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Particle-laden flows occur in a variety of natural and industrial situations. As 

particulate suspensions flow through a medium, particles are often retained at 

constrictions such as pore throats, outlets or orifices. This occurs not only with oversized 

particles, but also with particles smaller than the constriction. For instance, jams are 

caused by the formation of particle bridges/arches when several particles attempt to flow 

through a constriction simultaneously. In many instances the success of an operation 

depends on our ability to either ensure or stop the flow of particles in the flow stream. 

Managing the flow of sand into wellbores during hydrocarbon production from poorly 

consolidated sandstone reservoirs, also referred to as sand control, is one such application 

in the oil and gas industry.  

This dissertation presents a multi-pronged effort at modeling the flow of granular 

suspensions of different concentrations, and through pore openings of different shapes, 

with two main objectives: (1) predicting the mass and size-distribution of the particles 

that are produced before jamming, and (2) investigating the underlying factors that 

influence the onset and stability of particle arches. Since, the dominant interactions and 

retention mechanisms are concentration dependent, we divided particulate suspensions 

into three groups based on the volumetric particle concentration ( )φ . 
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High-concentration suspension flows ( ~ 50%)φ >  are dominated by particle-

particle interactions. We modeled polydisperse sand packs flowing through screens with 

rectangular and woven-square openings using 3D discrete element method (DEM). 

Simulations were validated against experimental data for a wide range of screen opening 

and sand size distributions. From the experiments and DEM simulations, a new scaling 

relation is identified, in which the number of different sized particles produced before 

retention follows a power-law correlation with the particle-to-outlet size ratio. This 

correlation is explained with a simple probabilistic model of bridging in polydisperse 

systems and a particle-size dependent jamming probability calculated from experimental 

data. A new method is presented to estimate the mass and size distribution of the 

produced solids through screens. The method uses the entire particle size distribution 

(PSD) of the formation sand, is validated with experimental data and numerical 

simulations, and provides more quantitative and accurate predictions of screen 

performance compared to past methods. It is also found that the stability of particle 

arches is compromised when adjacent outlets are less than three particle diameters away 

from each other.  

Low-concentration suspension flows ( ~1%)φ <  are dominated by particle-fluid 

interactions. They were modeled using analytical and stochastic methods to predict sand 

production through screens with slot and woven-square openings. Analytical expressions 

were derived for screens with a constant outlet size or with a known outlet size 

distribution. Monte Carlo simulations showed excellent agreement with the analytical 

solutions. Based on experiments, we have demonstrated that the models presented here 

are predictive, provided that an accurate representation of the formation sand PSD and 

the screen pore size distribution are available. 
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In the intermediate-concentration regime (~1% ~ 50%)φ< < , the particle 

trajectories and the flow field are both influenced by each other. The onset of particle 

bridging due to hydrodynamic forces was studied for monodisperse systems, in a 

rectangular channel with a single constriction, using coupled computational fluid 

dynamics (CFD) and DEM simulations. It is shown that the probability of jamming 

increases with φ , and there is a critical particle concentration ( *φ ) for spontaneous 

bridging. The outlet-to-particle size ratio is the most critical parameter affecting *φ . The 

effect of inlet-to-particle size ratio, fluid velocity, particle stiffness, particle-to-fluid 

density ratio, and the effect of convergence in flow geometry were also studied 

quantitatively. 

Finally, the application of micro-tomography images in constructing accurate 3D 

representations and calculating the pore size distribution of complex filter media is 

demonstrated. A simulation tool is presented that allows one to evaluate the performance 

of different screens without running expensive and sometimes inconclusive experiments, 

and enhances our understanding of screen performance. This helps to improve sand 

screen selection to meet performance criteria under a wide variety of conditions.  
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Chapter 1: Introduction 

This dissertation reports on research that has been conducted to model the flow of 

granular/particulate suspensions through constrictions of various shapes and complexity. 

In many contexts, when several particles try to flow through an outlet simultaneously, the 

flow is arrested due to the formation of particle bridges/arches across the openings: a 

phenomenon known as jamming. First, this study introduces new methods and models to 

predict the number of particles of different sizes that can flow through a constriction 

before it jams. Second, the factors affecting the stability of particle arches are 

investigated and new techniques to generate realistic models of complex filter media are 

explored. These findings are applied to the design and selection of sand control screens 

for oil and gas applications. Finally, a critical particle concentration for spontaneous 

multi-particle bridging is quantified and its dependence on various factors is researched. 

This chapter provides an introduction to the background and motivations of the 

present study, and an outline of this dissertation. 

1.1  OVERVIEW OF GRANULAR SYSTEMS 

Granular systems are abundant in nature: from sands on earth to planetary rings in 

space. They are also widely used in diverse technological applications, such as in food, 

powders, pharmaceuticals, semiconductors, and mining. Indeed, granular materials are 

the second-most industrially manipulated material, after water (Richard et al. 2005).  

Common granular materials, such as sand, are a conglomeration of discrete solid, 

macroscopic particles, of size larger than ~100 μm, that often interact with each other 

only through dissipative contact forces. Though their description seems relatively simple, 

granular materials exhibit both solid-like and fluid-like behavior depending on the 

applied load. They also exhibit complex rheology and unique phenomena such as 
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segregation, pattern formation, arching and jamming, much of which is poorly 

understood (Duran et al. 1993; Liu and Nagel 1998, 2010; Mehta 1994, 2007; Richard 

2005 etc.). The understanding and modeling of granular systems has become a major 

inter-disciplinary research focus worldwide mainly as a result of the rapid development in 

discrete particle simulation techniques and affordable computational resources available 

to the industry and academia. 

Most granular systems consist of particles that are fluid-driven (gas or liquid), 

such as in sediment transport, landslides, drug delivery, and inkjet printing. In petroleum 

engineering, examples of such systems can be found in unconsolidated sand reservoirs, 

the transport and retention of sand in downhole completions (sand control), proppant 

transport in hydraulic and natural fractures, and slurry pipelines in oil sands production, 

amongst many others. A ubiquitous aspect of suspensions is the jamming or clogging of 

the media through which it flows. The successes of these applications, and many more, 

critically depend on the effective formation or prevention of these jams. The study of 

jamming, therefore, has become a topic of its own. 

1.2  BACKGROUND AND MOTIVATION 

The literature on the flow of suspensions and jamming is rich, though there are 

still a few less explored areas that have inspired this current study. The primary 

motivation of this study was to develop models that cover a wide range of possible 

particle concentrations. To do that, it is essential to understand all the retention 

mechanisms and account for the polydispersity of granular matter seen in real 

applications. Another motivation for this study is to use this modeling approach to 

develop improved methodologies for screen selection in sand control applications. These 

issues are expanded on in this section. 



 3 

1.2.1 A Wide Range of Particle Concentrations 

This study models the flow of granular/particulate suspensions. Industrially 

relevant suspension flows encompass a wide range of particle concentrations. The 

macroscopic flow behavior of these suspensions is controlled by, (i) the mutual 

interaction of individual particles, (ii) the interaction of the particles with the vicinal 

fluid, (iii) the interaction of the particles with the confining/flow geometry, and (iv) the 

influence of each one of the above on the others. Depending on the particle concentration 

in the suspension, one or more of these interactions may be dominant over the others. 

This dissertation presents new models and methods to characterize the flow of particulate 

suspensions in different concentration regimes. 

1.2.2 Retention Mechanisms 

In general, there are four main particle retention mechanisms at the granular scale 

(Vitthal and Sharma 1992) as shown in Figure 1.1: 

1. Size-exclusion or straining: Retention because the particle is physically larger 

than the pore constriction. 

2. Surface deposition: In this mechanism, capture is due to attractive forces between 

the particle and the pore walls such as van der Waals electrostatic and hydration 

forces, and/or inertial impaction or roughness of the walls. In suspension flows of 

neutral, rigid particles of size  102 −103  μm, gravitational and pressure gradients 

dominate and surface deposition may be negligible. 

3. Sequential bridging: The first particle is captured by surface deposition. 

Subsequent particles are captured sequentially on previously deposited particles 

till the particles bridge across the opening. In the absence of surface deposition, 

sequential bridging can also be ignored. 
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4.  Multi-particle bridging: In this case, many particles attempt to simultaneously 

flow through an opening. This results in a “log-jam” due to the formation of 

particle bridges across the openings, even if the size of the outlet is larger than the 

particle size. Multi-particle bridging may be further classified into two types:  

i. Hydrodynamic: When multi-particle bridging is induced even at low 

particle concentrations because of the converging flow-field near a 

constriction. 

ii. Mechanical: When at high particle concentrations, multi-particle bridging 

is inevitable, regardless of the flow-field. We postulate that mechanical 

multi-particle bridging is what is commonly referred to as arching, and is 

the primary mechanism of jamming in the gravity discharge of granular 

packs through hoppers and silos. 

 

Figure 1.1: Schematic illustrating the four main particle retention mechanisms at the 
granular scale (after Vitthal and Sharma 1992). 
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Straining (as in cake filtration) and surface deposition (as in deep bed filtration) 

have been very well studied in the past (see review papers by Corapcioglu et al. 1987; 

Herzig et al. 1970; Rajagopalan and Tien 1979). Previously, experiments on clogging of 

porous media (Ghidaglia et al. 1996; Narayan et al. 1997 etc.), and porous membranes 

(Hong et al. 1997 etc.) had focused at a macroscopic level, which did not provide much 

appreciation of the microscale mechanisms. Recent microscale experiments on clogging 

at the pore level have been on colloidal suspensions where surface deposition, sequential 

as well as multi-particle bridging are effective (Wyss et al. 2006; Agbangla et al. 2012).  

 Several experimental and simulation studies have concentrated on jamming due 

to multi-particle mechanical bridging during discharge of granular matter either by 

gravity (To et al. 2001, 2002a, 2002b; Zuriguel et al. 2003, 2005; Janda et al. 2008; Saraf 

and Franklin 2010; etc.), or in the presence of a fluid (Guariguata et al. 2012; Lafond et 

al. 2013). In comparison, fewer experiments (Ramachandran and Fogler 1999; Sharp and 

Adrian 2005; Valdes and Santamarina 2006; Tran et al. 2009) have studied multi-particle 

hydrodynamic bridging at a pore-level. Jamming only due to multi-particle bridging in 

neutral systems such as granular matter, is arguably the least understood of all the 

retention mechanisms. As such, a fundamental investigation or numerical modeling of 

this blockage mechanism at a single pore level is essential to develop a sound 

macroscopic theoretical description. This dissertation examines the basic mechanism of 

multi-particle hydrodynamic bridging in simple pore geometry and investigates its 

dependence on various factors.  

1.2.3 Polydispersity of Granular Matter 

Most experimental and simulation studies have focused on monodispersed discs 

or spheres (To et al. 2001, 2002a, 2002b; Zuriguel et al. 2003, 2005; Janda et al. 2008; 
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Saraf and Franklin 2011 etc.). A few studies have been conducted with a small (~10%) 

polydispersity or with bidisperse or tridisperse particles (Chevoir et al. 2007; Pournin et 

al. 2007; Lafond et al. 2013). In these cases, a single volume–averaged or number–

averaged diameter from the particle size distribution (PSD) has been used to model 

jamming. This work presents three-dimensional (3D) numerical simulations, a new 

scaling relationship, and a simple probabilistic model for the jamming of fully 

polydisperse granular matter (with PSDs resembling real sand samples). 

1.2.4 Selection of Sand Control Screens 

Though we encounter particle-laden flows in many engineering applications, the 

problem of particulate flow through screens is of particular interest to the oil and gas 

industry for sand control applications. Many deepwater sandstone reservoirs are weakly 

consolidated and require some form of sand control (see Figure 1.2). The selection of 

optimum screens for standalone screen applications has historically been based on 

experimental data, rules of thumb and/or correlations. Recent sand retention tests 

(Chanpura et al. 2011) conducted in various laboratories offer empirical screen selection 

criteria based on different sand size distribution parameters. Unfortunately, these 

experiments have their own limitations. They provide substantially different results based 

on how the tests are conducted and interpreted, leading to significant differences in the 

recommended screen type and screen opening size for any given sand sample. To resolve 

some of these inconsistencies and to better understand the physics of the problem, this 

dissertation presents 3D numerical simulations and analytical models to evaluate the 

performance of sand screens, and ultimately to develop systematic screen selection 

criteria. 
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(a) (b) 

Figure 1.2: (a) Two popular types of sand control screens used in the industry: wire-
wrap screens (WWS), with rectangular slot openings, and premium mesh 
screens, which have woven mesh type openings (images from presentation 
by Chanpura et al. 2012).   (b) Schematic illustrating the working of a 
standalone WWS in an openhole section (image from Sand Control 
Overview 2009, GEKEngineering.com). Sand particles are produced at 
different concentrations depending on how the formation (1) fails. The 
screen (2) prevents the flow of particles into the wellbore through retention 
(3) due to size-exclusion and/or bridging. 

1.3  DESCRIPTION OF THE PROBLEM 

This study intends to model the flow of polydisperse, granular particulate 

suspensions, of different concentrations, through filter media or pore openings, with 

special emphasis on the mass and the size distribution of the particles produced before the 

opening is jammed.  
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1.3.1  Classification of Granular Suspension Flows 

The assumptions, approaches, and tools used to model this problem vary with the 

concentration of the suspension, since the dominant interactions and retention 

mechanisms are concentration dependent. Therefore, we have classified suspension flows 

into three broad groups depending on the volume concentration (φ) of the particles:   

a. High-concentration or dense flow regime (φ > ~50%): In this regime, the 

suspension is similar to a granular pack where particle-particle interactions 

dominate. Recent experiments have also shown that fluid-driven dense particle 

flows behave similar to gravity-driven flows (Guariguata et al. 2012), i.e., the 

fluid can be approximated as applying a constant acceleration to the particles. The 

crucial retention mechanisms are size exclusion and multi-particle mechanical 

bridging. 

b. Intermediate-concentration flow regime (~1% < φ < ~50%): In this regime, both 

particle-particle and particle-fluid interactions are important. Particles influence 

the flow field and in turn the flow field and the inter-particle interactions both 

determine the particle motion. The key retention mechanisms are size exclusion, 

and multi-particle mechanical and hydrodynamic bridging. 

c. Low-concentration or dilute flow regime (φ < ~1%): In this regime, particle-fluid 

interactions and hydrodynamic forces are important. Due to the low 

concentrations, bridging is assumed to be negligible (Valdes and Santamarina 

2006) and the main retention mechanism is size exclusion or surface deposition. 

Figure 1.3 illustrates typical particulate suspensions in these regimes and 

summarizes the dominant interactions and retention mechanisms at play. Please note that 

a polydisperse granular sample is shown here, with the particles colored according their 

size (increasing in size from red to blue).  
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(a) (b) (c) 

Figure 1.3: Flow of a typical particulate suspension in a (a) high concentration, (b) 
intermediate concentration and (c) low concentration regime, through a 
single slot opening. Also shown are the dominant interactions and retention 
mechanisms at play. Please note that a polydisperse granular sample is 
shown here, with the particles colored according their size (increasing in 
size from red to blue). φ is the volume concentration of particles in the 
suspension. 

1.3.2 Application: Improved Criteria/Methodology for Sand Screen Selection 

There are two types of sand retention tests (SRTs) generally practiced in the 

industry to evaluate the performance of sand screens: prepack tests and slurry tests.  

A prepack test simulates a rapid, catastrophic failure of the openhole section (see 

Figure 1.2(b)). A sand pack is initially formed on the screen by flowing a high-

concentration suspension of formation sand (typically, φ ~ 50% by volume) in a viscous 

fluid. As the sand-pack is deposited on the screen, clean carrier fluid is injected at a given 
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flow rate. The solids produced through the screen are collected as a function of injected-

fluid volume, and the pressure drop across the system (screen plus sand-pack) is recorded 

as a function of time or fluid volume injected.  

 

 

Figure 1.4: A typical PSD of formation sand, showing d10, which is the particle size 
corresponding to 10% of the cumulative weight retained during a sieve 
analysis. 

A slurry test simulates a gradual failure of the openhole section where sand is 

produced at a relatively low concentration (see Figure 1.2(b)). A fixed, low-concentration 

(typically, φ less than 1% by volume) sand slurry is pumped across the screen at a given 

flow rate (or differential pressure). Slurry tests are more widely used in the industry. 

Both these types of tests measure (a) the mass of sand produced, which gives a 

measure of a screen’s sand retention efficiency, (b) the pressure developed across the 

screen and the sand pack, which gives a measure of screen’s plugging tendency, and (c) 

the PSD of the produced solids, which is required for erosion considerations. 
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 Most of the existing screen-sizing criteria in the literature for standalone screens 

are based on a few points of the PSD (e.g., d10, d50, etc., see Figure 1.4 for a typical PSD) 

(Chanpura et al. 2011). These can often be inappropriate (see Figure 1.5 and Figure 1.6 

for typical SRT data and analysis). A criterion that takes into account the entire PSD of 

the formation sand needs to be developed, potentially using numerical simulations in 

 

Figure 1.5: SRT results for WWS expressed as solids produced per unit screen area vs. 
(a) screen opening/d10, (b) screen opening/d50, (c) screen opening/(d10/UC), 
and (d) screen opening/(d50/UC). These are some of the typical parameters 
used in the sand control literature as criteria for screen selection (for 
example, screen opening/d10 < 1, or screen opening/d50 < 2 or 2.5). The solid 
blue line represents an assumed value of acceptable sand production (0.12 
lbm/ft2) from Hodge et al. (2002) used to form these criteria. We can see 
that attempts to correlate experimental results with a combination of 
arbitrarily picked parameters fail because they do not represent the entire 
PSD in all cases. These results and analyses are from Chanpura et al. (2011). 
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conjunction with laboratory tests. As proposed by them, an ideal screen selection 

methodology should take into account the entire PSD of the formation sand and be able 

to predict sand production along with the PSD of the produced solids. 

Therefore, the first part of this dissertation focuses on modeling the flow of high-

concentration suspensions (prepack tests) and low-concentration suspensions (slurry 

tests) through different types of screens, with the goal of developing this improved screen 

selection methodology.  

 

Figure 1.6: SRT results for premium mesh screens expressed as solids produced per unit 
screen area vs. (a) screen opening/d10, (b) screen opening/d50, (c) screen 
opening/(d10/UC), and (d) screen opening/(d50/UC). As in Figure 1.5, we can 
see that these correlations are fail because they do not represent the entire 
PSD in all cases. These results and analyses are from Chanpura et al. (2011). 
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1.3.3  Application: Multi-particle Hydrodynamic Bridging 

The second part of this study investigates particle retention by multi-particle 

hydrodynamic exclusion, also known as the log-jam effect, as proposed by Vitthal and 

Sharma (1992). Figure 1.7(a) shows a schematic of hydrodynamic bridging.  

