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Abstract. The problem of deposition of solid particles on a porous substrate is common to a variety of industrial 

applications, such as fluidized beds, controlling of the emission of pollutants, drying by atomization and also in 

drilling operation of oil and gas well. In this work, the numerical simulation of the particle flow through a vertical 

porous channel is proposed. The porous substrate is represented by a heterogeneous model, where the solid domain is 

described by disconnected cylinders immersed in a water- glycerin solution. An Euler-Lagrange approach is given by 

the combination of the Dense Discrete Phase Model (DDPM) with the Discrete Element Method (DEM), respectively, 

to perform the coupled solution of the continuum (fluid) and the discrete phases (particles). Results show the variation 

of the porous domain permeability, diameter and mass flow rate of the particles over both the pressure and 

permeability of the outcome medium. For specific conditions, the increase of the particles diameter reduces the 

permeability of the resulting medium. The raise of the injected particles concentration is proportional to the pressure 

drop and to the growth in the particle bed thickness, reducing the permeability through the medium. 
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1. INTRODUCTION 

 

Particles transport by fluid flow is frequently observed in nature and can be found in many industrial applications. In 

petroleum source rocks, for instance, the occurrence of liquid and gaseous phases interacting with each other is rather 

common. The geological formation, for instance, can be interpreted as a porous matrix composed by rocks and soil. 

Properties of the porous media, such as permeability and porosity, may vary accordingly to the size of the solid grains, 

the compaction of the rock and also to the interconnectivity of the pores (Falcone et al., 2009). 

In oil engineering, among all the functions of the drilling fluid, an important one is to carry particles and formation 

fragments out of the well. If the pressure inside the wellbore is higher than those of the substrate, the drilling fluid may 

flow towards the formation. Such situation, referred as loss circulation, may cause financial expenses as it compromises 

the process and many are the techniques that engineers seek to control such loss (Civan, 2007; Souza et al., 2009). 

Under the loss of circulation circumstances, on its way towards the surrounding substrate, the solid particles carried 

by the drilling fluid are filtered on the well-formation interface, creating a layer of particles called mud cake. This 

filtration mechanism is essential for the success of drilling operations, because it helps to attenuate the lost circulation 

(Darley and Gray, 1988). Figure 1 displays a scheme for the particle deposition process in a porous domain, where the 

particles transported by the fluid flow parallel to the interface (Figure 1.a), are deposited on the porous interface (Figure 

1.b) resulting in a porous domain with modified permeability (Figure 1.c). 

The main concern in the present work is to model the particulate flow impinged in a porous medium. The aim is to 

investigate the particles deposition along the fluid-porous interface and its eventual penetration on the porous layer, 

situation of common occurrence in drilling operations. In this sense, a mathematical model is proposed as the basis for 

numerical simulations of the particulate flow through the porous substrate. For that, the particulate flow is modelled 

according to a Lagrangian approach with the porous domain following a microscopic model. To calculate the 

hydrodynamics interactions between solid and fluid phases, the Dense Discrete Phase Model, DDPM (Popoff and 

Braun, 2007) coupled with the Discrete Element Method, DEM (Cundall e Strack, 1979), are applied. Effects of the bed 
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formation, the pressure drop along the channel and the particles bed height are monitored for distinct porous domains, 

particles diameters and solids concentration. 

 

(a) (b) (c) 

 
 

Figure 1. Representation of cake formation: particulate flow close to a porous interface (a), followed by the beginning 

of particles deposition on the interface (b) and the end of mud cake formation (c). 

 

2. PROBLEM FORMULATION 

 

Figure 2 displays a schematic representation for the geometry of the problem. To represent the filtration mechanism, 

a heterogeneous porous channel with variable porosity is proposed. At the channel upper bound a velocity profile of a 

fully developed flow with average velocity ,inU  and pressure inp  is considered. To guarantee the flow through the 

porous channel a null pressure condition is applied at 0y  . The heterogeneous porous substrate is represented by an 

arrangement of staggered cylinders. 

