the motion of the solid particles, which reads 

𝑚𝑝

𝑑𝑈𝑝

𝑑𝑡
= 𝑚𝑝𝑔 + ∑ 𝐹𝑝

𝑓
  (4) 

𝐼𝑝

𝑑𝜔𝑝

𝑑𝑡
= 𝑟 × ∑ 𝐹𝑝

𝑓
 (5) 

Where 𝐹𝑝
𝑓
 represents the fluid hydrodynamic forces acting on the particles in these force and 

tourqe equations. More details on these equation can be found in [20]. For coupling the particle 
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dynamics with the volume of fluid method, we follow the resolved CFD-DEM approach [20], 

which is a combination of immersed boundary concept with the discrete element method. In 

this approach, the particle is treated as an immersed body whose diameter is much larger than 

the computational grid size. Since the three phases share the same computational domain, 

another scalar field is defined as the particle volume fraction (Φ), which is one at the particle 

region and zero elsewhere. This enables to detect the particle-covered cells and to provide a 

fully-resolved picture of the fluid-particle interactions by including a rigid body constraint in the 

fluid domain, for which there are two approaches as explained in the introduction. The direct 

forcing approach imposes a no-slip boundary condition at the particle boundary and makes 

the corrections during pressure-velocity coupling to keep the velocity field divergence-free [20-

21]. The continuous forcing method (fictitious domain) introduces a source term in the 

momentum equation before discretization. The former is employed in the original resolved 

CFD-DEM solver of CFDEMcoupling [20] for the typical single-phase flow coupled with 

resolvable particles. However, for the two-phase flows coupled with solid particles, we employ 

the latter because it reduces the complexity of velocity correction during the pressure-velocity 

coupling in the presence of liquid volume fraction. Therefore, the source term 𝐹𝑝  in equation 

(2) is defined as a low permeable porous region [22] that reads 

𝐹𝑝 =  𝜌𝛷
(𝑈𝑝 − 𝑈)

𝜅 𝛥𝑡
 (6) 

where κ is the permeability of the solid region that is chosen very small (κ = 1e−7) [22] to avoid 

the penetration of the fluid into the particle region. The dependency of the forcing term to the 

\PHI ensures that the rigid body constraint is only imposed at particle region (i.e. Φ = 1). A 

VOF solver using PISO algorithm for pressure-velocity coupling technique then solves this 

system of equations numerically.  

 

Method implementation and solver development 

The described coupled volume of fluid-fictitious domain method is implemented as an open 

source solver using the C++ libraries of OpenFOAM (www.openfoam.org) and LIGGGHTS 

(www.cfdem.com). Particularly, we coupled interFoam, the VOF solver of OpenFOAM, with 

the DEM solver as schematically shown in Figure 1. The CFD part of the solver is responsible 

for the interface capturing of the liquid-gas flow in the presence of rigid body constraint.  

 

 

Figure 1. Schematic of the developed VOF-DEM solver. 

 

The hydrodynamic body and surface forces acting on the particle are computed via a coupling 

library, while the DEM part of the solver updates the particle position and velocity based on 

Newton's second law. Thus, the particle position and velocity vectors are updated. This infor-

mation is then passed to the CFD part to determine (I) the new Φ field and (II) compute the 

forcing term in equation (6), and (III) to solve the equations for α, U and pressure fields in the 

fluid regions.  For (I), the finite volume cells occupied by the solid particle are identified by a 

http://www.cfdem.com/
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smooth particle representation algorithm [21]. For (II) an explicit source term is computed in 

the momentum equation, and finally for (III) the computed flux in each finite volume cell is 

multiplied by (1 - Φ) to ensure that no mass and momentum transport occurs in the particle-

covered fictitious domain. To guarantee the mass conservation, further modification is re-

quired at the end of VOF loop in each time step as follows: 

𝜌 = (1 − 𝛷)[𝛼𝜌1 + (1 − 𝛼)𝜌2] + 𝛷𝜌𝑝  (7) 

This ensures that the density of the particle is also included in the total mass conservation 

system. It has to be noted that in the present study the wettability of the particle is not 

considered. It is assumed that a zero-gradient condition (similar to 90° contact angle) for the 

liquid volume fraction must be fulfilled upon contact of liquid-gas interface with the particle.  

 

Validation study 

In order to validate the present numerical method a water entry problem is selected which was 

subject to an experimental study by Aristoff et al., [23] and also used in  [24] for the validation 

purpose.  In this benchmark problem, a solid particle is initially set at the top of a water pool 

as schematically described in Figure 2. A three-dimensional geometry (Lx = 80 mm, Ly = 120 

mm and Lz = 80 mm) is created as the computational domain, with no-slip boundary condition 

at all the surrounding walls except the top patch which is an open to atmosphere boundary. 