Plugging under conditions of strong particle-pore wall repulsion and in the 

absence of straining is attributed to multi-particle hydrodynamic exclusion/bridging 

(Muecke, 1979; Khilar and Fogler, 1984; Eyelander, 1988; Vitthal and Sharma, 1992; 

Roque et al., 1995). Ramchandran and Fogler (1999) have experimentally demonstrated 

this mechanism using colloidal particles. Figure 1.7(b) shows a scanning electron 

microscope (SEM) image of particle bridge formation from fouling experiments by 

Poesio and Ooms (2004). Ramchandran and Fogler (1999) identified a critical velocity 

for multi-particle bridging. Below this velocity, colloidal repulsion forces dominate and 

particle bridges do not form. Above the critical velocity, hydrodynamic forces dominate 

to form stable bridges. We postulate that in the absence of colloidal forces, the formation 

  
 

(a) (b) (c) 

Figure 1.7: Schematic of multi-particle hydrodynamic bridging (after Poesio and Ooms, 
2004) (b) SEM photograph of particle bridging on a pore throat (after Poesio 
and Ooms, 2004) (c) Schematic illustrating the effect of critical particle 
concentration on multi-particle hydrodynamic bridging. 
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of particle bridges should strongly depend on the particle concentration. With increasing 

particle concentration, the number of particles arriving at the pore throat increases and the 

probability of particle bridging increases.  

We postulate that the flux or discharge rate of particles through a constriction will 

increase with the concentration of the slurry till a critical concentration is reached, at 

which point the flux of produced particles will decrease drastically to a low value (as 

shown in the Figure 1.7(c)). This critical concentration for spontaneous bridging and its 

dependence on different factors such as flow velocity, particle diameter to pore size ratio, 

flow geometry, etc. is unknown. Our goal is to numerically simulate this phenomenon in 

neutral, monodisperse systems, quantify the critical concentration in simple flow 

geometries, and study its sensitivity to different parameters. A summary of the scope of 

Classification Interactions Retention 
Mechanisms Applications 

Low-conc. or dilute 
suspensions 
(φ < ~1%) 

Particle-fluid Size-exclusion 
 

Sand control using screens 
during gradual rock failure 

Intermediate-conc. 
suspensions 
(~1% < φ < ~50%) 

Particle-fluid 
Particle-particle 

Multi-particle 
hydrodynamic 
bridging 

Prevention of plugging due 
to multi-particle 
hydrodynamic bridging 

High-conc. or dense 
suspensions 
(φ > ~50%) 

Particle-particle Size-exclusion 
 
Multi-particle 
mechanical 
bridging 

Sand control using screens 
during catastrophic 
openhole failure 

Table 1.1: A summary of the scope of this dissertation based on the classification of 
particulate suspensions, dominant interactions, retention mechanisms and 
applications. 
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this dissertation is presented in Table 1.1. 

1.4  OVERVIEW OF MODELING TOOLS 

Several discrete modeling techniques have been developed in the past such as 

Monte Carlo methods, cellular automata, and discrete element methods (DEM) to address 

particulate systems. DEM simulations are important as they can provide dynamic 

tracking of the trajectory and account for the various forces acting on individual particles, 

information that may not be easily available from conventional experimental techniques. 

Once validated with experiments, they can also be used as well-controlled and 

inexpensive numerical experiments to understand the physics of the problem. Simulations 

help us to study the effect of various parameters and develop rules/correlations for 

general use – a process that is often tedious, prone to errors and expensive to achieve 

using physical experiments.  

In DEM (Cundall and Strack 1979), the interaction between discrete particles is 

governed by the fundamental laws of Newtonian mechanics. Information about each 

particle (mass, velocity, force, angular momentum, etc.) lying within the computational 

domain is individually tracked in a Lagrangian frame. Particles are allowed to undergo 

minute deformations on contact and these deformations are used to calculate elastic, 

plastic and frictional forces between particles. Over the past two decades, researchers 

have used DEM to study various particulate processes, such as particle packing, 

heaping/piling process, hopper flow, mixing and granulation. Also, DEM has been 

coupled with computational fluid dynamics (CFD) to study fluid-driven flows, mainly 

fluidization and pneumatic conveying. The theoretical developments, and major 

applications and findings in discrete particle simulation have been comprehensively 

reviewed by Zhu et al. (2007, 2008). According to Zhu et al. (2008), modeling of 
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particulate systems can be divided into the following broad categories: particle packing, 

particle flow and particle-fluid flow.  

Processes that are dominated by particle-particle interactions are classified as 

particle flow studies. The high-concentration suspension flow simulations (prepack tests 

for screen selection) fall in this category and will be modeled using open-source DEM 

codes (Plimpton 1995; Kloss and Goniva 2010). 

However, in some special cases where particle-particle interactions (bridging) are 

not dominant, it might be acceptable to use analytical techniques to characterize 

particulate flows and develop rules/correlations for engineering practice. Such an 

example is the model for particulate suspensions in porous media developed by Sharma 

and Yortsos (1987). In this study, low-concentration or dilute suspension flows (slurry 

tests for screen selection) are modeled by analytical or statistical methods. Though 

strictly speaking, slurry tests should be classified as particle-fluid flows, for engineering 

practice an analytical approach and/or simplified numerical simulations (Monte-Carlo 

simulations) are considered most suitable. 

Particle-fluid flows are processes where both the particle-particle and particle-

fluid interactions govern the macroscopic behavior of particulate processes, such as 

fluidization and pneumatic conveying. Particle retention due to multi-particle 

hydrodynamic bridging can be classified as particle-fluid flows. A framework that can 

simulate coupled fluid-granular systems is necessary to simulate this problem as the 

formation of stable particle bridges are governed by both particle-particle and particle-

fluid interactions. This problem is simulated using an open source CFD-DEM framework 

(Goniva et al. 2011, Kloss et al. 2012) that is based on the DEM code LIGGGHTS (Kloss 

and Goniva 2010) and the open source CFD toolbox OpenFOAM (OpenFOAM 2012). 
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 Figure 1.8 shows the respective approaches used in this work for modeling for 

particulate suspensions of different concentrations. 

1.5  STRUCTURE OF THE DISSERTATION 

This dissertation consists of nine chapters. Chapter 2 presents the modeling of 

high-concentration or dense suspension flows through wire-wrap screens (WWS) with 

rectangular slot geometry, using three-dimensional (3D), DEM simulations of granular 

sand-packs of ~100,000 particles. The numerical model computes the mass and the size 

distribution of the solids produced. The effect of the most important parameters, such as 

friction coefficient, fluid viscosity, pressure gradient and ratio of screen opening to sand 

size, on the mechanism of bridge formation and amount of sand produced are studied 

 

Figure 1.8: Schematic illustrating the respective modeling approaches used for 
suspensions of different concentrations. 
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using both monodisperse and polydisperse systems. A new scaling relationship for the 

jamming of polydisperse granular matter is proposed. Based on this relationship, a new 

method is presented to estimate the mass and size distribution of the produced solids 

through wire-wrap screens. The method uses the entire particle size distribution of the 

formation sand and is validated with experimental (prepack tests) and numerical data. 

Chapter 3 presents results from 3D DEM simulations of plain square mesh (PSM) 

screens with woven square geometry, placed in contact with granular sand packs. The 

scaling relationship and method developed in Chapter 2 are shown to be consistently 

applicable for estimating the mass and size distribution of produced solids in prepack 

tests through square mesh screens. Key differences in sand retention mechanisms 

between square mesh and wire-wrap screens have been identified. 

Chapter 4 studies the probability of jamming and the stability of particle arches 

during the gravity discharge of monodisperse spheres, when there are two adjacent 

rectangular outlets. It is shown that unlike single slots, the stability of grain bridges for 

multiple slots will be a strong function of the dimensionless distance between the slots 

below a certain critical distance. 

Chapter 5 proposes a simple probabilistic model to explain the scaling 

relationship presented in Chapters 2 and 3. We also propose a method to calculate a size–

dependent jamming probability for polydisperse systems. The model is an important step 

towards modeling the filtration and clogging of polydisperse granular systems. 

Chapters 6 and 7 present an analytical and statistical (Monte-Carlo) approach to 

modeling the flow of low-concentration or dilute suspensions through screens with 

rectangular openings (WWS) and woven square openings (PSM), respectively. The 

proposed methods use the entire PSD of the formation sand in predicting the mass and 

distribution of the produced sand. Validations with experimental data (slurry tests) are 
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also presented. Several challenges with characterizing the pore size distribution of 

premium meshes for effective modeling are highlighted in Chapter 7. 

Chapter 8 explores computed tomography (CT) scans and virtual mesh generation 

techniques to create advanced models of complex screens with multi-layer weave 

patterns. It is shown that these virtual screens can be used for numerical simulations, 

screen design, calculation of pore size distribution and overall quality assurance and 

control of premium screens used in the industry. 

Chapter 9 presents coupled CFD-DEM simulations to investigate the basic 

mechanism of multi-particle hydrodynamic bridging in rectangular slots. It is shown that 

there exists a critical particle concentration for spontaneous bridging in the flow of 

neutral, monodisperse systems, which depends on several factors such as the flow 

geometry, velocity, dimensionless outlet size, etc. 

Finally, Chapter 10 summarizes the contributions of this research, draws 

conclusions and makes recommendations for future work. 
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Chapter 2: Numerical Simulations of High-Concentration Suspension 
Flows through Rectangular Outlets 

In this chapter1, we present three-dimensional (3D), discrete element computer 

simulations of granular sand packs of ~100,000 particles flowing through slot 

(rectangular) openings. The numerical model computes the mass and the size distribution 

of the produced solids and allows us to identify the key controlling parameters.  

The effect of the most important parameters on the amount of sand produced is 

studied for both monodisperse (all particles have the same size) and polydisperse 

(particles have a size distribution) systems using the simplest screen geometry: wire-wrap 

screens (WWSs) that have rectangular outlets. Numerical simulations replicating the 

experimental conditions over a wide range of screen opening to sand size ratios are 

shown to predict the amount of sand production observed in the laboratory tests 

reasonably well. 

The simulation tool allows us to evaluate the performance of different screens 

without running expensive and sometimes inconclusive experiments, enhances our 

understanding of screen performance and helps to better design sand screens to meet 

performance criteria under a wide variety of conditions. A new method is presented to 

estimate the mass and size distribution of the produced solids through WWSs. The 

method uses the entire particle size distribution (PSD) of the formation sand and is 

validated with experimental and numerical data. In this chapter we: 

i. review the past work in screen selection for standalone screen applications, 

                                                
1 Many of the ideas expressed in this chapter were first presented in: Mondal, S., Sharma, M.M., Chanpura, 
R.A. et al. 2011. Numerical Simulations of Sand-Screen Performance in Standalone Applications. SPE 
Drill & Compl 26 (4): 472-483. SPE-134326-PA. Sharma supervised the project, and other coauthors 
Chanpura et al. provided experimental data for validation and collaborated on application and testing. 
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ii. detail the numerical simulation approach, and explain the effect of different 

physical and model parameters, 

iii. simulate idealized (monodisperse and polydisperse) sands to understand the 

physics of bridge formation, 

iv. simulate typical field sand samples retained by WWSs, 

v. compare numerical and laboratory test results, and present simplified trends and 

correlations for WWSs. 

2.1  PAST WORK ON SCREEN SELECTION FOR STANDALONE SCREEN APPLICATIONS 

Many deepwater sandstone reservoirs are weakly consolidated and require some 

form of sand control. Many of the producers in these environments are completed open 

hole, and gravel packing is one of the widely used techniques. However, standalone 

screens (SAS) in open hole can also provide highly reliable sand control completions 

when applied in the “right environment” with the “right procedures”. Under these 

conditions, SAS result in lower cost with less operational complexity and comparable 

productivity performance as gravel packs. 

Sizing of sand control media for oilfield applications has been the subject of many 

laboratory studies dating back to the early 1900’s (Coberly 1937; Suman et al. 1985; 

Markestad et al. 1996; Tiffin et al. 1998; Malbrel et al. 1999; Ballard et al. 1999; 

Underdown et al. 1999; Gillespie et al. 2000; Hodge et al. 2002; Ballard and Beare 2003; 

Constien and Skidmore 2006; Williams et al. 2006; Ballard and Beare 2006; Mathisen et 

al. 2007; Underdown and Hopkins 2008). Interested readers are urged to refer to 

Chanpura et al. (2011) who have conducted a thorough review of the past work on screen 

selection for standalone screen applications. Various criteria exist in the industry for 

screen sizing and selection for SAS. These are based on experimental data, rules of 
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thumb, and/or correlations developed through sand retention experiments. However, there 

are considerable differences in the way these experiments are conducted and also in the 

way the data are analyzed. There is no standard procedure to perform these sand retention 

tests (SRTs) and to analyze the data. Accordingly the screen recommendations are also 

different from different test procedures.  

A review of the past work reveals that most of the screen sizing criteria for SAS 

are either (a) based on a few points (e.g., d10, d50, etc.) of the PSD or (b) based on relative 

ranking of screen performances, or (c) have implicit assumptions on acceptable sand 

production (see Figures 1.5 and 1.6 for some examples). As proposed by Chanpura et al. 

(2011), an ideal screen selection methodology should take into account the full PSD of 

the formation sand and be able to predict sand production (along with PSD of the 

produced solids), retained screen and near-screen permeability, and also give users the 

choice to define an acceptable sand production mass/volume. Then, for a given screen 

type and size, and a given PSD, using the ideal methodology and the acceptability 

criterion, the user can make an informed decision on screen/completion selection. An 

approach using numerical simulations could be a viable method to achieve this. With this 

goal in mind, this study was initiated to (i) numerically simulate transport of sand packs 

through WWSs, (ii) validate model against experimental data, and (iii) relate retention in 

different PSD/screen combination, to be able to predict the mass and PSD of produced 

solids until sand production either stops or becomes solely fines production (the latter 

would be expected only in a bimodal PSD).  

2.2  PREPACK SAND RETENTION TEST PROCEDURE 

A brief description of the test procedure is presented here following Constein and 

Skidmore (2006). The test procedure consists of two parts.  
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2.2.1 Formation Deposition on Screen 

In the first part, a deposition bed of about 0.5 inch of formation material is formed 

on the screen, which simulates the filling of the annulus between the screen and wellbore. 

1. The formation material is slurried in Newtonian test oil to form a high-

concentration particulate suspension. 

2. The formation material is displaced on the test screen at a constant pressure drop 

of 200 psi and the flow rate of oil through the screen is continuously monitored.  

3. Three pressure surges of 0-400 psi are applied across the formation and screen 

when the volume of fluid passing through the screen has reached about 0.75 

gal/ft2. 

4. Samples of the oil are collected at regular volumes and the concentration of solids 

is determined as a function of pounds of formation per square ft. of screen area 

versus flow volume through the screen in gal/ft2 of screen area. 

5. The total solids produced through each screen in lb/ft2 at 3.0 gal/ft2 of flow are 

reported. Generally, there is retention by this time, i.e., sand production becomes 

zero or negligible. 

6. The amount of produced solids is determined and plotted as a function of flow 

volume. The particle size distribution (PSD) is determined for the sample 

containing the greatest amount of solids. 

2.2.2 Stress versus Permeability 

The second part of the test simulates the environment after the annulus area has 

been filled with formation material and the wellbore stresses increase on the formation 

and screen. 

1. When approximately 0.5 inch of formation material has been deposited onto the 

screen and about 3 gal/ft2 of flow has been reached, the net confining stress on the 
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formation and screen is increased while maintaining constant 200-psi pore 

pressure for flow.  The maximum confining stress is 1200 psi resulting in a net 

stress of 1000 psi. 

2. The oil flow rate through the pack and the formation thickness is continuously 

monitored.  Permeability vs. stress is determined. 

3. At the conclusion of the test, the formation pack is removed from screen.  The 

final screen permeability and the %-retained permeability of the screen are 

determined. 

In our modeling approach, we only concentrate on the first part of the test, 

without any pressure surges, and the amount of formation sand produced before retention 

by the screen. It should also be noted that the scale of the simulations, the experiments, 

and the real sand production observed in the field are different from each other. The 

simulations focus on a few square millimeters of screen area where retention is observed 

in a few seconds; the experiments are conducted with a few square inches of screen area 

where retention is observed in minutes to hours; whereas, sand production in wellbores 

occurs across hundreds of square feet of screen area and retention is observed in days to 

months. 

2.3  MODEL FORMULATION 

We present simulations using the Discrete Element Method (DEM) in three-

dimensions on systems of N monodispersed or polydispersed, cohesionless, frictional 

spheres of fixed density ρ . In the DEM, information about each particle (mass, velocity, 

force, angular momentum, etc.) lying within the computational domain (simulation box) 

is individually tracked in a Lagrangian frame (Cundall and Strack 1979). LAMMPS (an 

acronym for “Large-scale Atomic/Molecular Massively Parallel Simulator”) is a classical 
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Molecular Dynamics (MD) simulator, which because of the physical and algorithmic 

analogies between DEM and MD, offers a very fast and efficient ‘Granular’ package for 

conducting DEM simulations (Kloss and Goniva 2010). LAMMPS is available as an 

open source code (Plimpton 1995; LAMMPS User Manual 2010) and was used for all the 

simulations. The goal was to simulate prepack experiments by first generating a packing 

of polydisperse granular spheres over a single rectangular outlet of a WWS geometry, 

and then flowing a fluid at a given pressure gradient through the pack. The mass of sand 

produced per unit area of screen for various screen sizes and PSD was computed. 

The number of particles N in the system was varied from ~4,000 for 

monodisperse systems to ~100,000 for polydisperse systems. The simulation box was a 

3D unit cell of 50d × 50d bounded by fixed granular walls in the x-y plane where d is the 

diameter of a particle. In the z direction, it was bounded at the bottom by a wall with an 

open slot parallel to the y-axis, representing the screen opening, and an open top. Initially 

the slot was kept closed and a prepack of particles were generated before opening the slot 

and allowing particles to be produced through the slot. Two different methods were used 

to populate the box with particles and generate the initial configuration of packed 

spheres. The monodispersed packs with ~4,000 particles were prepared by generating 

particles in a face-center cubic (fcc) lattice structure within the simulation box. The 

particles were subsequently imparted at initial random velocity, allowed to settle under 

gravity and compacted by applying large body forces. This method of particle pack 

construction mimics sedimentation. The polydisperse systems with ~100,000 particles 

were constructed by creating the particles within a region of the simulation box as 

randomly positioned non-overlapping spheres and then allowing them to settle under 

gravity, followed by compaction. This method of construction mimics the pouring of 

granular particles within a box. The different methods of generating the initial 
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configuration were chosen based on their computational efficiency i.e. the minimum time 

required to reach static equilibrium for a certain simulation. The different particle sizes 

and the number of particles of each size were obtained from the measured PSD of the 

formation sand sample used for the corresponding experiment. Figure 2.1(a) shows the 

simulation box with ~10,000 particles in it. The layer of blue particles at the bottom 

represents the screen with the slot. The slot is closed by a layer of particles to generate 

the initial prepack configuration. 

The spherical particles interact only on contact through a spring-dashpot 

interaction law that models forces acting in the normal and tangential directions to their 

lines of centers. Contacting spheres i and j with radius Ri and Rj , positioned at ri and rj 
experience a relative normal compression δ = rij – d , where rij = ri – rj , d = Ri + Rj , 

which results in the force, 

 

(a) 
 

(b) 

Figure 2.1: (a) Simulation box with initial particle configuration. (b) Bridging of 
particles. 
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 Fij = Fn + Ft   (2.1) 

The Hertzian contact model was used in this study, where the normal pushback 

force between two overlapping spheres is proportional to the area of overlap of the two 

particles and is, therefore, a non-linear function of the overlap distance. The normal (Fn) 

and tangential (Ft) contact forces are given by (Brilliantov et al. 1996; Silbert et al. 2001; 

Zhang and Makse 2005): 

 Fn = δ
RiRj

Ri + Rj

knδ nij −
mimj

mi +mj
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  (2.3) 

where, nij = rij / rij , vn and vt are the normal and tangential components of the surface 

relative velocity of the two particles. kn, kt and γn, γt are the elastic and viscoelastic 

damping constants for normal and tangential contact, respectively, mi and mj are the mass 

of the contacting particles. Δst is the tangential displacement vector that is obtained by 

integrating the surface relative velocities during the elastic deformation of the contact. 