The channel vertical position favors the particle bed formation more evenly distributed along the porous medium, as 

well as the analysis of the monitor parameters. The particles injection parameters depend on the particles diameter pd , 

the solids density p  and the injection surface. A pressure gradient, due to the null pressure at the channel outlet 

( 0outp  ), provokes the flow not only to carry the particles but also to provide the eventual solids deposition along the 

porous medium. 

 

250y mm
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50cl mm

3 cl

3 cl

2 cl

cl
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Figure 2. Geometry of the problem with the porous domain in detail. 

 

The channel has width of 50cl   mm, a dimension commonly observed in wellbores annular region that is adequate 

to the particles sizes considered in this study. Boundary layer effects on the particle trajectory are avoided as the porous 

region has 2 mm less in each side when compared to the free region (absence of solid particles). The porous region 

length is 2mp ch l . Also, the free regions have length of 3 cl  to avoid any possible effects of the boundary conditions on 

the particulate flow inside the porous domain. The geometry presents thickness of 2 mm in the z direction, normal to the 

xy plane, to fit the solid cylinders inside the substrate. Symmetry conditions are applied on the planes parallel to the xy 

plane. A linear variation of the porosity (  = 0.7 in y = 250 mm and   = 0.4 in 150 y   200 mm), is considered in 

the porous domain to represent a more realistic porous media (Goharzadeh et al., 2005). 
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3. NUMERICAL MODEL 

 

The Lagrangian model adopted to represent the particulate flow is a combination of the Dense Discrete Phase Model 

– DDPM – and the Discrete Element Method – DEM. The DDPM model accounts the interactions between solid and 

fluid phases, while the DEM is responsible for solving the particles collisions through the soft spheres approach (Deen 

et al., 2007). 

A Newtonian fluid with constant and uniform properties is considered. The flow is assumed laminar and both fluid 

and solid phases are isothermal. The fluid (continuum) coordinate system is non-rotating and Cartesian, with the 

gravitational force acting in the vertical direction. The trajectory of the particles is calculated through a Lagrangian 

referential; the particles are perfectly spherical with no rotational motion, with the same properties and dimensions. In 

addition, no deformation due to particles collisions is considered.  

Two sets of equations for both the fluid and the solid phases model the problem: mass and momentum conservation 

for the fluid phase are expressed respectively by: 

 

  0
t

 
  

 
 


  


u   (1) 

 

 
    DPM DPMp

t

  

          

 
      


        


g F S

u
u u u   (2) 

 

where t  is the time,   is the volume fraction of continuum phase, u  represents the fluid velocity vector, g  is the 

gravity acceleration vector, DPMF  is the coupling term to exchange momentum due to the interaction of discrete phase 

forces and DPMS  denotes the source term due to the fluid displacement in relation to the entrance of particles in a given 

control volume. 

The particle trajectory is calculated via Newton’s second law, where velocity and position are determined by a set 

of ordinary differential equations expressed in terms of the forces that influence the particles acceleration: 
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where pm  represents the particle mass; px  the particle position vector; dF  the drag force; gbF  the sum of the gravity 

and the buoyancy forces; pgF  the pressure gradient force; vmF  the virtual mass force and lsF  the Saffman lift force. The 

soft sphere approach (Deen et al., 2007) is applied to model the forces of particles collision ( DEMF ). Table 1 shows the 

expression for each one of these forces. 