The domain was discretized uniformly with two different grid resolutions of Δx1= 1 mm and 

Δx2= 0.66 mm. They are corresponding to 26 and 40 cells per particle diameter, respectively. 

The water and air properties at room temperature are used for the two-phase flow (ρw= 1000 

kg/m3, ρa= 1 kg/m3, μw= 1e-3 Pa.s, μa= 1.5e-5 Pa.s, and σ = 0.072 N/m). 

 

  

Figure 2. The simulation setup for the validation case (left), and the result of particle depth into the water from 

experiment and simulations.   

 

The particle diameter and density are 25.5 mm and 860 kg/m3, respectively. An initial velocity 

of 2.17 m/s is set for the particle. As the validation measure, Figure 2 compares the particle 

depth over time obtained by experiment and simulation. It is evident that the simulation results 

converge to the experimental data for Δx2. The slight discrepancy at latest stage might be 

related to the velocity measurement error during the experiment as also discussed in [24].   

 

Simulation setup for droplet-particle interaction 

To study the binary collision of a water droplet and solid particle, a three-dimensional geometry 

(Lx = 100 mm, Ly = 50 mm, and Lz = 50 mm) is created which is uniformly discretized with 

structural grids of Δx = 0.66 mm (similar to the grid size for the converged case in the validation 
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study).  As schematically described in Figure 3, the droplet and particle are initially located on 

the same axis with the opposite initial velocity of U0, resulting in a relative velocity of 2U0. The 

material properties of the water and surrounding air are chosen similar to the validation case. 

We assume ρd= ρp to avoid density contrast effects during the impact. To account for different 

impact conditions, the Weber number (𝑊𝑒 =
𝜌𝑈𝑟𝑒𝑙

2 𝐷𝑑

𝜎
 ) and the droplet-to-particle diameter ratio 

(R = Dd/Dp) are varied. Table 1 presents the simulation cases with all the input parameters. 

For R=1, we assume equal diameters of Dd = Dp = 20 mm. For R > 1, the size of the particle 

is reduced, while for R < 1 we reduced the droplet size. Although the We number might slightly 

decrease in the latter case, it helps to perform all the simulation cases on the same 

computational domain. Depending on the impact velocity, some of the cases were simulated 

for a longer time until the collision and post-collision physics are sufficiently established. Each 

simulation took between 2-3 hours using 32 cores of our in-house computational cluster. For 

a better comparison between the cases, the results are presented based on the dimensionless 

time (𝑡∗  =
𝑡𝑈0

𝐷𝑑
) [13].  

 
Table 1 - The simulation parameters for the different cases (SI units are used).  

case C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 

U0 0.1 0.25 0.5 1 0.1 0.25 0.5 1 0.1 0.25 0.5 1 

R 1 1 1 1 1.5 1.5 1.5 1.5 0.66 0.66 0.66 0.66 

We 11.1 69.4 277.7 1111.1 11.1 69.4 277.7 1111.1 7.7 48.6 194.4 777.7 

 

 

 

 

 

 
C-1 

 
C-2 

 
C-3 

 
C-4 

Figure 3.  Simulation setup for the droplet-particle collision (left), and the snapshots of droplet-particle interaction 

at t* = 1 after the collision for R = 1 with different We numbers (right). 

 

Results and Discussion 

First, we analyse the physics of collision outcome based on the instantaneous flow fields. 

Figure 3 shows the snapshots of the droplet-particle interaction at t* = 1 after the collision for 

cases C-1 to C-4 (R=1). The outcome is clearly controlled by the competition between surface 

tension force and kinetic energy upon impact. For C-1 with the lowest We, the droplet kinetic 

energy could not overcome the surface tension’s consolidating effect, thus, the droplet does 

not spread over the particle and rebounds. This behaviour is known for the low We number 

collisions [13][17]. As We number increases, the droplet starts spreading on the particle and 
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undergoes severe deformations. A lamella with a rim is formed with the height and diameter 

determined by the outcome of the force balance.  For C-2, the lamella height does not exceed 

the particle equator and results in a thick rim, whereas at higher We (C-3 and C-4) a longer 

but thinner lamella is formed whose rim is prone to disintegrate further downstream. Such a 

difference in the rim shape is also noticed in [15] for the We > 100. In fact, the level of kinetic 

energy is excessively higher than the surface tension and dissipative forces against droplet 

spreading, and as we later show, the thin film over the particle will eventually rupture. It has to 

be noted that this interfacial physics might have remained under-resolved in this simulation as 

the thickness of such a thin film is controlled by the grid resolution.  