The magnitude of Δst is truncated as necessary, to satisfy a local frictional yield criterion, 

Ft ≤ µ Fn , where µ  is the particle-particle friction coefficient. Particle-wall interactions 

are treated similarly with the wall behaving as a particle with infinite radius and mass. 

Though LAMMPS does not have an explicit fluid component, the presence of a viscous 

fluid was implicitly modeled by applying a viscous drag force on each particle. The 

viscous drag force (Fv) is given by: 

 Fv = 3πηdiv i   (2.4) 
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where, η  is the dynamic viscosity of the fluid, di and vi are the diameter and the velocity 

of the particle respectively. Note that with the viscous drag force depending on the 

particle velocity only (instead of the relative velocity between the particle and the fluid), 

we are assuming that the fluid is stationary, which in reality it is not. To account for the 

drag force due to the fluid flow, a normal force on each particle caused by the pressure 

gradient (∆P) of the fluid was modeled as a body force (Fb) given by: 

 
   
Fb =

π
4

∂P
∂z

⎛
⎝⎜

⎞
⎠⎟

di
3   (2.5) 

Because of high pressure-gradients used in the experiments, typically Fb >> Fv. 

All physical quantities in the simulation were used in dimensionless units by normalizing 

with the following: length ~ d, time ~ d g , velocity ~ dg , force ~ mg , stress 

~ mg d 2 , where d for the monodisperse cases were 100 μm and  g  is the acceleration 

due to gravity. The polydisperse cases were normalized using diameter d and mass m of 

the smallest particle in the simulation box, which depends on the PSD of the formation 

sand used in the experiment. The simulations were run with density of the particles, ρ  = 

2650 kg/m3. In general, according to Hertz theory, normalized stiffness constants depend 

on the elastic moduli and diameter of the particles, and for quartz grains, kn and kt are 

≈1010 mg d 2 (Johnson 1985; Zhang and Makse 2005). However, granular simulations 

reported in the literature suggest that the results are not particularly sensitive to the values 

of kn and kt as long as they are close to the kn →∞  limit of small deformations (Ertaş et 

al. 2001). In addition, the results are not sensitive to the particular values of γn,t or the 

kt kn  ratio as long as they are not too different (Schäfer et al. 1996; Silbert et al. 2001). 

Therefore, all simulations were run with kn and kt ≈1010 mg d 2  and γ n = γ t = 50 g d 3 . 
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The simulations were performed using the Texas Advanced Computing Center’s 

(TACC) High Performance Computing (HPC) resource. The polydisperse simulations 

(~100,000 particles) took approximately 24 hours to run on 48 processors of a Dell Linux 

Cluster. This is equivalent to ~48 days of Central Processing Unit (CPU) or computer 

time on a desktop computer with a single processor. Figure 2.1(b) shows the bridging of 

particles near the end of a polydisperse simulation. 

2.4  RESULTS AND DISCUSSION 

2.4.1 Effect of Model Physics 

The effect of various model parameters on the cumulative number of particles 

produced before formation of sand bridges was studied using simulations of ~4,000 

mono-disperse particles with 100 μm diameter. The slot width for the simulations was 

200 μm. The pressure gradient of the flow was assumed to be 2200 psi/ft, the viscosity of 

the fluid was taken as 1 cp, and the particle-particle or particle-wall friction coefficient 

was assumed to be 0.5. These are the default parameters unless otherwise stated. The 

most important factors that influence the simulation results have been summarized in this 

section. 

2.4.1.1 Shear Forces and Bridge Formation 

Figure 2.2 shows the bridging of sand particles over a slot opening indicated by 

the cumulative number of particles produced reaching a plateau (Case 1: red curve). 

Figure 2.2 also demonstrates the necessity of shear forces in bridging of particles. Shear 

forces were turned off for Case 2 (blue curve), the no-bridging case, by assigning 

kt = 0 and γ t = 0  in the simulations. It is clear from these results that if no frictional 

forces exist between sand grains, no bridging occurs. 
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Figure 2.2: Bridging of particles and the effect of shear forces. 

2.4.1.2 Stiffness Constant 

The effect of the stiffness constant (kn) was studied with respect to the bridging 

behavior of particles. Figure 2.3 shows that the results are insensitive for 

kn ≥ 2 ×10
7 mg d 2 , in agreement with Ertaş et al. (2001). 

 

 

Figure 2.3: Effect of stiffness constant. 
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2.4.1.3  Angular Momentum 

In general, for granular simulations with spherical particles, rotational motion of 

individual particles is allowed and angular momentum is also tracked in a Lagrangian 

frame (along with position and velocity, the angular velocity of particles is updated at 

each timestep). We found that simulations that allowed rotational motion of particles 

showed much higher sand production than experiments. In reality, sand grains are 

severely aspherical in shape and bridging of sand grains over screens may be largely 

attributed to interlocking of grains. Since DEM models cannot yet handle aspherical 

particles for granular simulations in a computationally viable way, one way to 

incorporate asphericity is to prevent particles from freely rolling over each other. 

Therefore, for all simulations, angular velocity of particles was constrained and not 

updated at each timestep. 

2.4.1.4 Box Geometry 

The real screen geometry consists of slot openings of various sizes typically 

separated by wires 2000-3000 μm wide. An identical simulation box representation of 

this geometry would require periodic walls at a distance of 1000-1500 μm from the slot 

opening on each side. For polydisperse cases, in the normalized LAMMPS units, this 

would result in a large simulation box (~ 200d × 200d for some cases), and would require 

a very large number of particles to populate and create the initial configuration. Hence, 

fixed granular walls were selected over periodic ones. Since particle-wall interactions are 

modeled identical to particle-particle interactions, fixed granular walls are analogous to 

static blocks of particles. It was also observed that fixed walls at a distance greater than 

~15d from the slot had little or no effect on the number of particles produced, which 

implied that bridging was affected only by the arrangement of particles close to the 
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opening. Therefore, the simulation box geometry was chosen to be a cuboid with a base 

50d × 50d bounded by fixed granular walls in the x-y plane. 

2.4.1.5 Friction Coefficient 

As mentioned earlier, shear forces are necessary to form bridges and the 

magnitude of shear forces acting on the particles is determined by the friction coefficient. 

Figure 2.4 shows the effect of friction coefficient and, as may be expected, the total 

number of particles produced decreases with an increasing friction coefficient. No bridge 

formation was observed below a friction factor of 0.3. A friction factor of 0.5, standard 

for granular simulations (Silbert et al. 2002a; Landry et al. 2004), was chosen for further 

simulations. 

2.4.1.6 Initial Particle Configuration 

Dissimilar packing arrangements were formed using different random seeds for 

the initial velocity assigned to the particles. In the Hertz contact model, tangential forces 

are a function of the loading history of the contact. Therefore, there is variability in the 

 

Figure 2.4: Effect of friction coefficient. 
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cumulative number of particles produced for different packing as shown by Figure 2.5. 

The error bars show one standard deviation from the mean number of particles produced 

for five different packings. Simulations of frictional sphere packings by Silbert et al. 

(2002b) also show that static granular packings do not have a unique force network 

determined by the packing or the loadings on particles but are a function of the 

construction history. However, the variability seen in repeat runs (with different initial 

particle packings) is small relative to the effect of slot width, the variable parameter in the 

experiments. For all simulation results shown in this study, error bars are shown that 

reflect this variability (± one standard deviation from the mean).  

 

 

Figure 2.5: Effect of initial particle configuration. 

2.4.2 Results for Monodisperse Particles 

After the various questions about the model physics were resolved, several 

simulations were conducted on monodisperse packings to understand different aspects of 

the model and to study the effect of key operational or geometric parameters. 

0 

10 

20 

30 

0 0.5 1 1.5 2 2.5 3 

C
um

ul
at

iv
e 

N
um

be
r o

f 
Pa

rt
ic

le
s 

Pr
od

uc
ed

 

Dimensionless Time 



 38 

2.4.2.1 Fluid Viscosity 

The effect of the fluid viscosity on the total number of particles produced was 

studied using monodisperse particles. Figure 2.6 shows that a larger number of particles 

were produced at low viscosities. This is because at higher viscosities, particles have 

lower kinetic energy and lower velocities. It can be intuitively argued that this favors the 

formation of stable bridges. However, poly-disperse simulations with a fluid viscosity of 

~500 cp (the viscosity of the fluid used in the experiments) were extremely slow because 

with low velocities, it required significantly longer simulation time to produce enough 

particles before bridging occurred. It can also be observed from Figure 2.6 that there is 

not a significant difference in the number of particles produced at viscosities greater than 

10 cp. Hence, polydisperse simulations were conducted with a fluid viscosity of 10 cp to 

significantly reduce computation times while not affecting the number of particles 

produced to a great extent. 

 

 

Figure 2.6: Effect of fluid viscosity. 
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2.4.2.2 Pressure Gradient 

Figure 2.7 shows the cumulative number of particles produced for a wide range of 

pressure gradients. At low pressure-gradients (<100 psi/ft), an increasing trend can be 

observed while there is no clear dependence at high pressure-gradients. The results were 

generated for five different packing arrangements. 

 
(a) 

 

 
(b) 

Figure 2.7: Effect of pressure gradient at (a) low gradients and (b) high gradients. 
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2.4.2.3 Slot Width to Particle Diameter Ratio 

Finally, the slot width was varied while keeping the particle diameters constant as 

shown in Figure 2.8. This is the most important factor affecting the number of particles 

produced and no bridging was observed for slot width to particle diameter ratios greater 

than 3 as also noted by McCormack (1988). 

 

 

Figure 2.8: Effect of slot width (Do )  to grain size (d) ratio. 
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increasing UC i.e., the size and mass of the particles in the sample are decreasing but a 

larger number of particles are being produced. It is due to this opposing effect, that the 

total mass of sand produced goes through a maximum at UC ~ 4 for the linear PSD 

shown in Figure 2.9(a). At lower values of UC, the mass of sand produced increases with 

UC because the number of (relatively large) particles produced increases. At higher 

values of UC, the mass of sand produced decreases with UC, as the decreasing mass of 

 

(a) 

 

(b) 

Figure 2.9: (a) PSD of formation sand. (b) PSD of produced sand. 
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the produced sand particles becomes the dominating factor. However, this behavior of 

produced mass versus UC needs to be verified with more realistic particle size 

distributions before drawing further conclusions. 

The effect of initial particle configurations for polydispersed cases was also 

studied using these PSD. The variability observed in the mass of sand produced was 

<10%. This is because, though there is variation in the amount of particles produced of 

each size, overall these variations cancel each other out and the total mass of sand 

produced is less affected. 

 

 

Figure 2.10: Effect of PSD characterized using uniformity coefficient (UC). 
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flowed through a prepack of formation sand over wire-wrap screen at a pressure gradient 

of 4,800 psi/ft. Effluent samples with the produced solids were collected at regular 

intervals and mass of the formation sand produced per unit screen area was measured. 

Our numerical simulations replicate this procedure as closely as possible and simulate 

particle production through screens, at the grain scale.  

The sand PSDs (Figure 2.11) were divided into 7-8 bins and converted into PSDs 

by number in order to generate the initial packing with 7-8 discrete particle sizes. The 

simulations were conducted as described earlier. The PSD of the produced solids were 

calculated by simply counting the number of produced particles of each size and 

converting it into a mass based distribution. We saw evidence of bridge formation in 

most cases except those, where d5 of the formation sand PSD was less than the slot width 

opening, i.e.d5 < Do . These distributions are plotted in Figure 2.11 with dashed lines. 

Figure 2.12 summarizes the simulation results and shows an overall comparison with the 

experimental results. The points that are encircled in red correspond to those PSDs 

(d5 < Do )  where no retention was observed and sand production continued even at the 

end of the simulations. The ~100,000 particles used in the simulations were not enough 

for these cases, and with a larger number of particles and longer runtimes, the mass of 

sand produced from these simulations would increase. However, due to computational 

constraints, the simulations were not performed with greater than ~100,000 particles. 

Since these cases do not represent a final mass of sand produced, we have excluded them 

from the correlations developed later in this chapter.  
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Figure 2.11: Sand PSDs used in the experiments and simulations. The PSDs that did not 
jam in the simulations are in dashed lines. The vertical dashed line marks 
the opening width of the screen (Do ) . 

100101102103
0

20

40

60

80

100
C

um
ul

at
iv

e 
%

 R
et

ai
ne

d

Particle diameter, µm

(a) Do = 150 µm

100101102103
0

20

40

60

80

100

C
um

ul
at

iv
e 

%
 R

et
ai

ne
d

Particle diameter, µm

(b) Do = 200 µm

100101102103104
0

20

40

60

80

100

C
um

ul
at

iv
e 

%
 R

et
ai

ne
d

Particle diameter, µm

(c) Do = 250 µm

100101102103104
0

20

40

60

80

100

C
um

ul
at

iv
e 

%
 R

et
ai

ne
d

Particle diameter, µm

(d) Do = 300 µm

100101102103104
0

20

40

60

80

100

C
um

ul
at

iv
e 

%
 R

et
ai

ne
d

Particle diameter, µm

(e) Do = 350 µm

100101102103104
0

20

40

60

80

100

C
um

ul
at

iv
e 

%
 R

et
ai

ne
d

Particle diameter, µm

(f) Do = 400 µm



 45 

 

Figure 2.12: Mass of sand produced per unit screen area in the experiments versus the 
DEM simulations. Please note that the data points encircled in red 
correspond to the high–sand production cases (refer to text for description). 

Figure 2.13 presents two conventional plots used to ascertain screen performance, 

where mass of sand produced is plotted against a dimensionless parameter representing 

the PSD. Though the simulations follow the same trend as seen in the experiments, there 

is no strong correlation observed in either the experimental data or the simulation results. 

Hereafter, all correlations have been specified in the general form y = An (x)
bn , where An 

and bn are the respective constants in the correlations. 
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(a) 

 

(b) 

Figure 2.13: Mass of sand produced versus conventional axes such as, (a)   d10 Do  and 
(b)   (d50 UC) Do . 
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2.4.5 Simplified Correlations 

We looked at various dimensionless groups for the x-axis. However, no strong 

correlation was observed for any x-axis group. Only imprecise criteria for whether to 

adopt sand control could be suggested, such as d10 Do ≤1 , (d50 UC) Do < 0.1 , etc. Most 

conventional methods used to predict screen performance attempt to correlate a 

dimensional y-axis (which is a function of the absolute particle diameter) to a 

dimensionless x-axis (which is a function of the relative particle diameter). In our 

opinion, such inconsistent axes accentuate the scatter shown in Figure 2.13. We therefore 

propose a dimensionless y-axis MD defined as: 

 MD = MA
ρD3UC

  (2.6) 

where, MD is the dimensionless mass, M is the experimentally or numerically determined 

mass of sand produced per unit area, A is unit area, ρ is density, D is a representative 

particle diameter (d10 or d50) and UC is uniformity coefficient of the formation sand. 

Figure 2.14 shows the plots of MD versus   d10UC Do  and   d50UC Do  respectively. The 

agreement of the numerical results with the experiments is also demonstrated. It should 

be noted that MD should always be calculated with the representative particle diameter 

that has been used for the x-axis. Thus, from the fits, simple correlations for mass of sand 

produced may be written in dimensionless form as, 

 Md10 = A5
d10UC

Do
( )b5   (2.7) 

 Md50 = A6
d50UC

Do
( )b6   (2.8) 
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(a) 

 

(b) 

Figure 2.14: Dimensionless mass of sand produced versus (a)   d10UC Do  and (b)

  d50UC Do . 

As can be seen from the plots, better correlations and more obvious trends (for 

both the experimental data and the simulation results based on 23 experimental data sets) 
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are obtained when both axes are made dimensionless as proposed here. It is expected that 

this simple new correlation can be used to assist in screen selection and design for a given 

sand size distribution under a variety of conditions. 

Even though making both axes dimensionless in Figure 2.14 helped to improve 

the correlation, it does not provide the PSD of produced solids and is still based on only 

three points from the entire formation PSD (a representative diameter, d10 or d50 and the 

uniformity coefficient, UC, which is defined in terms of d40 and d90). The new method 

proposed below uses the entire formation PSD to determine the mass of sand produced 

and its PSD. The backbone of this method (Mondal-Sharma Method) is a correlation 

between the numbers of particles of diameter di produced through a screen of slot 

opening Do. 

2.4.6 The M-S Method 

The mass of sand produced depends on two quantities– (i) the number of particles 

of different sizes being produced, and (ii) the mass of each of those produced particles. 

The produced PSD can also be calculated if the above two quantities are known. For the 

DEM simulations, a given formation PSD was discretized into a convenient number of 

bins (as shown in Figure 2.15) to get different particle sizes (di) and their corresponding 

weight fraction (xi) present in the formation. The simulation box was subsequently 

populated with particles of these sizes. The number of bins chosen is arbitrary and if a 

sufficient number of bins are chosen, it will not affect the result. For example, if d10, d25, 

d40, d50, d60, d75, and d90 are used as the discrete particle diameters (di), the corresponding 

weight fractions (bin sizes xi) will be, x10 = 0.175, x25 = 0.15, x40 = 0.125, x50 = 0.1, x60 = 

0.125, x75 = 0.15, and, x90 = 0.175.  
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Figure 2.15: Discretizing a formation PSD to determine the different discrete particle 
sizes (di ) and their corresponding weight fraction ( xi ) present in the 
formation. 

From every DEM simulation, the number of particles of each size di that were 

produced through the screen were counted, and was found to follow an interesting 

correlation: In a polydisperse sand sample, the number of particles of diameter di has a 

power-law correlation with (di Do ) , where Do is the outlet size of the screen. 

 NPi =α
di
Do

⎛
⎝⎜

⎞
⎠⎟

β

  (2.9) 

2.4.6.1 NP Correlation 

This relationship can be scaled with respect to the fraction di in the PSD (xi), the 

screen area, and the screen open-flow area (OFA = screen open area/total screen area) to 

form a general ‘NP-correlation’. The collected data points from all the 23 simulations are 

plotted in Figure 2.16. This NP-correlation can be used to calculate the number of 
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particles of a given size that will be produced once the formation sand size distribution 

and the screen size are known.  

 

 

Figure 2.16: The number of particles produced per unit screen area (NPi), of diameter di, 
follows a power-law correlation with di Do . 

In order to validate this observation, we computed the NP-correlation from the 

experimental data (using the measured mass and PSD of the produced sand). The strong 

correlation between the two shows that the effects of prepack and the initial particle 
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experiment extends to very low values of di Do  and has a lot more data points because 

we were computationally constrained by the number of particles that we can simulate. 

However, it is encouraging to see that the trend is followed as was predicted from the 

simulations. 