 

Table 1. Forces acting on the particles discrete phase. 
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The term p  is the particle density, DC  is the particle–fluid drag coefficient calculated by the Morsi and Alexander 

(1972) model, p p pRe d    u u  is the particle Reynolds number, vmC  represents the virtual mass force 
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coefficient, lsC  is the Saffman lift constant (Li and Ahmadi, 1992). The collision forces are a combination of normal 

( nF ) and tangential ( tF ) forces. The normal force is calculated through a spring-dashpot model (Luding, 1998), where 
k ,  ,  , 12u  and 12n  are respectively, the spring coefficient, the overlap between the particles, the damping 

coefficient, the relative velocity and the unit normal vector at contact. The tangential force is based on the Coulomb 

friction equation, where a  is the friction coefficient and 12t  is the unit tangential vector at the contact. 

The solution of the coupled equations is based on the Pressure-Based Solver with a segregated method, through the 

pressure-velocity PC-SIMPLE algorithm (Vasquez and Ivanov, 2000). An implicitly first order time discretization is 

employed. The interpolation scheme for the advective terms is the upwind first order and the gradients evaluation is due 

to the Least Squares Cell-Based method. The Node Based Averaging technique (Apte et al., 2008) through Gaussian 

kernel function is adopted. 

 

4. RESULTS AND DISCUSSION 

 

Preliminary results with verification problems (Mordant and Pinton, 2000 and Gondret et al., 2002) were obtained. 

Figure 3 shows the comparison of numerical and experimental results of terminal velocity of single particle 

( 37710 kg/mp  and 6.0 mmpd ) during free fall in water. One can notice a good agreement between both 

approaches. Another verification, shown in Figure 4, refers to the collisional effect, where a single particle 

( 32150 kg/mp  and 6.0 mmpd ) immersed in air hits the bottom of a container. Again, good results comparing 

numerical and experimental approaches were obtained. 

 

 
 

Figure 3. Verification results for terminal velocity for a particle immersed in water. 

 

 
 

Figure 4. Verification results for a particle collision in air. 
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Numerical tests were performed considering a solution containing 73.7% of glycerin mass concentration in water at 

25ºC, with corresponding density of 1188 g/cm³ and dynamic viscosity of 2.797 × 10−2 Pa.s. A constant Reynolds 

number, 250Re  , resulting in an average velocity of , 0.118inU   m/s, was considered. 

The particles density is twice that of the fluid. The standard particles concentration is ,p refm , which is varied for 

,0.5 p refm  and ,2 p refm . The particle diameters for the simulations were 0.6,0.7pd   and 0.8  mm. 

Figure 5 shows results for the bed height bh  in cases where the particles were retained by the porous substrate. A 

unitary reference velocity 1 m/srefu  is defined in order obtain the non-dimensional velocity ( /p p refU u u ), where 

pu  is the particle velocity. Notice the implications of using different particles diameters ( pd ) and concentration 

( ,p refm ) over the thickness of the bed ( bh ) for different numbers of obstacles per row ( N ) in the porous domain. The 

substrate with 12N   obstacles per row retains only particles with diameter 0.8pd   mm, given that the distance 

between obstacles is greater than particles with diameters of 0.6pd   and 0.7  mm, resulting in no bed formation. 

 

 
 

Figure 5. Bed height for the cases with particles retention (particles colored according to non-dimensional velocity). 

 



G. H. Lima, F. C. De Lai and S. L. M. Junqueira 
Numerical Simulation of Particulate Flow Over Heterogeneous Porous Media 

 

 

 

Some patterns were observed through the results, as for the same porous media configuration, the bigger are the 

particles the higher the point where the bed is formed and the shorter the time spent in the deposition process. For 

situations where the pore size is bigger than the particles diameter, no bed is formed and the pressure drop remains 

unaltered along the domain. 

The bed height increases with both injection time and the particles concentration. As expected, the particles 

deposition process along the porous medium will result in a less permeable substrate, offering higher resistance to the 

flow. The variation of the non-dimensional pressure in the channel ( / refP p p  ) for the standard particle mass flow 

rate ( ,p refm ) can be seen in Figure 6, where the reference value ( refp ) is the 12 obstacles pressure drop configuration. 

All simulations were performed for the same injection time ( 0.8ipt   s). 