 

 

 

Figure 4. The particle dimensionless velocity (left) and wetted area (right) for R = 1 at different We numbers. 

 

  

Figure 5. The particle dimensionless velocity (left) and wetted area (right) for R = 1.5 at different We numbers. 

 

  

Figure 6. The particle dimensionless velocity (left) and wetted area (right) for R = 0.66 at different We numbers. 
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According to [13], there are two major regimes for We numbers up to 80, namely, rebound 

and coating. Similar to their approach, we quantify (I) the velocity of the particle centroid along 

the collision axis (Up,x), and (II) the integrated area covered by liquid (A). Then, the 

dimensionless particle velocity U* = Up,x/U0 and dimensionless wetted area A* = A/Ap are used 

for analysis. Figures 4 to 6 display the temporal evolution of U* and A* for various We numbers 

at each R. The U*=0 line is plotted to determine possible rebound mode. For all the cases, the 

collision happens at t* ≈ 0.7. For the cases with R = 1 (Figure 4), the rebound regime is evident 

at the lowest We number (C-1) as the particle velocity can reach up to 50% of its initial velocity 

in opposite direction. In C-2, the droplet spreads on the particle while reducing particle velocity 

and keeps almost half of the particle area wet for t* > 1. This corresponds to the coating regime 

as also reported by [13] for 40 < We < 80. At We > 250, the droplet first wets the particle and 

forms a lamella as also shown in Figure 3. However, the lamella disintegrates at almost 1 

dimensionless time after the collision (t* ≈ 1.7). Therefore, the particle continues its free motion 

with a constant velocity as evident in Figure 4. The lamella fragmentation also causes a 

sudden decrease in A* for both C-3 and C-4. At the largest We number, the kinetic energy 

level is so high that until t* =2.5 all the droplet volume is washed away from the particle. Even 

though in C-3 there is still some liquid hold-up, it eventually should turn to zero as the particle 

keeps moving with constant velocity. So for the cases with We > 250, the partial-coating and 

complete wash-off modes can be characterized by the simulations. The results for R > 1 reveal 

a similar trend but with a stronger tendency towards coating as reflected in the larger peaks 

for A*. Because with higher droplet volume, a thicker lamella is formed which is resistant 

enough against breakup. Therefore, for C-6 almost 60% of the particle area remains coated 

by the droplet, and at higher We numbers (C-7 and C8), a delay occurs for the wash-off mode 

as demonstrated in Figure 5. The results also reveal the tendency against coating for R < 1 

as the maximum of A* for all the We numbers reduces significantly (Figure 6), and even with 

a moderate We number (C-10) the coating regime is not observed due to the smaller droplet 

volume. Figure 6 also shows that except for the rebound regime of C-9, the particle velocity in 

other cases is not influenced by the collision as the droplet is smaller and could be pushed 

more easily. 

 

Conclusions 
We present a VOF-based fictitious domain method (resolved CFD-DEM) for the fully-resolved 

simulation of the liquid-gas interfacial flow interacting with solid particles. While the fluid-fluid 

interface is captured by the VOF in an Eulerian domain, an explicit penalty term is added to 

the momentum equation to account for particle presence. First, the method is validated with 

an experimental benchmark problem. Then, the droplet-particle binary collision is simulated at 

different conditions characterized by Weber number and droplet-to-particle diameter ratio. 

Besides the rebound and coating regimes reported by previous works, we could observe some 

new modes such as partial coating and sudden wash-off at a higher range of Weber numbers 

(250 < We < 1100). Nevertheless, there remains some under-resolved interfacial physics as 

well as some modelling shortcomings for future work. This approach does not consider particle 

wettability. Even though the high-speed collision in most of the simulations in this study may 

outweigh the effect of surface wetting, accurate prediction of the wetting phenomenon is 

essential for moderate We number cases where the physics of thin film and the time-scales 

required for coating becomes important. The implementation of a model for contact line 

dynamics at the particle surface is the subject of our ongoing research. Future work will focus 

on the development of multiscale methods based on the resolved and unresolved VOF-DEM. 
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Nomenclature 
α volume of fluid [-] 

Φ particle volume fraction [-] 

D         diameter [m] 

ρ density [kg m-3] 

μ dynamic viscosity [kg m-1 s-1] 

σ surface tension [kg s-2] 

U velocity [m s-1] 

κ permeability of solid region  [-] 

We Weber number [-] 

R droplet-to-particle diameter ratio [-] 
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