 

 

Figure 2.17: Comparison of NP-correlation from the experiments with the simulations. 
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 If di
Do

≤1
⎛
⎝⎜

⎞
⎠⎟
then NPi = xi × A9

di
Do

⎛
⎝⎜

⎞
⎠⎟

−b9

else NPi = 0   (2.10) 

where, xi is the bin size for di i.e., x5 = 0.075, x10 = 0.1, x25 = 0.15, x40 = 0.125, x50 = 

0.1, x60 = 0.125, x75 = 0.15, x90 = 0.1, and x95 = 0.075. 

Step 2. Calculate the normalized mass of sand produced for di size particles with 

respect to mass of one particle of size, d50, (Md50,i) as follows. The screen has x% 

OFA. 

 Md50,i =
di
d50

⎛
⎝⎜

⎞
⎠⎟

3

NPi
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
× x%OFA
10%OFA

  (2.11) 

Step 3. Repeat steps 1 and 2 for i=5, 10, 25, 40, 50, 60, 75, 90 and 95. The total 

equivalent number of (d50 size) particles produced (MD50) is 

 Md50 = Md50, i( )∑   (2.12) 

The mass fraction of produced solids with size di is 

 fi =
Md50, i

Md50

  (2.13) 

fi could then be used to calculate the PSD of the produced solids. 

Step 4. The mass of sand produced per screen area (kg/m2) is given as 

 M = Md50 × ρ π
6
d50
3   (2.14) 

where, ρ  is 2650 kg/m3 and d50 is in meters. 
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Please note that d10 may also be used as the representative diameter in step 2 to 

obtain the equivalent number of (d10 size) particles produced. However, in that case d50 in 

Eqs. 2.11 through 2.14 should be replaced by d10. 

Figure 2.18 and Figure 2.19 compare the dimensionless mass (Md50) and the 

dimensional mass (M) of sand produced calculated using the M-S method with the 

experimental data, respectively.  

 

 

Figure 2.18: Comparison of dimensionless mass of sand produced from correlation with 
experimental data. 
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Figure 2.19: Comparison of dimensionless mass of sand produced from correlation and 
simulations with experimental data. 

2.5  CONCLUSIONS 

We have presented 3D DEM simulations of the transport of sand packs (high-

concentration suspension flows) through rectangular outlets (WWS). The simulations can 

be used to estimate the mass of the sand produced and the PSD of the produced sand. The 

effect of various parameters in the model have been systematically tested and validated to 

provide an accurate representation of the physics of the problem. The most important 
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(a) As expected, friction and shear forces are necessary to form stable bridges 

whereas the slot width to particle diameter ratio is the most critical parameter 

affecting the number of particles produced. 

(b) High fluid viscosities and lower pressure gradients facilitate bridging of particles. 

The number of particles produced increases with the fluid pressure gradient at 

typical field values (<100 psi/ft) but at higher fluid pressure gradients 

corresponding to many of the experiments reported in the literature, there is no 

clear dependence. 

The numerical results have been compared with experimental data. After 

normalization to the dimensionless parameter MD good quantitative agreement and very 

consistent trends were observed in both the experiments and the model results when 

displayed logarithmically. Two simple correlations are presented to predict the 

dimensionless mass (MD) of sand produced, using a representative diameter (d10 or d50) 

and UC. These correlations are shown to be approximate since they rely on only two 

parameters in the sand size distribution (d10 or d50 and the uniformity coefficient). 

A new scaling relation for polydispersed systems has been identified, where the 

number of particles produced of size  di , has a power-law correlation with the particle-to-

outlet size ratio ( di Do ). 

Finally a new (M-S) method is presented to estimate both, the mass and size 

distribution of the produced solids for wire-wrap screens using the entire particle size 

distribution of the formation sand. Based on comparisons with experiments, this method 

is found to provide much more accurate predictions of screen performance compared to 

past methods that are based on d10, d50 and/or UC, and can be used for systematic screen 

size selection in the absence of experimental data. 
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NOMENCLATURE 
 

A  = area, L2, m2 

An , bn = constant coefficients in 
correlations 

d  = diameter, L, m (μm) 
di  = diameter of particle i or particle 

representing i percentile by mass, L, 
m (μm) 

D  = representative particle diameter, 
L, m (μm) 

Do  = outlet size, L, m (μm) 
fi  = mass fraction of produced solids 

with size di 
Fb  = normal body force vector due to 

pressure gradient, MLT-2, N 
Fn  = normal contact force vector, MLT-

2, N 
Ft  = tangential contact force vector, 

MLT-2, N 
Fv  = viscous drag force vector, MLT-2, 

N 
g  = acceleration due to gravity, LT-2, 

m/s2 
kn  = elastic constant for normal 

contact, ML-1T-2, Pa 
kt  = elastic constant for tangential 

contact, ML-1T-2, Pa 
m  = mass, M, kg 
mi , mj  = mass of contacting particles i and 

j, M, kg 
M  = mass produced per unit area, ML-

2, kg/m2 
MD  = dimensionless mass of sand 

produced 
Md10  = dimensionless mass of sand 

produced with respect to d10 
Md50  = dimensionless mass of sand 

produced with respect to d50 

nij  = unit vector joining the centers of 
two particles i and j 

N  = number of particles in simulation 
box 

NPi  = number of particles produced of 
diameter di 

P  = pressure, ML-1T-2, Pa (psi) 
ri , rj  = position vector of contacting 

particles i and j, L, m 
rij  = position vector joining the centers 

of two particles i and j, L, m 
Ri , Rj  = radius of contacting particles i and 

j, L, m 
UC  = Uniformity Coefficient 
vi  = velocity vector of particle i, LT-1, 

m/s 
vn  = normal velocity vector, LT-1, m/s 
vt  = tangential velocity vector, LT-1, 

m/s 
x  = screen OFA 
xi  = bin size 
γn = viscoelastic damping constant for 

normal contact, L-1T-1, 1/ms 
γt = viscoelastic damping constant for 

tangential contact, L-1T-1, 1/ms 
δ  = relative normal compression, L, m 
  ∂P / ∂z = pressure gradient, MT-2, Pa/m 

(psi/ft) 
Δst  = tangential displacement vector, L, 

m 
η  = dynamic viscosity, ML-1T-1, Pa.s 

(cp) 
µ   = friction coefficient 
ρ   = density, ML-3, kg/m3 
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Chapter 3: Numerical Simulations of High-Concentration Suspension 
Flows through Square Mesh Openings 

In this chapter1, we focus on estimating sand production during flow of granular 

sand packs through square mesh screens using DEM simulations. Woven-metal-mesh 

sand screens, commonly known as premium screens, have been used extensively by the 

industry. Sand-retention testing is often executed to evaluate the performance of these 

screens and to establish empirical guidelines for screen-size selection. These tests are 

tedious, and the results\are prone to artifacts. They have been used at best, to correlate 

trends in sand-retention performance with select sand-size-distribution parameters.  

This chapter presents simulations replicating a wide range of prepack sand-

retention experiments. In these experiments, which represent complete wellbore collapse, 

a high-concentration suspension is flowed through a plain square mesh (PSM). The mass 

of sand produced and its size distribution over time are measured. 3D DEM simulations 

of these experiments were conducted with approximately 100,000 particles and a single-

layer of PSM geometry. A new method incorporating results from numerical modeling 

and experimental data, is presented to estimate the mass and size distribution of the 

produced solids in prepack sand-retention tests (SRTs) through PSM screens. This 

method is based on a correlation that allows one to use the entire particle size distribution 

(PSD) of the formation sand, to estimate the mass and size distribution of the produced 

sand. The method is validated by comparisons with experimental data. The method also 

helps in screening anomalous test results. 

                                                
1 Many of the ideas expressed in this chapter were first presented in: Mondal, S., Sharma, M.M., Hodge, 
R.M. et al. 2012. A New Method for the Design and Selection of Premium/Woven Sand Screens. SPE Drill 
& Compl 27 (3): 407-416. SPE-146656-PA. Sharma supervised the project, and other coauthors Hodge et 
al. provided experimental data for validation and collaborated on application and testing. 
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Additionally, key differences in sand-retention mechanisms between premium 

screens and wire-wrap screens (WWSs) have been identified.  

3.1  MODEL FORMULATION 

We present 3D simulations of prepack sand-retention experiments on 

woven/premium screens using the DEM proposed by Cundall and Strack (1979). In 

DEM, which has been derived from molecular-dynamics (MD) simulations, interactions 

between discrete particles are governed by the fundamental laws of Newtonian 

mechanics, and information about each discrete particle (mass, velocity, force, angular 

momentum) lying within the computational domain (simulation box) is tracked 

individually in a Lagrangian frame. LAMMPS (Large-scale Atomic/Molecular Massively 

Parallel Simulator) is a state-of-the-art MD simulator, which, because of the physical and 

algorithmic analogies between DEM and MD, offers a very fast and efficient “granular” 

package for conducting DEM simulations (Kloss and Goniva 2010a). LAMMPS is 

available as an open-source code (Plimpton 1995; LAMMPS 2010) and was improved 

upon by Kloss and Goniva (2010b) to create an open-source DEM particle-simulation 

software called LIGGGHTS (which stands for LAMMPS Improved for General Granular 

and Granular Heat Transfer Simulations). LIGGGHTS inherits all the abilities of the 

LAMMPS Granular package but improves its capabilities with the goal to apply it to 

industrial applications (LIGGGHTS 2011). The two main advantages of LIGGGHTS 

over LAMMPS are (1) rewriting of the contact laws to internally calculate stiffness and 

damping constants from granular material properties such as Young’s modulus, Poisson’s 

ratio, and coefficient of restitution, and (2) the ability to create complex walls using 

computer-aided design (CAD) models. The LIGGGHTS simulator was used for all the 

simulations presented in this paper. In our simulations, we have a 3D system of N 
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polydispersed, cohesionless, frictional spheres of density ρ . The goal was to simulate 

prepack experiments by first generating a packing of polydisperse granular spheres with a 

given PSD over a PSM screen geometry and then flowing a fluid at a given pressure 

gradient through the pack. The total mass of sand produced per unit area of screen (until 

retention) for various screen sizes and the PSD of the produced sand were computed from 

the simulations. 

The PSM geometries were created using CAD and were imported into 

LIGGGHTS. The manufacturer’s wire thicknesses and mesh-size ratings were used to 

generate an accurate 3D representation of a single layer of PSM, as shown in Figure 

3.1(a). Screen dimensions containing 16 (4×4) mesh openings in the x–y plane were used 

for the simulations, and a simulation box surrounded the screen, as shown in Figure 

3.1(b). The number of particles N in the system varied from approximately 4,000 to 

approximately 140,000, depending on the given formation PSD. The simulation box was 

bound by periodic walls in the x- and y-direction (Figure 3.1(b)), so that particles can 

interact across the boundary by exiting from one vertical face of the box and re-entering 

from the opposite vertical face. In the z-direction, it was bound at the top and bottom by 

fixed granular walls. Particles were inserted in the region above the screen, inside the 

simulation box, as randomly positioned non-overlapping spheres, and then allowed to 

settle under gravity, followed by compaction. Initially, an imaginary wall, normal to the 

z-direction, was created slightly above the screen such that a particle-pack could be 

generated before the imaginary wall was removed and particles were allowed to be 

produced through the screen because of a pressure-driven flow. This method of 

construction mimics the flow of high-concentration slurry (solid volume fraction 

approximately 50%) across the screen, akin to prepack experiments. The different 

particle sizes, and the number of particles of each size, were obtained from the measured 
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PSD of the formation sand sample used in the corresponding experiment. Figure 3.1(b) 

shows the simulation box with a pack of approximately 70,000 particles over the screen. 

 

 
(a) 

 

 
(b) 

Figure 3.1: (a) Front view of simulation box wrapped around screen. The vertical walls 
of the simulation box have a periodic boundary condition. (Inset: Plan view 
of CAD drawing of a square mesh screen used in the simulations.) (b) Front 
view of pre-pack of ~ 70,000 particles above screen. 
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The spherical particles interact only on contact through a spring/dashpot 

interaction law that models forces acting in the directions normal and tangential to their 

lines of centers. Contacting spheres i and j with radius Ri and Rj , positioned at ri and rj, 
experience a relative normal compression

  
δ = rij − d , where rij = ri − rj, d = Ri+Rj , which 

results in the force 

 Fij = Fn + Ft (3.1) 

There is no contact force if 
  
rij  > d. The Hertzian contact model was used in this 

study, where the normal push-back force between two overlapping spheres is 

proportional to the area of overlap of the two particles, and is a nonlinear function of the 

overlap distance. The normal (Fn) and tangential (Ft) contact forces are given by 

(Brilliantov et al. 1996; Silbert et al. 2001; Zhang and Makse 2005): 

  (3.2) 

where, 
  
nij = rij rij , vn and vt are the normal and tangential components of the 

surface relative velocity of the two particles, respectively. kn, kt, and γn, γt are the elastic 

and viscoelastic damping constants for normal and tangential contact of the two particles, 

respectively. Δst is the tangential displacement vector that is obtained by integrating the 

surface relative velocities during the elastic deformation of the contact. The magnitude of 
Δst is truncated as necessary to satisfy a local frictional yield criterion,   Ft ≤ µ Fn , where 

µ  is the inter-particle friction coefficient. Particle-wall interactions were treated 

similarly, with the wall behaving as a particle with infinite radius and mass. Though 

LIGGGHTS does not have an explicit fluid component, the presence of a viscous fluid 

  
Fij = knδnij −γ nvn

⎡⎣ ⎤⎦ − ktΔst + γ tv t⎡⎣ ⎤⎦
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was modeled implicitly by applying a viscous drag force on each particle. The viscous 

drag force (Fv) is given by 

    Fv = 3πηdiv i  (3.3) 

where η is the dynamic viscosity of the fluid and di and vi are the diameter and the 

velocity of the particle, respectively. The normal force on each particle caused by the 

pressure gradient (  ∂P / ∂z ) of the fluid was modeled as a body force (Fb) given by 

 
   
Fb =

π
4

∂P
∂z

⎛
⎝⎜

⎞
⎠⎟

di
3  (3.4) 

All physical quantities in the simulation were used in SI units. For the Hertz 

contact model, the stiffness and damping coefficients, kn , kt, and γn , γt , were calculated 

from the material properties as follows (LIGGGHTS 2011): 

 
  
kn =

4
3 E* R*δ  (3.5) 

 
  
γ n = −2 5

6β Snm* ≥ 0  (3.6) 

   kt = 8G* R*δ  (3.7) 

 
  
γ t = −2 5

6β Stm* ≥ 0  (3.8) 

where, generally, the following definitions apply to two particles in contact (Johnson 

1985; Tsuji et al. 1992; Hu et al. 2011): 
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   Sn = 2E* R*δ , St = 8G* R*δ  (3.9) 

 

  

β =
ln e( )

ln2 e( )+π 2
 (3.10) 

 
  

1
E* =

1−ν i
2( )

Ei
+

1−ν j
2( )

Ej
 (3.11) 

  (3.12) 

and, 

 
  

1
R* =

1
Ri

+ 1
Rj

, 1
m* =

1
mi

+ 1
mj

 (3.13) 

where, e is the coefficient of restitution, Ei and Ej are the Young’s moduli, νi and νj are 

the Poisson’s ratio, and mi and mj are the mass of the contacting particles, respectively. 

Because all the particles in the simulation were quartz grains, the properties of all the 

particles in the system were chosen as E = 70 GPa and ν = 0.20.  

The computationally-intensive simulations were performed using the Texas 

Advanced Computing Center (TACC) High Performance Computing (HPC) resource. 

The simulations (approximately 4,000 to approximately 140,000 particles) took 

approximately 4 to 48 hours to run on 12 to 72 cores of a Dell Linux cluster. 

  

1
G* =

2 2+ν i( ) 1−ν i( )
Ei

+
2 2+ν j( ) 1−ν j( )

Ej
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3.2  RESULTS AND DISCUSSION 

A comprehensive sensitivity analysis of the effect of model parameters (such as 

shear forces, stiffness constants, and friction coefficient) and operational parameters 

(such as fluid viscosity and pressure gradient) has been presented in Chapter 2. The two 

changes in the present model as compared with the model formulation by Chapter 2 are: 

(1) Physical quantities in the current simulations are in SI units as compared with 

nondimensional units in Chapter 2, and (2) the simulation box has periodic walls as 

compared to fixed granular walls in Chapter 2. The rationale for this new boundary 

condition is described in the following subsection. 

3.2.1 Box Geometry 

PSMs have much higher open flow area (OFA) compared with WWSs. This is 

because the wire thickness in mesh screens are of the same order of magnitude as the 

mesh-opening sizes, whereas, the wire thicknesses in WWSs are an order of magnitude 

bigger than the slot-opening sizes. Therefore, it was permissible to have fixed walls for 

the simulation box in the WWS simulations in Chapter 2, because the walls were far 

away from the slot openings. In the case of PSM simulations, because the walls are close 

to the mesh openings, it is important that particles be able to interact across the boundary. 

Therefore, the walls of the box in the current simulations were assigned a periodic 

boundary condition.  

The effect of the simulation-box size was studied systematically. Two simulations 

were performed for the same PSD of formation sand and screen opening size—one on a 

screen with 64 (8×8) mesh openings (Figure 3.2(a)), and another on a screen with 16 

(4×4) mesh openings (as shown in Figure 3.1). A coarse PSD was selected because the 

effect of the size of the box, if any, may be more pronounced for a coarse PSD than for a 

fine PSD. The particles produced at the end of the two simulations are shown in Figure 
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3.2(b) and (c), respectively. The mass of sand produced for these two cases was 0.147 

kg/m2 and 0.150 kg/m2, respectively. Because the difference in the mass of sand produced 

was approximately 2%, a screen with 16 mesh openings was selected for further 

simulations. 

 

 
(a) 

 

  
(b) (c) 

Figure 3.2: (a) Screen with 64 (8×8) mesh openings. (b) Sand produced at the end of 
simulation through screen with 64 mesh openings. (c) Sand produced at the 
end of simulation through screen with 16 mesh openings. 
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3.2.2 Comparison With Experiments 

Simulations were carried out to simulate seven 175-μm PSM experiments and 

five 250-μm PSM experiments. The formation PSD used in the 175-μm and 250-μm 

experiments are shown in Figure 3.3. The mass of sand produced per unit screen area was 

calculated from the simulations, and compared with the experimental measurements for 

both the 175-μm and 250-μm screens, as shown in Table 3.1. 