 

 
 

Figure 6. Non-dimensional pressure  P  variation in the channel over injection time  ipt  for the standard 

concentration of particles  ,p refm , 12N   and 16N  . 

 

The solids deposition in the porous medium increases the pressure drop on the channel, promoting the reduction of 

the resulting medium permeability. For equal injection times, increasing the particle mass flow rate elevates the 

maximum pressure drop. Also in Figure 6, the same pressure drop for higher values of particle concentration can be 

observed at shorter periods of time. The results for bed height and pressure drop are shown in Table 2. 

 

Table 2. Non-dimensional pressure  P  and bed height  bh  for the investigated cases ( 0.8 sipt ). 

 

Particle mass 

flow rate 
N  [mm]pd  [mm]bh  P  

,0.5 p refm  

16 0.6 4.0 2.05 

16 0.7 7.5 2.09 
16 0.8 10.0 2.26 

12 0.8 10.0 1.88 

,p refm  

16 0.6 7.5 2.43 

16 0.7 14.0 2.59 
16 0.8 20.5 2.74 

12 0.8 21.0 2.60 

,2 p refm  

16 0.6 19.0 3.18 
16 0.7 30.0 3.40 

16 0.8 41.0 3.62 
12 0.8 46.0 3.70 

 

In Figure 7 one can observe a synthesis of concentration variation effect for cases with particle diameter of 

0.6,0.7pd   and 0.8 mm  and 16N   obstacles per row. For configurations with constant particle diameter there is a 

raise in the pressure drop when increasing the particles mass flow rate during the injection time, for every configuration. 

Still regarding Figure 7, the cases with the higher values of pressure drop are the ones with greater particle mass flow 

rate, also indicating that when more particles are carried with the fluid more rapidly the fluid flowing through the 

porous media will be hindered. Additionally, it is possible to see that for same mass flow rate, pressure drop is higher 

for bigger particle diameter. 
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Figure 7. Non-dimensional pressure  P  variation in the channel over injection time  ipt  for the variation of particle 

mass flow rate  ,p refm  and 16N  . 

 

Figure 8 shows the comparison results between cases with 0.8 mmpd  for different particle mass flow rate and 

porous media configuration. Notice that for cases with lower obstacles per row the maximum pressure drop in the 

channel are higher until no particle deposition is verified. The increment in particle mass flow rate promotes higher 

maximum pressure drop at the end of the analyzed injection time. One can notice that for the cases with highest particle 

mass flow rate the pressure drop at the end of analyzed time is very similar for both porous media configurations. 

Moreover, it is possible to see that even for more permeable porous media configurations ( 12N  ), cases with higher 

particle mass flow rate result in structures with similar pressure drop, due to alike bed heights. 

 
 

Figure 8. Non-dimensional pressure  P  variation in the channel over time for particle mass flow rate  ,p refm  

variation over injection time  ipt  for 0.8 mmpd , 12N   and 16N  . 

 

5. CONCLUSIONS 

 

In this work the solids deposition process in heterogeneous porous media is modeled and simulated numerically. 

The aim is to investigate the particle accumulation on fluid-porous interfaces as observed between an oil well and 

rock formation. The numerical model is verified through problems found in the literature, where the results show 

that the physical phenomena of the particulate flow are well represented. The deposition process on porous domain 

is analyzed by altering characteristic parameters of the problem, such as porous media configuration, particle 

diameter and particle mass flow rate. Among the results, some patterns are observed, for example the retention and 

deposition of particles with bigger diameters in upper positions on the porous substrate. The bed height depends 
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mainly on injection time and particle mass flow rate, being higher for larger values of these parameters. As the 

particles settle on the porous substrate, the resulting medium acts as a porous domain with higher flow resistance, 

with an increased pressure drop. Greater particle mass flow rate elevates pressure drop for a given instant, also 

reducing the time for a determined pressure drop to be achieved. 
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