 
 

Mass of Sand Produced (kg/m2) 

Formation 
Sample Experiments Simulations 

175-1 0.977 0.411 

175-2 0.202 0.700 

175-3 0.210 0.366 

175-4 0.235 0.302 

175-5 0.244 0.438 

175-6 0.269 0.151 

175-7 0.313 0.197 
 

 

Mass of Sand Produced (kg/m2) 

Formation 
Sample Experiments Simulations 

250-1 1.222 1.315 

250-2 0.327 0.904 

250-3 0.339 0.263 

250-4 0.386 0.273 

250-5 0.306 0.268 
 
 
 
 
 
 

(a) (b) 

Table 3.1: Comparison between experiments and simulations of mass of sand produced 
per unit screen area for (a) 175-μm mesh screens and (b) 250-μm mesh 
screens. 
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The mass of sand produced is determined by the product of two factors: (1) the 

number of particles of different sizes being produced, and (2) the mass of each of those 

particles produced. However, these factors are competing (for example, the number of 

 
(a) 

 
(b) 

Figure 3.3: (a) Formation PSD used in the experiments and simulations for 175-μm 
PSM screens. (b) Formation PSD used in the experiments and simulations 
for 250-μm PSM screens. 
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particles produced from sample 175-1 will be higher than that from sample 175-7 for the 

same screen size, but the mass of each of the particles being produced from 175-7 will be 

higher than that of 175-1). Generally, the contribution of the number of particles 

produced dominates, and for a given screen size, a fine PSD produces greater mass of 

sand than a coarse PSD (see Samples 175-1 through 175-6). However, there can be a few 

exceptions when the screen size has been selected such that most of the formation PSD is 

retained on the screen, and a few large particles of sand dominate the mass of sand 

produced (as seen in samples 175-6 and 175-7). Another contributing factor may be the 

long tail at the finer end of the PSD, which will lead to a higher mass of sand production 

(see 175-3 and 175-1). The results from Samples 250-1 through 250-5 can also be 

analyzed qualitatively, as above. It can be seen from Table 3.1 that the simulations 

predict the intuitive trend of sand production that is consistent with the formation PSD 

shown in Figure 3.3.  

It should be noted that a similar comparison of PSD and the corresponding 

experimental mass of sand produced follows the simulated trends, with the notable 

exception of Samples 175-2 and 250-2. This highlights some of the issues or challenges 

in SRTs, which will be discussed in the following subsection. 

Before proceeding, it is important to note some of the limitations of the modeling 

when compared to the experiments. First, the model considers spherical particles, while 

in reality sand grains have shape and angularity that differ from this ideal representation. 

Second, the experimental PSDs used in this work were measured using a laser particle-

size analyzer. Another potential source of deviation may be the inherent uncertainty in 

the measured PSD as reported by the laboratories; that is, the actual PSD may differ from 

the measured PSD. It is also known that granular processes depend on construction 

history and often multiple realizations are desirable to compute the mean behavior. 
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However, in this study, the mass of sand produced from the experiments and the 

simulations are for single realizations only. In light of these constraints, it can be said that 

the simulations have captured the qualitative trends and the quantitative mass of sand 

produced from the experiments satisfactorily. 

3.2.3 Issues/Challenges with Experiments 

One of the primary motivations for doing numerical simulations of SRTs was the 

concern about the repeatability of the experiments. Figure 3.4(a) shows one such case 

from the experiments where a considerable difference in the mass of sand produced was 

recorded for similar formation PSD. Please note that the legend shows the mesh size and 

sample number (with the corresponding mass of sand produced measured in the 

experiments in the parenthesis). Figure 3.4(b) shows another comparison with the 

experiments where a finer sand (Sample 175-2 with >95% of formation sand smaller than 

the screen) has produced a significantly lower mass of sand than a coarser sand (Sample 

175-1). Figure 3.4(c) compares two experiments using similar formation PSD but 

different screen sizes, where the larger screen size has produced less sand.  

These examples demonstrate that the experimental data should be scrutinized to 

identify suspicious candidates. However, it is difficult to ascertain from experiments 

alone whether one or both of the experiments might be affected. The numerical 

simulations not only provide a consistent prediction of the mass of sand produced, but 

also make it simple to spot anomalous/suspicious data from large experimental data sets.  
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(a) 

 
(b) 

 
(c) 

Figure 3.4: Comparison of experiments highlighting some of the issues/challenges with 
experiments. 
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The simulations presented here are very computationally intensive and probably 

impractical to run for every case. Therefore, a method has been proposed to predict the 

mass of sand produced and the produced PSD for square meshes, by use of a simple 

procedure and a correlation derived from the simulations. A similar method (the M-S 

method) was proposed and validated in Chapter 2 for WWSs. 

3.2.4 M-S Method for Premium Screens.  

Chapter 2 presented a new method, called the M-S method, for the design and 

selection of WWSs. A detailed explanation of the M-S method can also be found in 

Mondal et al. (2011). This method is based on a correlation that allows one to use the 

entire PSD of the formation sand, and estimate the mass and size distribution of the 

produced sand. Here it is applied to square mesh screens.  

3.2.4.1 NP-Correlation for Premium Screens 

The NP-correlation is a correlation (as shown in Figure 3.5) obtained from the 

simulations, to calculate the number of particles of a given size that will be produced 

once the formation PSD and the screen size are known. The number of particles obtained 

from the simulations was normalized by the screen area and the fractional open flow area 

(OFA) to obtain a general correlation where the y-axis is the number of particles 

produced per unit screen area with 10% OFA and the x-axis is the ratio of the particle 

diameter di to the screen-opening size (Do). 
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Figure 3.5: NP-correlation for a single-layer PSM. The number of particles produced 
(NPi), of size di, follows a power-law correlation with di Do , where Do is 
the outlet size. 

3.2.4.2 Comparison With Experiments 

Twenty-eight prepack experiments on square mesh screens of different sizes (175-

, 200-, 250-, 300- and 350-μm screens) were available. Seven of these experiments were 

found to be suspicious/anomalous (as described using examples previously) and were 

excluded from the comparisons. Twelve of the remaining experiments (as shown in 

Figure 3.3) were simulated, and the NP-correlation was generated from them. However, 

to test the correlation, the M-S method (Eqs. 2.10 through 2.14) was applied to predict 

the mass of sand produced from all the 21 experiments (PSDs shown in Figure 3.6). 

Figure 3.7 and Figure 3.8 show the comparison of the dimensionless mass (Md50) and the 

dimensional mass (M) of sand produced predicted using the M-S method, with the 

experimental data, respectively.  

10−2 10−1 100
106

107

108

109

1010

1011

1012

di/Do

N
P i / 

m
2  fo

r 1
0%

 O
FA

 

 
NPi from simulations

Power−law fit

  



 77 

 

Figure 3.6: Sand PSDs used for the comparison of the M-S method with the 
experiments. Please note that DEM simulations were only conducted for the 
175 and 250 μm screens. The vertical dashed line marks the opening size of 
the PSM (Do). 
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The agreement between the two clearly demonstrates that the M-S method can be 

used to reliably estimate the mass of sand produced for a given square-mesh screen if the 

PSD of the formation sand is known. This represents a significant step forward in our 

ability to predict sand production. For the first time, one is now able to take into account 

the entire sand-size distribution as opposed to relying on predictions based on a single 

sand-size design point (such as d50). 
 

 

Figure 3.7: Comparison of the dimensionless mass of sand produced from the 
experiment versus that predicted using the M-S method. 
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3.2.5 Comparison of Single-Layer PSM With WWS 

It is of great interest to compare the performance of mesh-type screens with that 

of WWSs. To this end, exact simulations were repeated for seven formation PSDs 

(Figure 3.3(a)), but with 175-μm WWS, and compared with previously simulated 175-μm 

square-mesh results. It should be noted that the comparisons are for a single-layer of 

PSM screen, and may not be applicable for premium screens in general. Industrial 

premium screens come in different styles (e.g., dutch weave, dutch twill) and have 

multiple layers (possibly with different weaves for different layers). Figure 3.9 shows the 

WWS geometry used and the sand produced at the end of a typical WWS simulation.  

 

 

Figure 3.8: Comparison of the mass of sand produced from the experiment versus that 
predicted using the M-S method. 
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(a) (b) 

Figure 3.9: (a) Plan view of the WWS geometry used and (b) the sand produced at the 
end of a typical WWS simulation. 

 

Mass of Sand Produced/Screen Area 
(kg/m2) 

Formation 
Sample 

Plain 
Square Wire-Wrap 

175-1 0.411 0.102 

175-2 0.700 0.162 

175-3 0.366 0.103 

175-4 0.302 0.042 

175-5 0.438 0.059 

175-6 0.151 0.027 

175-7 0.197 0.010 
 

 

Mass of Sand Produced/Open Flow Area 
(kg/m2) 

Formation 
Sample 

Plain 
Square Wire-Wrap 

175-1 1.331 0.836 

175-2 2.264 1.324 

175-3 1.185 0.845 

175-4 0.976 0.344 

175-5 1.416 0.482 

175-6 0.488 0.223 

175-7 0.636 0.080 
 

(a) (b) 

Table 3.2: Comparison of simulated (a) mass of sand produced per unit screen area and 
(b) mass of sand produced per unit OFA, for 175-μm PSM and WWS.  

Table 3.2 and Figure 3.10 compare the simulated mass of sand produced per unit 

screen area and per unit OFA respectively. It can be seen that the WWSs produce much 
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less sand compared to PSM for the same screen area. The performance of the WWS is 

still better when normalized to compare for the same OFA. It can also be observed that 

the performance gap widens with the coarseness of the PSD.  

A possible reason might be that because of the smaller wire-widths and the 

proximity of openings in square-mesh screens, instability of particle bridges over one 

opening can affect particle bridges over adjoining openings. On the other hand, slot 

openings in WWS are separated by wider wires (approximately by a factor of 10), such 

that bridging in adjoining slots may be independent of each other. In other words, stable 

particle arches that can form over flat and wide wires in WWS may retain particles more 

efficiently. Figure 3.11 shows a plane sliced through the simulation box, to reveal the 

nature of particle bridging over PSM and WWS, respectively. It seems, visually at least, 

that the particle bridges over the WWS are more robust than those on the mesh because 

of the stability offered by the particles supported over the flat, wide wires.  

 

  
(a) (b) 

Figure 3.10: Comparison of simulated (a) mass of sand produced per unit screen area and 
(b) mass of sand produced per unit OFA, for 175-μm PSM and WWS.                

 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 

M
as

s 
of

 S
an

d 
Pr

od
uc

ed
/

Sc
re

en
 A

re
a,

 k
g/

m
2 

Formation Sample 

Plain Square 
Wire-Wrap 

0 

0.5 

1 

1.5 

2 

2.5 

M
as

s 
of

 S
an

d 
Pr

od
uc

ed
/

O
FA

, k
g/

m
2 

Formation Sample 

Plain Square 
Wire-Wrap 



 82 

 
(a) 

 
(b) 

Figure 3.11: Sliced plane revealing particle bridging on (a) PSM, and (b) WWS. 

To test this hypothesis, WWS simulations were performed on a single-slot 

opening for decreasing wire widths and periodic wall boundaries. If the mass of sand 

produced per unit screen area increases linearly (or mass of sand produced per unit open 

area stays constant) with the increasing fractional OFA, then this hypothesis would not be 

right. A synthetic log-normal PSD was used to minimize the effect of the distribution of 

particle sizes. 

 
Formation 

Sample PSD3 
Mass of Sand Produced/Screen 

Area (kg/m2) 

WWS OFA Simulation Expected 
Linear Trend 

0.12 0.050 0.050 

0.20 0.078 0.082 

0.33 0.143 0.136 

0.50 0.634 0.204 
 

Table 3.3: Comparison of simulated mass of sand produced per unit screen area for 
different OFA of WWS screens with expected linear trend.  
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Table 3.3 summarizes the mass of sand produced from four simulations with 

decreasing wire-widths (but the same opening size). Figure 3.12 graphically shows the 

mass of produced sand, and compares it with the hypothetical linear trend. It can be seen 

that the mass of sand produced increased more than linearly, thus supporting the notion 

that instabilities due to proximal outlets can cause more sand production. In fact, when 

the wire thickness of a WWS was chosen to be the same size as the slot opening, as is 

typically the case for PSM, the mass of sand produced was comparable to PSM. Clearly 

there are other differences owing to the cylindrical wires and the woven construction of 

PSM screens, but the ratio of wire-width to lateral-opening-size seems to be a key factor 

contributing to the increased mass of sand production from PSM screens.  

 

 
 

Figure 3.12: Comparison of simulated mass of sand produced per unit screen area for 
increasing OFA (same opening size but reducing wire thickness) of WWS 
screens with expected mass of sand increasing linearly with fractional OFA. 
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identified a key difference in sand-retention mechanism between a mesh-type screen (that 

has thin wires) and a WWS (that has thick wires), which needs to be investigated further 

with different mesh screen constructions (wire shapes, spacing, and thicknesses) and 

types (dutch weave, dutch twill). 

3.3  CONCLUSIONS 

The M-S method has been extended successfully to mesh screens. For the first 

time, this method allows one to use the entire PSD to estimate the mass of sand produced 

and to evaluate the performance of mesh screens. This represents a significant step 

forward in our ability to predict sand production in laboratory prepack tests.  

On the basis of the results presented in this chapter, we can arrive at the following 

specific conclusions: 

1. On the basis of the simulations, simple correlations are provided to estimate 

the mass of sand produced for a given sand-size distribution and mesh screen 

size. These correlations appear to be generally applicable to square-mesh 

screens and are different from the correlations previously presented for WWSs.  

2. This clearly demonstrates that the M-S method can be used to estimate reliably 

the mass of sand produced for a given PSM screen if the PSD of the formation 

sand is known.  

3. The mass of sand produced per unit screen area and per unit OFA is larger for 

single-layer PSM screens when compared with slot geometry of the same 

rating and corresponding standard OFA. 

4. The ratio of wire thickness to opening size seems to be a key factor 

contributing to the increased mass of sand production from single-layer PSM 

screens.  
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NOMENCLATURE 
 
A  = area, L2, m2 

A10 , b10 = constant coefficients in NP 
correlation 

d  = diameter, L, m (μm) 
di  = diameter of particle i / diameter of 

particle representing i percentile by 
mass, L, m (μm) 

e  = dimensionless coefficient of 
restitution 

Do = screen opening size, L, m (μm) 
E*  = effective Young’s modulus of 

contacting Particles i and j, ML–1T–2, 
Pa (psi) 

Ei , Ej  = Young’s modulus of contacting 
Particles i and j, ML–1T–2, Pa (psi) 

Fb  = normal body-force vector owing 
to pressure gradient, MLT–2, N 

Fn  = normal contact-force vector, 
MLT–2, N 

Ft  = tangential contact-force vector, 
MLT–2, N 

Fv  = viscous drag-force vector, MLT–2, 
N 

g  = acceleration owing to gravity, LT–

2, m/s2 

G*  = effective bulk modulus of 
contacting Particles i and j, ML–1T–2, 
Pa (psi) 

kn = elastic constant for normal 
contact, MT–2, N/m 

kt  = elastic constant for tangential 
contact, MT–2, N/m 

m  = mass, M, kg 
m*  = reduced mass, M, kg 
mi , mj  = mass of contacting Particles i and 

j, M, kg 
M  = mass produced per unit area, ML–

2, kg/m2 
Md50  = dimensionless mass of sand 

produced with respect to d50 

nij  = unit vector joining the centers of 
Particles i and j 

N  = number of particles in simulation 
box 

NPi  = number of particles produced of 
diameter di  

P  = pressure, ML–1T–2, Pa (psi) 
ri , rj  = position vector of contacting 

Particles i and j, L, m 
rij  = position vector joining the centers 

of Particles i and j, L, m 
Ri , Rj  = radius of contacting Particles i and 

j, L, m 
R*  = reduced/effective radius of 

contacting Particles i and j, L, m 
Sn , St  = rewritten forms of normal and 

tangential elastic constants in the 
damping coefficients, MT–2, N/m 

UC  = uniformity coefficient 
vi  = velocity vector of Particle i, LT–1, 

m/s 
vn  = normal velocity vector, LT–1, m/s 
vt  = tangential velocity vector, LT–1, 

m/s 
β  = dimensionless damping ratio 
γn = viscoelastic damping constant for 

normal contact, MT–1, kg/s 
γt = viscoelastic damping constant for 

tangential contact, MT–1, kg/s 
δ  = relative normal compression, L, m 
  ∂P / ∂z = pressure gradient, ML–2T–2, Pa/m 

(psi/ft) 
Δst  = tangential displacement vector, L, 

m 
η  = dynamic viscosity, ML–1T–1, Pa·s 

(cp) 
μ  = friction coefficient 
νi , νj  = Poisson’s ratio of contacting 

Particles i and j 
ρ  = density, ML–3, kg/m3 

  



 86 

REFERENCES 
 

Brilliantov, N.V., Spahn, F., Hertzsch, J.M. et al. 1996. Model for Collisions in Granular Gases. 
Phys. Rev. E 53(5): 5382–5392. http://dx.doi.org/10.1103/ PhysRevE.53.5382. 

Cundall, P.A. and Strack, O.D.L. 1979. A Discrete Element Model for Granular Assemblies. 
Géotechnique 29(1): 47–65. http://dx.doi.org/10.1680/geot.1979.29.1.47. 

Hu, G., Hu, Z., Jian, B. et al. 2011. On the Determination of the Damping Coefficient of Non-
linear Spring-dashpot System to Model Hertz Contact for Simulation by Discrete 
Element Method. Journal of Computers 6 (5): 984-988. http://dx.doi.org/10.4304/ 
jcp.6.5.984-988. 

Johnson, K.L. 1985. Contact Mechanics. Cambridge, UK: Cambridge University Press. 

Kloss, C. and Goniva, C. 2010a. Granular Simulations in LAMMPS: New Key Features and 
Perspectives. Presented at the LAMMPS User Workshop, Albuquerque, New Mexico, 
24–26 February. 

Kloss, C. and Goniva, C. 2010b. LIGGGHTS–A New Open Source Discrete Element Simulation 
Software. Proc., Fifth International Conference on Discrete Element Methods, London, 
25-26 August. 

LIGGGHTS. 2011. Users Manual. Linz, Austria: CFDEM Project. [http://www.liggghts.com]. 

Mondal, S., Sharma, M.M., Chanpura, R.A. et al. 2011. Numerical Simulations of Sand-Screen 
Performance in Standalone Applications. SPE Drill & Compl 26 (4): 472-483. SPE-
134326-PA. http://dx.doi.org/10.2118/134326-PA. 

Mondal, S., Sharma, M.M., Hodge, R.M. et al. 2012. A New Method for the Design and 
Selection of Premium/Woven Sand Screens. SPE Drill & Compl 27 (3): 407-416. SPE-
146656-PA. http://dx.doi.org/10.2118/146656-PA. 

Plimpton, S.J. 1995. Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of 
Computational Physics 117(1): 1–19. http://dx.doi.org/10.1006/jcph.1995.1039. 

LAMMPS. 2010. Users Manual (version 15 January 2010), Sandia National Laboratories. 
http://lammps.sandia.gov/doc/Manual.html (accessed 21 June 2010). 

Silbert, L.E., Ertas, D., Grest, G.S., Halsey, T.C., Levine, D., and Plimpton, S.J. 2001. Granular 
Flow Down an Inclined Plane: Bagnold Scaling and Rheology. Phys. Rev. E 64(5): 
051302. http://dx.doi.org/10.1103/PhysRevE.64.051302. 

Tsuji, Y., Tanaka,T., and Ishida, T. 1992. Lagrangian numerical simulation of plug flow of 
cohesionless particles in a horizontal pipe. Powder Technology 71(3): 239–250. 
http://dx.doi.org/10.1016/0032-5910(92)88030-L. 

Zhang, H.P. and Makse, H.A. 2005. Jamming Transition in Emulsions and Granular Materials. 
Phys. Rev. E 72(1): 011301. http://dx.doi.org/10.1103/PhysRevE.72.011301. 

 
  



 87 

Chapter 4: Formation and Stability of Particulate Bridges through 
Multiple Rectangular Outlets 

 We present a simulation study on the formation of particle arches supported by 

flying buttresses that arrest the flow of monodisperse spherical particles through two 

adjacent slots (rectangular outlets) in a three-dimensional (3D) anisometric flat-bottomed 

silo discharging under gravity. Most previous experimental and simulation studies on the 

jamming of a silo have focused on a single outlet, and have shown that the mean number 

of particles exiting the silo before it jams depends on the ratio of outlet size to particle 

diameter (R). However, from our simulations in Chapter 3, we observed that more sand is 

produced per unit open flow area (OFA) in PSMs than WWSs for the same outlet and 

particle size. We believed that this is because particle bridges are less stable on the thin 

wires used in PSMs as compared to thick wires used in WWSs. This implies that the 

number of particles produced, before a silo with multiple outlet jams, not only depends 

on R but also on the distance between adjacent outlets.  

In this chapter, we look at the nature of jamming if there are two adjacent outlets 

and discover some new physical insights on how sand arches are mechanically supported 

and how they interact with each other.  For a fixed slot width Do and particle diameter d, 

the distance separating the two openings Dw is varied. The distribution of N particles 

exiting the silo before both slots are jammed is obtained for each Dw. From these 

distributions, we show that as Dw becomes less than approximately 3d, the particle arches 

on adjacent outlets start affecting each other, and mutually stable arches become harder to 

form. We show that in cases, where for a small orifice ratio  R = Do d  a single outlet 

would have easily jammed, two adjacent outlets do not jam. We propose that this is due 

to the importance of stable particles resting on the base of the silo adjacent to the arches, 

which redistribute the load much like a flying buttress does in Gothic arches. 
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4.1  INTRODUCTION 

The flow of particles through constrictions often results in the formation of 

particulate bridges across openings if the size of the outlet (Do) is larger than the particle 

size (d). Indeed, granular material blocking the outlet of a container discharging under 

gravity has been termed the “canonical example” of jamming (Zuriguel et al. 2003). Liu 

and Nagel (1998) introduced the concept of jamming as a phase transition and proposed 

the jamming phase diagram to explain a broad range of systems. However, Janda et al. 

(2008) remarked that the jamming in the discharge of a silo might not be directly 

equivalent to the concept of Liu and Nagel. 

The clogging in the discharge of a silo or hopper is caused by the formation of 

arches (or particle bridges), which are mutually stable collective structures formed by 

several particles capable of supporting the weight of the particles above them (Mehta and 

Barker 1994; Mehta 2010). In granular systems, arches play an important role in 

segregation (Duran et al. 1993), force distribution (O’Hern et al. 2001), packing fraction 

and the mean coordination number (Nowak et al. 1998; Pugnaloni et al. 2006; Dorbolo 

and Vandewalle 2002). While jamming may be a major concern in food processing or 

traffic flow, formation of stable bridges are often desirable for sand control in oil and gas 

wells.  

In this chapter, we study the effect of the distance between neighboring apertures 

on the stability of particle bridges. A flat-bottom silo with two rectangular slot openings 

of width Do, which are separated by distance Dw, was used. Analogously, the base of the 

silo represents a screen or sieve with two outlets and Dw represents the thickness of wires 

in the screen/sieve. The gravity discharge of monodisperse granular spheres of diameter d 

was simulated through this geometry. For a fixed Do and d, Dw was varied and the 

avalanche size distribution for each Dw was computed. The avalanche size distributions 
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shed light on the effect of Dw on the jamming characteristics. We believe that particle 

bridges become fragile because they interact with each other with decreasing Dw. The 

avalanche size distributions help us determine whether there exists a critical Dw, above 

which the two outlets jam independent of each other. This will be useful for designing 

screens with better retention capabilities. 

4.2  REVIEW OF PAST WORK ON JAMMING 

To et al. (2001, 2002a, 2002b) experimentally studied the formation of arches in a 

two-dimensional hopper and calculated the jamming probability using a restricted 

random-walk model. Since then, several experimental (Zuriguel et al. 2003; Zuriguel et 

al. 2005; Arevalo et al. 2006; Janda et al. 2008; Saraf and Franklin 2011) and numerical 

studies (Pournin et al. 2007; Tsukahara et al. 2009) have focused on the jamming 

probability and the distribution of N particles to exit between two successive jams, also 

known as the ‘avalanche’ size distribution. Zuriguel et al. (2003, 2005) measured the 

probability of a circular orifice to jam and showed that the ratio of the orifice diameter to 

the particle diameter,  R = Do d , is the critical parameter governing the mean avalanche 

size. 

The probability P(N) of N particles to exit before flow stopped decayed 

exponentially, which they explained using a simple model assuming that the probability p 

of a single grain to pass without jamming is constant during the jamming process and 

independent of neighboring grains. Recently, Saraf and Franklin (2011) measured P(N) 

for anisometric hoppers and showed that it has a power-law decay in contrast to the 

exponential decay observed in hoppers with circular exits. For single apertures, the 

dimensionless critical jamming threshold (or the critical ratio R above which jamming is 
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not possible), R* is about 5 in 3D, and between 3 to 6 in 2D (To et al. 2001; Zuriguel et 

al. 2005). 

However, studies of jamming for flow through multiple adjacent apertures are 

relatively rare. Chevoir et al. (2007) experimentally studied the flow of binary granular 

mixtures through sieves with square holes. They noted that the transition from a single to 

a group of neighboring apertures, decreases R∗ to the approximately 2, and attributed this 

to the “fragility of arches supported on the thin perimeter of the holes”. We also made 

similar observations in Chapter 3 on the flow of polydispersed granular material through 

screens with flat rectangular (slot) and woven-square openings. 

4.3  MODEL FORMULATION 

Discrete element method (DEM) simulations were carried out using LIGGGHTS 

(Kloss et al. 2012), which is the LAMMPS (Plimpton et al. 1995) molecular dynamics 

code enhanced for granular simulations. The particle-particle interactions were described 

by the Hertz-Mindlin contact law, which is a non-linear elastic model. The model uses a 

spring-dashpot response for both normal and tangential contact between particles, a 

Coulomb coefficient of friction for controlling tangential overlap, and a rolling friction 

based on a constant directional torque model (Brilliantov et al. 1996, Silbert et al. 2001; 

Zhang and Makse 2005; Ai et al. 2011). A description of the model was presented in 

Chapter 3. The stiffness and viscoelastic damping constants for normal and tangential 

contact are calculated from the material properties (Renzo and DiMaio 2004; Kloss et al. 

2012, please see Chapter 3 for other references). In this monodispersed system, each 

particle is a sphere with diameter d = 150 μm or d = 200 μm (for different cases), density 

ρ  = 2650 kg/m3, Young’s modulus E = 70 GPa, Poisson’s ratio ν = 0.2, coefficient of 

restitution e = 0.7, coefficient of friction µ  = 0.5, and coefficient of rolling friction  µr  = 
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0.5. The relatively high values of µ  and  µr were chosen to favor the formation of arches. 

A time-step of 10−8 s was selected such that it is less than 20% of both Rayleigh time and 

Hertz time. 

 

   
(a) (b) (c) 

Figure 4.1: (a) A typical simulation of particle flow through a sieve with two 
rectangular outlets. The falling particles were collected at the bottom of the 
simulation box. (b) A typical jamming event due to the formation of flow 
blocking arches at both outlets. The number of particles produced 
constitutes the size of one avalanche. (c) Particles within a height of 4d 
above the sieve were deleted to break the arches and resume flow at the end 
of an avalanche. 

The silo geometry was imported from CAD as triangular mesh wall elements, and 

the forces between the particles and each wall element were modeled in the same way as 

the particle-particle interactions, in the limit that one of the two particles is approaching 

infinite mass and radius (immovable and flat wall). A typical simulation step is illustrated 

in Figure 4.1. The base of the silo (also referred to as the sieve) consists of two 
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rectangular outlets separated by a distance Dw as shown in Figure 4.2. The width of each 

rectangular outlet is Do = 300 μm. In order to study the effect of Dw, simulations were 

conducted with (1) Dw as 100 μm, 200 μm, 500 μm, and 1500 μm for d = 200 μm (

 R = Do d  = 1.5), and (2) Dw as 100 μm, 500 μm, and 1500 μm for d = 150 μm (

 R = Do d  = 2). Again, small values of R were selected to favor jamming. The length of 

each rectangular outlet L was set equal to 15d, slightly more than the correlation length of 

a ‘cell’ in anisometric hoppers (Saraf and Franklin 2011). 

 

 

Figure 4.2: Plan view of a sieve with Dw = 1500 μm. All the sieves used in this study 
have a similar construction, but with varying Dw. 

The simulation box was bounded by periodic walls in the x- and y-direction (see 

Figure 4.1) so that particles can interact across the vertical boundaries. In the z-direction, 

it was bounded at the top and bottom by fixed granular walls. The outlets were initially 

closed. Particles were inserted in the region above the sieve, inside the simulation box, as 
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randomly positioned non-overlapping spheres with a smaller initial diameter, and then 

alternately grown and relaxed to their desired diameter d, such that a pack with particle 

volume fraction φ  ≈ 0.6 was achieved. Once a stable pack was formed, the outlets were 

opened and the particles discharged under gravity into the region below the sieve. 

Particles stopped flowing once both the outlets jammed, and the number of particles 

produced N was recorded as the size of one avalanche (particles collected at the bottom 

of the box in Figure 4.1(b)). Zuriguel et al. (2003, 2005) used a jet of air to break up the 

arches and produced at least one particle. Saraf and Franklin (2011) used a pneumatically 

controlled impact hammer and observed that in some cases the arches were not broken 

leading to zero avalanche sizes. We also observed that deleting a few random particles 

around the outlet does not always break the arch completely. So, in the simulations, the 

jam was broken by deleting all the particles within 4d distance above the sieve (Figure 

4.1(c)). The remaining pack was then allowed to fall under gravity till particle flow 

stopped again creating another avalanche. Zuriguel et al. (2005) have shown that there is 

no correlation between consecutive avalanches, so this method of breaking the arch does 

not impact the results. Additional particles were poured through the top to always ensure 

that the height of the particle column is greater than 3L, although Saraf and Franklin 

(2011) observed that their distributions were not affected by the height of the column. 

About 70-100 separate avalanches were simulated for each Dw to find the distribution of 

N. In some cases where no jamming was observed, the simulation was stopped once the 

entire volume of the simulation box below the sieve was filled with discharged particles 

(N ~ 103). 
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4.4  RESULTS 

4.4.1 Avalanche Size Distribution 

The avalanche size N is defined as the number of particles that are discharged 

between breaking the jam to the next jamming event. The histogram of N from 

approximately 100 events placed in logarithmically spaced bins for Dw = 1500 μm and R 
= 1.5 is shown in Figure 4.3(inset). The normalized frequency histogram fDw ,R(N )  is 

shown in Figure 4.3(main). Several experimental and simulation studies have shown that 

R ~ 1.5 would most certainly jam (Zuriguel et al. 2003, 2005; Arevalo et al. 2006; Janda 

et al. 2008; Saraf and Franklin 2011). We observe the same thing (Figure 4.3) when two 

outlets are separated by Dw = 7.50d. 

 

 

Figure 4.3: For the case, Dw = 1500 μm and R = 1.5: (Inset) Histogram of number of 
particles N discharged between two successive jams; and (Main) the 
normalised frequency histogram fDw ,R(N ) . Line serves as a guide to the eye. 
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Figure 4.4: Normalised frequency histogram fDw ,R(N )  for   R = 1.5 , but Dw varying as 
100 μm (= 0.50d), 200 μm (= 1.00d), 500 μm (= 2.50d), and 1500 μm (= 
7.50d). N ~ 103 signify events where no jamming was observed. 

The distribution of fDw ,R(N )  for R = 1.5, but Dw varying as 100 μm, 200 μm, 500 

μm, and 1500 μm is shown in Figure 4.4. From the normalized histograms (Figure 4.4) 

for R = 1.5, it can be observed that with decreasing distance between the outlets, the 

probability of jamming at the mode (the avalanche size with the highest probability) 

decreases, and the probability of big avalanches and “no jamming” events increase. In 

our simulations we observe that if the outlets are well-separated (Dw = 1500 μm = 7.50d) 

arches form independent of each other, that is, one outlet can get jammed while the other 

is still producing. But at close proximity (Dw = 200 μm = 1.00d), a temporary arch over 

one slot may be broken by flowing particles through the second slot. This behavior is 

heightened at R = 2 (Figure 4.5), which may be because R is the critical parameter for the 

jamming of individual outlets. Jamming of a single outlet becomes harder with increasing 
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R and therefore the effect of Dw is more pronounced at higher R. Please note that, in this 

study we do not comment or speculate on the statistics of the tail of the avalanche 

distribution because of the relatively small number of avalanches being used to construct 

the histograms. However, the histograms clearly highlight the effect of Dw on jamming, 

which is the main objective of this study. 

 

 

Figure 4.5: Normalised frequency histogram fDw ,R(N )  for R = 2, but Dw varying as 100 
μm (= 0.67d), 500 μm (= 3.33d), and 1500 μm (= 10.0d). N ~ 103 signify 
events where no jamming was observed. 

For R > 2, jamming events were rarely observed in the simulations when adjacent 

outlets were in close proximity (Dw = 100 μm and Dw = 200 μm) for avalanche sizes upto 

thousands of particles. This seems to be in agreement with the critical outlet size R∗ = 2 

reported for sieves with wire-widths roughly equal to the particle diameter (Chevoir et al. 

2007). 
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4.4.2 The Existence of a Critical Separation Distance 

It is interesting to consider whether there exists a critical distance separating 

multiple outlets below which the jamming characteristic is not the same as that of a single 

outlet. In order to study that, the wire thickness Dw is expressed as a dimensionless 

distance between the outlets,  S = Dw d . A plot of the mean avalanche size N  versus S 

is shown in Figure 4.6. The results suggest that a critical separation distance, S∗, exists 

roughly between 2 to 3 for R between 1.5 and 2. It is also possible S∗ increases with R. 

Further investigation is required to confirm this hypothesis. 

 

 

Figure 4.6: Mean avalanche size N  versus a dimensionless separation distance 

 S = Dw d . The line is a guide to the eye. 
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4.4.3 Force Distribution for the Stability of Arches 

Chevoir et al. (2007) had hypothesized that arches are fragile if they are supported 

on thin wires. We propose that this fragility is due to two reasons: (1) the mutual 

dependence of arches in close proximity, and (2) the lack of support from the particles, 

which are resting on the thicker wires. Figure 4.7 shows a 2D projection of the contact 

force distribution at the instance of a typical jamming event for Dw equal to 10.0d, 3.33d, 

and 0.67d for R = 2 (Figure 4.7(a) through (c) respectively). It seems evident from Figure 

4.7 that for Dw = 0.67d, a single particle on the wire is part of both arches. It also seems 

more likely that, if the arch over one of the outlets were to break, there is a greater 

probability that the other arch would also be destabilized if Dw = 0.67d than if Dw is equal 

to 3.33d or 10.0d. This is consistent with our visual observation from the simulations. A 

jamming event for Dw = 100 μm (= 0.67d) occurred only when a stable arch formed at 

both outlets, simultaneously. The low probability of such a configuration could explain 

the “no-jamming” events shown in Figure 4.4 and Figure 4.5. Further, it can be observed 

from Figure 4.7 that the magnitude and the concentration of the forces on the arches near 

the outlet is lower at higher Dw because the load is being distributed to the stable particles 

that are resting on the thicker wires. There is a direct analogy between these stable arches 

and the flying buttresses, which are critical to the stability of Gothic arches and high 

vaulted ceilings that are characteristic of the cathedrals of medieval Europe. The flying 

buttress is a masonry support built along the outside of a building, in the shape of a 

floating arch, which redirects the thrust of the roof outwards and down to a pier (Mark 

1978) as shown in Figure 4.8. In this case of particulate “flying buttresses” the arch at the 

outlet is propped up by the particles that are supported by the particles sitting on wires on 

either side of the opening. These particles play a crucial role in the stability of the arches 

even though they are directly not a part of the arch. 
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(a) 

  

(b) (c) 

Figure 4.7: 2D projection of the contact force distribution at a typical jamming event for 
R = 2, and Dw equal to (a) 10.0d, (b) 3.33d, and (c) 0.67d. The widths of the 
lines are proportional to the magnitude of the forces. Contact forces greater 
than the mean contact force in the pack are colored black. A height of 20d 
above the screen is shown for clarity of representation. 
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(a) (b) 

Figure 4.8: Schematic of a flying buttress showing thrust lines1. (b) The flying 
buttresses at Notre Dame de Strasbourg, Strasbourg, France2. 

4.5  CONCLUSIONS 

In this chapter, we have looked at the nature of jamming in gravity discharge of 

spherical granular material when there are two rectangular outlets in a flat bottom silo. 
We have obtained the avalanche size distribution fDw ,R(N ) for several wire-widths (Dw) 

and oultet-to-particle size ratios (R), and shown that the probability of jamming decreases 

as the distance between the slots decreases. 

We have shown that there exists a critical distance between slots (S*) below which 

the jamming characteristic of adjacent slots are no longer independent of each other. 

Current simulations suggest that S∗ is roughly between 2 to 3 for small R (1.5 to 2). 

                                                
1 M. Salpietra, Physics of stone arches [http://www.pbs.org/wgbh/nova/physics/arch- physics.html]. 
2 Ignis, [http://commons.wikimedia.org/wiki/], file:Flying buttress Notre Dame de Strasbourg Strasbourg 
FRA 001.jpg. 
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Unlike single slots, the stability of grain bridges for multiple slots is a strong function of 

the dimensionless distance between slots (S) below dimensionless S*. 

By looking at the distribution of contact forces in the pack, we propose that the 

change in jamming characteristics is due to the mutual dependence of neighboring arches 

in close proximity. We conclude that the presence of particles, resting on the base of the 

silo between the outlets, not only makes the jamming of each outlet an independent event, 

but also increases the stability of individual arches. These particles work much like flying 

buttresses in Gothic churches to redistribute the load on the arches in the pack.
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NOMENCLATURE 
 
d  = particle diameter, L, m (μm) 
Do = outlet size, L, m (μm) 
Dw = wire-width or distance between 

adjacent outlets, L, m (μm) 
di  = diameter of Particle i / diameter of 

particle representing i percentile by 
mass, L, m (μm) 

e  = dimensionless coefficient of 
restitution 

E  = Young’s modulus, ML–1T–2, Pa 
(psi) 

  
fDw ,R (N )  = normalized frequency 

distribution of avalanche size 
N = avalanche size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 N   = mean avalanche size 
R = dimensionless outlet-to-particle 

size ratio 
R* = critial R above which no jamming 
S = dimensionless wire-width-to-

particle size ratio 
S* = critial S below which adjacent 

outlets interact 
µ   = friction coefficient 

 µr   = rolling-friction coefficient 
ν  = Poisson’s ratio  
ρ   = density, ML–3, kg/m3 
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Chapter 5: A New Scaling Relationship for the Jamming of Screens by 
Polydisperse Granular Matter 

Experiments and discrete element method (DEM) simulations of the flow of 

polydisperse sand packs through screens, of different aperture sizes and types, have 

revealed that the number of particles of different sizes that are produced follows power–

law statistics. It was shown that when a sand sample with a known size distribution is 

flowed through a screen of aperture size Do  the number of sand particles of size di  that 

will be produced per unit screen area (NPi )  has a power–law correlation with di Do  (the 

relative size of that particle with respect to the screen aperture). In this chapter, we 

present a probabilistic model to explain this observation. We also propose a method to 

calculate a size–dependent jamming probability for polydisperse systems. This universal 

scaling relation is an important step towards modeling the filtration and clogging of 

polydispersed granular systems relevant to a wide variety of engineering problems. 

5.1  INTRODUCTION 

Most experimental and simulation studies have focused on monodispersed discs 

or spheres (for example, To et al. 2001, 2002a, 2002b; Zuriguel et al. 2003, 2005; Janda 

et al. 2008; Saraf and Franklin 2011 etc.). The flow (gravity or hydrodynamic) and 

jamming of polydispersed granular matter through hoppers, silos, sieves, or screens, has 

been a less studied area. A few studies have been conducted with a small (~10%) 

polydispersity or with a binary mixture of particles. In these cases, a single volume–

averaged or number–averaged diameter from the distribution of particle sizes has been 

used to model jamming (for example, Chevoir et al. 2007; Pournin et al. 2007). 

In the oil and gas industry, screens have been used for more than six decades to 

prevent the flow of sand along with hydrocarbons or water into wellbores. One of the 
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sand retention tests practiced in this industry for screen selection is the prepack test, 

where a sand pack (solid fraction φ ≈ 0.5 ), comprised of real sand grains with large 

polydispersity, is flowed through a screen. The mass and the size distribution of the 

produced sand are measured till the screen is jammed and sand production stops. The 

retention capability of a screen is typically determined by correlating the mass of sand 

produced with the screen opening size (Do )  and some characteristic particle sizes from 

the particle size distribution (PSD) of the sand such as, d10 or d50. Chanpura et al. (2011) 

have thoroughly reviewed the historic background, the evolution, and, the comparison 

and interpretation of these sand retention tests. They have shown that characterizing the 

retention capacity of a screen to given sand PSD using a few parameters can often be 

inappropriate and ideally, the full PSD in question should be used to predict sand 

production for a given screen-sand combination. 

5.2  PAST MODELS FOR JAMMING OF MONODISPERSE SPHERICAL GRAINS 

The jamming of monodispersed disks and spheres has been an area of active 

research lately. To et al. (2001, 2002a, 2002b) studied the formation of arches of 

monodispersed disks in two-dimensional hoppers and calculated the jamming probability 

using a restricted random–walk model. Since then, several experimental and numerical 

studies have focused on the jamming probability and the distribution of the number of 

particles to exit between two successive jams, also known as the avalanche size 

distribution.  

Zuriguel et al. (2003, 2005) measured the probability of a single circular orifice to 

jam and then modeled it by assuming that the probability of a grain to pass through the 

outlet without forming an arch, p(R) , is only a function of R = Do d , the ratio of the 

orifice to the particle diameter. Their rationale for assuming that the probability p(R)  of 



 107 

every particle to pass through the orifice is same and independent of other grains was 

based on experimental data which showed that the formation of different jamming 

structures at the outlet were uncorrelated. Therefore, the probability of s grains to fall out 

before one grain blocks the outlet is, nR(s) = ps (1− p) . If so, a semilogarithmic plot of 

the avalanche size distribution nR(s)  will have a slope of log(p) , which was indeed 

observed in their experiments (Figure 5.1(a)). The value of p can then be calculated from 

the measured nR(s)  for different R (Figure 5.1(b)). Please note that in their paper, the 

avalanche size distribution is represented by s, while in this study it is represented by N.  

Goldzstein and Santamarina (2004) derived a mathematical model to compute the 

volume of fluid that can be extracted before a flow with particles in suspension would 

clog an opening. Their model assumed that an opening clogs if the number of particles 

arriving almost simultaneously at the opening k(V )  exceeds a minimum threshold kmax . 

Particles can only bridge if they are present inside a volume V near the opening, and kmax  

were experimentally determined. 

Janda et al. (2008) studied jamming in two–dimensional (2D) silos, and fit the 

experimental data to, s = C Dc − D( )γ  where, s  is the mean avalanche size, 

D = Do d , and C,Dc ,  and γ  are constants (Figure 5.1(c)). They also assumed that p 

remains constant for all beads (similar to Zuriguel et al., 2005), and showed that the mean 

avalanche size s = p (1− p) . It is important to note that, as much as p is able to explain 

the observed behavior, it is still a fitting parameter. 

More recently, Tsukahara et al. (2009) presented a simple probabilistic model of 

jamming of 2D hoppers by assuming that the system jams when a certain number of 

particles try to exit simultaneously. They calculated the parameters of their jamming 

probability model from DEM simulations.  
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(a) (b) 

 
(c) 

Figure 5.1: (a) A semilogarithmic plot of nR(s)  versus the avalanche size s for a given 
R (from Zuriguel et al. 2005). (b) The calculated p for various R (from 
Zuriguel et al. 2005). (c) Fit of experimental data in 2D silo: 
s = C Dc − D( )γ , where s  is the mean avalanche size, D = Do d  and 
C,Dc ,  and γ  are constants (from Janda et al. 2008). 

Though all of the above studies were through a single aperture, Roussel et al. 

(2007) presented a model for the jamming of a mesh screen with multiple square 

openings (similar to Chapter 3) by monodispersed spherical beads. They showed that 

clogging was mainly a function of the probability of particles to be present near an outlet, 
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and the probability of the particles to jam once they are present (which in turn is a 

function of the mesh size to particle diameter ratio).  

This review of the past work shows that it is very important to analytically derive, 

experimentally measure, or numerically simulate the probability p of a particle to jam. 

This clearly is a function of the outlet-to-particle size ratio. Though various authors have 

obtained this probability for monodispersed systems, to our knowledge no method for 

obtaining a jamming probability for polydispersed systems has been proposed and 

validated with experiments.  

5.3  MODEL FORMULATION 

5.3.1 Probability of Jamming for Polydispersed Spherical Grains 

The challenge with determining jamming probability in a polydispersed system is 

that a wide variety of jamming scenarios are possible because of the size distribution of 

particles. For example, in our case, the slot may be jammed by one particle (size–

exclusion), or by an arch made of two, three, four, or more particles. Even if the required 

number of particles required for each these scenarios is present at the outlet, the 
probability of jamming itself is different. Let pkj  be the probability of k particles to jam 

the outlet. From the studies on monodispersed spherical grains, we know that 

 p1 j > p2 j >> pkj , i.e., the probability of jamming decreases with increasing number of 

particles required for forming the arch. Moreover, for a k-particle bridge, the probability 

of jamming would also depend on the size distribution of the particles making the arch, 

i.e., if particles    da ,db ,…,dk  form an arch across  Do , then 
 
pkj = f da

Do

, db
Do

,… , dk
Do

⎛
⎝⎜

⎞
⎠⎟

. 

Figure 5.2 illustrates this point for a 2-particle bridge (see caption). The other factors that 
would affect pkj  are the shape of the opening, the sand PSD (the fraction of  da ,db , … ,dk  
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present in the overall sand sample), OFA (whether adjacent bridges affect each other), 

and the probability of  da ,db , … ,dk  to be actually present near the outlet.  

 

For simplicity, we make the following assumptions: 

1. Particles of diameter di  appear at the outlet with a probability that is equal to their 

fraction in the PSD by number. Tang et al. (2009) have showed through high 

speed video images how particles that eventually form an arch evolve from 

seemingly random positions in the hopper. 

2. Particles can bridge only if they are present in a certain region near the outlet. We 

will define this volume V later, but we assume that all particles present inside this 

volume can interact spontaneously with each other and form a bridge, if possible. 

3. The probability of jamming depends on the mean diameter of the particles making 

the arch, i.e., 

 

Figure 5.2: The probability of jamming for the two scenarios of a 2-particle bridge 

shown above would be different, that is, p2 j = f da
Do

, db
Do

⎛
⎝⎜

⎞
⎠⎟

, where 

da  and db  are the diameters of the two particles forming the arch. However, 
for simplicity, we assume that the probability is a function of the mean 

particle diameter, i.e., p2 j = f da + db
2Do

⎛
⎝⎜

⎞
⎠⎟

. 
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pkj = f d

Do

⎛
⎝⎜

⎞
⎠⎟

,  where d = da + db ++ dk( ) k  (5.1) 

(Note: In the simplest case, we can assume that for a k-particle bridge d = Do k , 

so pkj = f d
Do

⎛
⎝⎜

⎞
⎠⎟
= f 1

k
⎛
⎝⎜

⎞
⎠⎟ = ck , where ck  is a different constant for different k and 

shape of opening.) 

In the following section, we will develop a model to explain jamming of 

polydispersed grains using this probability. Thereafter, we will look at a way to calculate 

this probability for different screens. 

5.3.2 Jamming Model 

We assumed that particles can only bridge if they are near the outlet. We will also 

assume that particles will be produced through several discharges (s), and each discharge 

will contain several particles (i)  of different sizes. Let a volume V near the outlet be 

filled with particles randomly selected from the PSD of the sand (Figure 5.3(a) shows a 

2D schematic).  
During a discharge s, at any given step i, let Ni,s  be the set of i particles present in 

V. 

  Ni,s = d1,d2,… ,di{ }   (5.2) 

Let di,max  be the biggest particle in this set, di,max = max Ni,s( ) . The volume of 

interest at step 𝑖, is then defined as Vi = Do × di,max
2  (as shown in Figure 5.3(b)). That is, at 

any step, the volume of influence, inside which particles can interact to form bridges, is 

set by the biggest particle that is present near the outlet. However, the total volume of 

particles present in this region must always satisfy the following condition: 
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 π
6
dm
3 ≤ (1−φ)Vi

m=1

i

∑   (5.3) 

where, φ ≈ 0.4  is the porosity of the granular pack. 

 

 

(a) 

 

(b) 

Figure 5.3: A 2D schematic showing V filled with a set of particles randomly selected 
from the PSD. (b) A 3D schematic showing that the dimensions of V at any 
given step depends on the size of the biggest particle present in the set. 

 The particles in Ni,s  may form a bridge containing one, two, three, or more 

particles. However, a necessary condition for any particle bridge is that it must at least 

span the opening Do . For example, let us consider a 2-particle bridge scenario. Several 

combinations of two particles may satisfy the above condition. Therefore, from 
  
Ni,s , we 

can find the set of unordered particle pairs that have the potential to form a 2-particle 

bridge at step i, 
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 X2
i,s = {da ,db} | da ,db ∈Ni,s  and da + db > Do{ }  (5.4) 

The probability of any pair da ,db{ }  to form a bridge is, p2 j = f d
Do

⎛
⎝⎜

⎞
⎠⎟

, where 

d = da + db( ) 2 . The total probability of a 2-particle bridge at step i, is the sum of the 

probabilities of every pair da ,db{ }  to form a bridge. 

 P2
i,s = p2 j =

{da ,db}∈X2
i ,s

∑ f da + db
2Do

⎛
⎝⎜

⎞
⎠⎟{da ,db}∈X2

i ,s
∑  (5.5) 

More generally, we can define the set of particles that can potentially form a k-

particle bridge at step i as, 

  Xk
i,s = {da ,db , ... ,dk} | da ,db , ... ,dk ∈Ni,s  and (da + db ++ dk ) > Do{ }  (5.6) 

and, the total probability of a k-particle bridge (from all possible combinations) at step i 

as, 

 
 
Pk
i,s = pkj =

{da ,db , ... ,dk }∈Xk
i ,s

∑ f da + db ++ dk
kDo

⎛
⎝⎜

⎞
⎠⎟{da ,db , ... ,dk }∈Xk

i ,s
∑  (5.7) 

(Please note that over here a general definition for a multi-particle jamming probability 

 
pkj  is required, but we will get to it later.) 

Therefore, the total probability of jamming from all possible particle bridges 

(k = 1,2, ... )  at step i and discharge s is PJ
i,s , 

 PJ
i,s = Pk

i,s

k
∑  (5.8) 
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Finally, the total cumulative probability of jamming from all possible particle 

bridges over all previous discharges is PJ , 

 PJ = Pk
i,s

k
∑

s
∑  (5.9) 

There is bridging when PJ ≥1 . At any step i, a particle is selected at random from 

the known size distribution to populate volume V. As a new particle is created inside V, 

one of three things may happen: (1) the particle may not cause a jam (PJ <1,  Eq. 5.9)  but 

there is still space for more particles in V (accumulation), (2) the particle may not cause a 

jam (PJ <1)  but after its creation no more particles can be fit inside V because Eq. 5.3 is 

not satisfied (discharge), or (3) PJ ≥1  and the particles form an arch (jamming). We 

define these events as follows: 

1. Accumulation: If PJ <1  and the condition in Eq. 5.3 is satisfied, then another 

particle di+1  is randomly selected from the PSD and added to Ni,s  to form 

Ni+1,s = d1,d2, ... ,di ,di+1{ } . This would increase the total probability of jamming to

PJ
i+1,s . Please note that the probability of a one-particle bridge, which is the 

probability of size-exclusion is one, i.e., p1 j = 1. In other words, retention by size-

exclusion happens as soon as there is a particle di > Do . 

2. Discharge: If PJ <1  but the condition in Eq. 5.3 is not satisfied, then no more 

particles can fit inside Vi , so Ni,s = d1,d2, ... ,di{ }  must be discharged and will 

become empty. New particles will then arrive at 𝑉 to be accumulated for the next 

discharge. 

3. Jamming: If PJ ≥1 , then an arch has formed across the opening during discharge 

s at step i.  
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i. If arching was due to size-exclusion (there is a particle di ∈Ni,s{ } > Do ), 

then Ni−1,s = d1,d2, ... ,di−1{ }  particles will be discharged and the length of 

the slot covered by this arch is assumed to be (the total length of the slot 𝐿 

is shown in Figure 5.3(b)), 

 lslot = di  (5.10) 

ii. If arching was due to bridging (all the particles di ∈Ni,s{ } ≤ Do ), then 

Ni,s = d1,d2, ... ,di{ }  particles will be discharged and the length of the slot 

covered the length of the slot covered can be calculated as a probability-

weighted mean of all the bridging scenarios possible 

 
 
lslot = pkj ×

da + db ++ dk
k

⎛
⎝⎜

⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥{da ,db ,...,dk }∈Xk

i ,s
∑

k
∑

s
∑  (5.11) 

where, pkj  is defined as a function of the mean particle diameter in Eq. 

5.1. However, for simplicity we may approximate lslot  as the mean of the 

three largest particles in Ni,s  as they have the highest probability of 

bridging. 

 lslot = mean(3 largest particles in Ni,s )  (5.12) 

iii. The total number of particles of different sizes that are produced before 

lslot  is jammed is given by, 
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 NPslot = Ni,s − di    (for size-exclusion
s
∑ ,  where {di ∈Ni,s} > Do )

= Ni,s   (for bridging
s
∑ )

 
(5.13) 

(5.14) 

iv. The total number of particles of different sizes that are produced before 
the full screen is jammed is, NPslot∑  till lslot = L∑ , where L is the total 

length of the screen. 

Thus, the total number of particles that will be produced till a given length of 

screen L is jammed can be computed from the above model. Thereafter, the mass of sand 

produced per unit area of a screen can be calculated from the number of particles 

produced. 

5.4  EXPERIMENTS AND DEM SIMULATIONS 

In Chapter 2, we presented experimental data and DEM simulations of prepack 

tests through several screens with rectangular openings. Figure 2.11 shows the PSDs and 

the screen sizes used in that study. For some PSDs no jamming could be simulated in a 

viable computation time. These PSDs are plotted in dashed lines. A detailed description 

of the experiments and the simulations can be found in Chapter 2. Figure 2.12 shows a 

comparison of the mass of sand produced per unit screen area in the experiments versus 

the DEM simulations. There are seven points (encircled in red in Figure 2.12) where the 

sand produced from the experiments are considerably higher than the DEM simulations. 

These correspond to the PSDs where no jamming was observed in the DEM simulations 

in a computationally viable amount of time (plotted with dashed lines in Figure 2.11). 

Please note that we had ignored these during our analysis in Chapter 2. These seven cases 

will be referred to as high-sand cases, and the others as the low-sand cases. The 
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polydispersed granular material was represented by a number of discrete particle 

diameters di , each representing a fraction xi  (by volume, mass, or number) of the given 

sand sample, such that they characterize the overall PSD of the given sample (Figure 

2.15).  

DEM simulations were conducted by representing a PSD with 7-8 discrete 

particle sizes. Analysis of the DEM simulations revealed a remarkable correlation: In a 

polydisperse sand sample, the number of particles of diameter di , produced per unit area 

was observed to have a power–law correlation with di Do , where Do  is the size of the 

screen opening. This NP-correlation, and its comparison with the experiments (which are 

shown in Figures. 2.16 and 2.17) are reproduced here for reference.  

 

  
(a) (b) 

Figure 5.4: (a) The number of particles produced per unit screen area (NPi), of diameter 
di, follows a power-law correlation with di Do . (b) Comparison of NP-
correlation from the experiments with the simulations. 

Using the NP-correlation, a new method to calculate the mass of sand produced 

for a given sand PSD and screen size was also presented in Chapter 2 (Eqs. 2.10 through 

2.14). The produced mass of sand calculated using the correlation is shown in Figure 5.5. 
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It is exciting to see that the simple correlation predicts the mass of sand produced for a 

broad range of sand-screen combinations as good as the complex DEM simulations. It is 

also interesting to note that the correlation is as bad as the simulations in predicting the 

high-sand cases, which may be because the correlation was derived entirely from the low-

sand cases (please refer to Chapter 2 for the details). 

 

 

Figure 5.5: Mass of sand produced in the experiments versus that from the DEM 
simulations and the NP-correlation. Please note that the data points encircled 
in red correspond to the high-sand production cases. 

So far, we have shown that during the discharge of a polydispersed granular 

matter through screens with rectangular openings, the number of particles produced 

before jamming follows power–law statistics. We have also shown that this correlation 
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can be used to predict the mass of sand produced through screens. The above method has 

also been shown to work for square mesh screens in Chapter 3. The primary objective of 

this chapter is to present a simple probabilistic model to explore the underlying physics of 

this problem. 

5.5  RESULTS 

We test the model on all the thirty PSDs (shown in Figure 2.11), to predict the 

NP–correlation (as shown in Figure 5.4) and the mass of sand produced (kg/m2) from the 

experiments and DEM simulations (Figure 5.5). The discrete particle sizes used in this 

model are indicated by squares (∎) on Figure 2.11.  

The only parameter that is assumed in the model is φ = 0.50 , slightly higher than 

the porosity expected in the sand–pack, as the grains tend to be loose and more fluidized 

over the opening. The calculations were done for L = 50d50 , or fifty times the median 

particle diameter in the respective PSDs. Also, for the purpose of testing the model we 

ignored the probabilities of forming five–particle bridges or more (k ≤ 4) . A definition of 

jamming probability, pkj = f d Do( )  (Eq. 5.1), is now needed to complete the model. 

5.5.1 Jamming Probability from Janda et al. (2008) 

As mentioned previously, Janda et al. (2008) conducted experiments of 

monodisperse spherical beads of diameter d, flowing through 2D silos with flat bottom 

and opening size Do . The silo is called 2D because the length of the silo (L in our 

nomenclature) was equal to 1.1d, so the particles could only form a single layer. Please 

note that in our model too, we assume that the length of the slot covered in one discharge 

is a single layer thick. Janda’s experiments showed that, 
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 N = C

Dc −
Do
d( )γ

 (5.15) 

where, N  is the mean avalanche size, and the fitting parameters are 

C = 1.1×1011 ± 0.1×1011,Dc = 8.5 ± 0.1  and γ = 12.7 ± 0.1 , respectively. The plot is 

shown in Figure 5.1(c). Please note that in Janda et al. (2008), the avalanche size is 

denoted by s, but for our consistency of nomenclature, we have denoted it by N. 

They also showed that the probability of a single grain to pass through without 

jamming (p) is related to the mean avalanche size as, 

 N = p
1− p

 (5.16) 

Therefore, as a first approximation, we extend Janda’s model for monodisperse 
systems to polydisperse systems. The probability of jamming is defined as pj = 1− p , 

and from Eqs. 5.15 and 5.16, we can say, 

 pkj =
1

1+ N
= 1

1+ C

Dc −
Do
d( )γ

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

= f d
Do

⎛
⎝⎜

⎞
⎠⎟

 (5.17) 

where,  d = da + db +dk( ) k , or the mean diameter of the particles in a k-particle bridge. 

Thus, pkj  defined using constants C,Dc ,  and γ  can be used in Eqs. 5.7 and 5.11 to 

calculate the number of particles produced before a slot of size Do  is jammed. 

It is interesting to note that in Janda’s experiments, N  vs. d Do( )  (which is 

analogous to the NP-correlation for monodispersed systems), shows that N  diverges 
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from the power-law (as shown in Figure 5.6). This is because they say that there exists a 

critical diameter Dc  beyond which no jamming occurs. Similar diverging behavior was 

also observed in circular orifices by Zuriguel et al. (2005). 

 

 

Figure 5.6: The mean avalanche size N  through an outlet Do × d  shows a divergence 
from power-law trend for monodispersed cases. 

However, the NP-correlation predicted by this model (using pkj , Eq. 5.17, from 

Janda’s model) shows very good agreement with the power-law trend as observed from 

both experiments and the DEM simulations (as shown in Figure 5.7). The NP-correlation 

from the model is slightly lower for the high-sand cases than the experiments, and it can 

be because of several reasons, some of which are: (1) the jamming model from 

10−1 100

100

105

1010

1015

d/Do

<N
>/
(D
od
)

 

 
<N> from Janda et al.(2008) [Eq. 5.15]
Power−law Trend



 122 

monodispersed system is underestimating the production in polydispersed cases, (2) 

additional smaller particles may get produced through the pores of the big particles 

forming the arch which are not accounted for, (3) not all particles that are bigger than the 

slot may completely cover the slot as has been assumed in this model, (4) the length of 

the slot covered by one arch is being overestimated, and (5) most stable arches are 

convex, so the condition for spanning the outlet should be  (da + db ++ dk ) ≥ηDo  , 

where η ≈1.5  (Garcimartín et al. 2010). Yet, we can say, that the simple monodispersed 

jamming probability has been extended and used in this model for polydispersed system 

to reproduce the NP-correlation quite well. 

 

 

Figure 5.7: Comparison of NP-correlation for all cases (high-sand and low-sand) from 
experiments, simulations and model using pkj  derived from Janda et al. 
(2008). 
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The question is: why does the divergence from power-law that is observed in a 

monodispersed system for very small particles disappear in a polydispersed system? We 

believe, and as we have demonstrated with this model, that this is because in a 

polydispersed system big particles will come to the outlet once in a while and either size-

exclude or bridge across it, thus halting the unabated flow of smaller particles and 

constraining them to a power-law fit as observed. 

 

 

Figure 5.8: Mass of sand produced in the experiments versus computed mass from 
DEM simulations and current model (using pkj  from Janda et al. 2008). 
Please note that the data points encircled in red correspond to the high-sand 
production cases. 
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The predicted mass of sand produced from this model, and the DEM simulations 

is compared with the experiments in Figure 5.8. Because the NPi  from the model is lower 

than what is observed, the predicted mass is also lower (most of the green squares are 

above the dashed line). Also, it does only a marginally better job at predicting the high-

sand cases. 

5.5.2 Jamming Probability from Experiments 

To determine the probability of jamming for polydispersed granular samples, let 

us turn our attention to the high-sand cases. It is important to realize that in these 

experiments, the PSDs contain few particles (if any) that can size-exclude (jam the outlet 

because the particle diameter is bigger than the opening size) as opposed to the low sand-

production cases (refer Figure 2.11). Therefore, the high-sand experiments actually 

represent jamming due to bridging by polydispersed matter, as compared to the low-sand 

production cases where retention is both by bridging and size-exclusion. The scaled NPi  

from the high-sand experiments is compared to the low-sand experiments in Figure 5.9. It 

is intuitively obvious that the number of particles produced is higher when there is no 

help from size-exclusion. 

We can use the NPi  in Figure 5.9 (NPi m
2  for 10% OFA) to calculate the 

number of particles of size di  that would be produced through an opening of size Do × di  

(as shown in Figure 5.10). In other words, this represents the number of particles of size 

di  that would be produced through an opening of width Do  if the length of the slot (L) 

were only one particle diameter di  (see Figure 5.3 for geometry of slot). 
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Figure 5.9: Comparison of NP-correlation from low-sand experiments, high-sand 
experiments, and DEM simulations. 

 

Figure 5.10: Comparison of NP-correlation from low-sand experiments, high-sand 
experiments, and DEM simulations. 
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From the power-law fit in Figure 5.10, we can write the jamming probability for a 

true polydispersed system as, 

 pkj =
1

NP
Dod

= 1

α d
Do

( )β⎡

⎣
⎢

⎤

⎦
⎥

= f d
Do

⎛
⎝⎜

⎞
⎠⎟

 (5.18) 

where,  d = da + db +dk( ) k  , or the mean diameter of the particles in a k-particle 

bridge, α = 8.38  and β = −2.09  are constants for this screen type. 

The NP-correlation from the model (using pkj  from the high-sand experiments) is 

shown in Figure 5.11. We can see that the NP–correlation predicted by this jamming 

probability is in better agreement with the experiments and the simulations.  

 

 

Figure 5.11: Comparison of NP-correlation for all cases (high-sand and low-sand) from 
experiments, simulations and model using pkj  derived from experiments. 
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Therefore, we propose this new method to obtain the jamming probability of a 

polydispersed system. It is exciting because, it seems to suggest that this method of 

calculating jamming probability, inherently accounts for polydispersity of the system, 

bridging and retention of significantly smaller particles in the presence of bigger 

particles, and the effect of the shape of the opening. In Chapter 3, we have shown that a 

NP-correlation, with different coefficients, also exists for screen with square openings. 

 

 

Figure 5.12: Mass of sand produced in the experiments versus computed mass from 
DEM simulations, and current model (using pkj  from high-sand 
experiments). Please note that the data points encircled in red correspond to 
the high-sand production cases. 
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The predicted mass of sand produced from the DEM simulations and this model is 

compared with the experiments in Figure 5.12. The model, with jamming probability 

calculated from the experiments, seems to be as good as the DEM simulations in the low-

sand cases and better than all the methods we have demonstrated for the high-sand cases. 

Potentially, this simple model can be used to predict screen performance much faster than 

complex DEM simulations. Since particles are selected randomly in this model, multiple 

realizations of it can help determine confidence intervals. 

As our model describes the process as a function of just the particle size 

distribution and a jamming probability, we suggest that this model can be extrapolated to 
more complex screens, if a jamming probability pkj  for such screens can be calculated 

from experiments/simulations. This needs to be investigated in the future. 

5.6  CONCLUSIONS 

In this chapter, we have presented a new probabilistic model that describes the 

jamming of polydispersed granular matter through screens. The main conclusions of this 

study are as follows: 

1. We have presented experimental data and results from DEM simulations on the 

jamming of several polydispersed sand and screen combinations. 

2. From the experiments and simulations, we have identified a new correlation to 

predict the number of particles of different sizes that will be produced before 

jamming. 

3. A simple probabilistic model has been proposed to describe the jamming of 

screens by polydispersed systems. The model accurately reproduces, and 

therefore provides a physical explanation of the correlation from the experiments 

and simulations.  
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4. We have also calculated the jamming probability of a polydispersed system 

through rectangular slot openings from experimental data. In the process, a 

potential generic method for determining jamming probability through complex 

screens has also been proposed. 

5. As most real suspensions are polydispersed, the model may be applicable in 

describing jamming/filtration of complex screens or porous media amongst other 

industrial processes. 
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NOMENCLATURE 
 

ck = constant 
C  = dimensionless constant from 

Janda et al. (2008) 
d  = diameter, L, m (μm) 

  da ,db ,dk  = diameter of particles in the arch, 
L, m (μm) 

di  = diameter of particle i, L, m (μm) 

  di ,max
  = largest particle size in   Ni ,s , L, m 

(μm) 
d10 , d50  = diameter of particle representing 

10% and 50% cumulative retained 
by weight, L, m (μm) 

d   = mean particle diameter, L, m (μm) 
Do  = size of screen opening, L, m (μm) 
Dc  = dimensionless constant from 

Janda et al. (2008) 
k = number of particles in an arch 
k(V) = number of particles arriving 

simultaneously at the opening 
(Goldsztein and Santamarina 2004) 

kmax = threshold for bridging (Goldsztein 
and Santamarina 2004) 

lslot = length of slot covered by one arch, 
L, m (μm) 

L = total length of slot, L, m (μm) 
m, i = particle indices 
nR = avalanche size distribution in 

Janda et al. (2008) 
N = avalanche size 

 N   = mean avalanche size 

  Ni ,s   = set of particles present at step i 
during discharge s  

NPi  = number of di-sized particles 
produced 

NPslot  = number of particles produced 
before lslot is covered 

p = probability of passing through an 
outlet without jamming 

pj = probability of jamming 
pkj = probability of a k-particle bridge 
Pk

i , s   = total probability of a k-particle 
bridge from   Ni ,s  

PJ
i , s   = total probability of all particle 

bridges   Ni ,s  

PJ   = total cumulative probability of 
jamming  

V = volume of influence near the 
outlet where particles may bridge, 
L3, m3 (μm3) 

Vi = volume of influence during step i, 
L3, m3 (μm3) 

s = discharge index / avalanche size in 
Janda et al. (2008) 

 s   = mean avalanche size in Janda et 
al. (2008) 

xi = weight fraction of particle i in 
PSD 

  X k
i ,s   = set of all particle combinations 

that can form a k-particle bridge 
from   Ni ,s  

 α ,β   = coefficients of power-law fit 
γ   = constant in Janda et al. (2008) 
φ   = porosity
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Chapter 6: Analytical Modeling of Low-Concentration Slurry Flow 
through Screens with Rectangular Outlets 

The objective of this chapter1 is to develop analytical and stochastic models to 

predict the amount of particle production during the flow of polydisperse low-

concentration particulate suspensions through wire-wrap screens (WWSs) with 

rectangular (slot) openings. We show that the proposed methods can estimate both mass 

and size-distribution of produced solids, taking into account the full particle size 

distribution (PSD) of the granular sample. 

Slurry-type sand-retention test (SRT) that simulates gradual rock failure around 

the wellbore has been used widely in the industry to evaluate the performance of sand-

control screens for standalone-screen (SAS) applications. The proposed methods, which 

were validated with Monte Carlo simulations and slurry-type experiments, can be used to 

estimate sand production for different screen sizes and thereby can enable screen-size 

selection on the basis of a defined acceptable level of sand production. 

6.1  INTRODUCTION 

Filtration of suspended particles in slurry flow is mainly governed by two 

mechanisms – hydrodynamic bridging and straining/size exclusion. In dilute or low-

concentration particulate suspension flows  (φ <1%) , it can be further argued that 

retention due to bridging is small compared to straining/size exclusion. Under such 

circumstances, particles smaller than the pores of a filter will keep passing through, until 

all openings of the filter have been successively blocked by particles bigger than the 

                                                
1 Many of the ideas expressed in this chapter were first presented in: Chanpura, R.A., Fidan, S., Mondal, S., 
et al. 2012. New Analytical and Statistical Approach for Estimating and Analyzing Sand Production 
through Wire-Wrap Screens during a Sand-Retention Test. SPE Drill & Compl. 27(3): 417-426. SPE-
143731-PA. Mondal developed the models presented here, Sharma supervised the project, and other 
coauthors Chanpura et al. conducted Monte-Carlo simulations and experiments for validation. 
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openings as a filter cake builds up. Recent modeling work has also demonstrated that 90-

95% of the total mass of solids is produced before the first layer of filter cake buildup 

(Chanpura et al. 2012).  

6.2  ANALYTICAL MODEL FOR FIXED SLOT OPENING SIZE 

Consider a rectangular slot of opening size Do  onto which a low-concentration 

slurry with a size distribution of spherical particles, as shown in Figure 6.1(a), is injected 

(similar to a slurry-type SRT). Because the particle concentration is less than 1% by 

volume, we assume that particle retention by the slot is by size exclusion only, as shown 

in Figure 6.1(b) (i.e., bridging can be neglected (Valdes and Santamarina 2006). Particles 

smaller than the slot will be produced and those larger than the slot will be retained. Let 

dx be a characteristic (some average) diameter that represents all the particles retained on 

the slot, as shown in Figure 6.1(c). The number of dx-sized particles required to cover an 

open flow area (OFA), 
 As = Do × L , where L is the total slot length, can be written as, 

 
 
Nreq =

As
dxDo

 (6.1) 

If the total mass of sand available is M, the mass of sand greater than the slot size 

is  X × M , where X is the total mass fraction of particles larger than Do  (Figure 6.1(a)). 

The mass of one dx-sized particle is given by, 

 
  
mx = ρπ6 dx

3  (6.2) 

where, ρ is the particle density. 
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(a) 

 

 

 

 

(b) (c) 

Figure 6.1: (a) PSD with slot opening size Do  and characteristic diameter dx (b) 
Retention by size-exclusion only. The thickness of the wires is W. (c) dx is a 
characteristic (some average) diameter that represents all the particles 
retained on the slot. 
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The number of dx-sized particles available is, 

 
 
Nav =

XM
mx

 (6.3) 

For complete size exclusion (i.e., just enough particles to cover the slot), the 

number of dx-sized particles required should be equal to the number of dx-sized particles 

available, 

 Nreq = Nav (6.4) 

Substituting Eqs. 6.1, 6.2, and 6.3 into Eq. 6.4, we obtain, 

 
  
M = ρπ6 dx

2 As
Do X

 (6.5) 

The mass of sand smaller than the slot size (i.e., mass of produced particles per 

unit area of screen) is given by, 

 
  
M prod =

1− X( )M
A

 (6.6) 

where,   A = Do +  W( )× L  is the total screen area with W being the wire width. From Eqs. 

6.5 and 6.6, we obtain, 

 
  
M prod =

ρ
w
π
6

1− X
X

⎛

⎝⎜
⎞

⎠⎟
dx

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

As
A

⎛

⎝⎜
⎞

⎠⎟
 (6.7) 

where, dx is to be determined. Here, it is assumed that each slot in a WWS-test coupon is 

independent of the neighboring slots. This is valid because the wire thickness W is 

typically an order of magnitude greater than the slot opening Do, and thus, the probability 
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of two very large particles (i.e., 
 
dp >W + Do ) landing next to each other on two adjacent 

slots is very low. 
For a given sand sample, if dp  is the particle size and x is the mass-based 

probability density function of particles, then the total mass fraction of particles larger 

than Do is given by (see Figure 6.1(a)), 

 
 

x∂dp = X
dp=Do

∞

∫  (6.8) 

Note that in Eq. 6.8 and hereafter, to distinguish from dp , ∂  is used to represent 

an ordinary differential operator instead of d, i.e., ∂x = dx . Therefore, in mass M of sand, 
number of dp size particles is given by, 

 
  

Ndp
=

xM ∂dp

ρπ 6 dp
3

 (6.9) 

If dp > Do , then the area covered by one dp size particles is given by, 

  
adp

= dp × Do  (6.10) 

Also, for complete retention by size-exclusion, the total area covered by all 

particles that are bigger than the slot must be equal to the OFA of the screen, As. 

 

  

As = Ndp
× adp( )

dp=Do

∞

∫ =
MDo

ρπ 6

x
dp

2
dp=Do

∞

∫ ∂dp  (6.11) 

from which we obtain, 
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M = ρ
Do

π
6

As

x
dp

2 ∂d
p

dp=Do

∞

∫
 (6.12) 

Therefore, mass of sand produced per unit area is given by, 

 

  

M prod =
(1− X )M

A
= ρ

Do

π
6

1− X

x
dp

2 ∂d
p

dp=Do

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

As

A
⎛
⎝⎜

⎞
⎠⎟

 

(6.13) 

Comparing Eqs. 6.13 and 6.7, we obtain, 

 

  

dx =
X

x
dp

2 ∂d
p

dp=Do

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

1
2

 

(6.14) 

Thus, for a given PSD of formation sand, dx can be calculated from Eq. 6.14 using 

the portion of the PSD greater than the slot size, and the sand production per unit area can 

then be calculated using Eq. 6.7. 

6.3  ANALYTICAL MODEL FOR SCREENS WITH SLOT SIZE DISTRIBUTION  

In reality, no WWS has a single slot size. Therfore, an expression is needed to 

calculate sand production through screens with a given slot-size distribution. The fraction 
of particles of size in the interval dp < d < dp + ∂dp( )  that are retained is given by 

(Sharma and Yortsos 1987). 
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P dp( ) = number of particles in dp ,dp + ∂dp( )  that are retained

total number of particles in dp ,dp + ∂dp( ) that are present
 (6.15) 

If it is assumed that the particles distribute themselves in the slots in the same 

proportion as the fluid, then, as derived by Sharma and Yortsos (1987), 

 
  
P dp( ) = I dp( )

I(∞)
 (6.16) 

where, 

 
  
I dp( ) = foqo ∂Do

0

dp

∫  (6.17) 

fo(Do) = probability density function of slot size distribution 

qo(Do) = volumetric flow rate through slot size (Do, Do + ∂Do) 

Instead, if it is assumed that the flow rates through all the slots are the same, then,  

 
  
I dp( ) = fo ∂Do

0

dp

∫  (6.18) 

Therefore, number of particles of size dp that are retained on the slots, and the 

number passing through are given by, 

   
Ndp , retained = Nt f p P(dp )∂dp  (6.19) 

   
Ndp ,through = Nt f p 1− P(dp )⎡⎣ ⎤⎦∂dp  (6.20) 
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where,
Nt =  total no. of particles 

f p (dp ) =  fraction of  dp  size particles in Nt  or the number-based PSD

P(dp ) =  fraction of particles of size dp  that gets trapped

 

Length of slot covered by dp size particles, 

   
Ldp

= dp × Nt f p P(dp )∂dp  (6.21) 

Therefore, length of slot covered by all particles, i.e., dp ∈(0,∞)   

 
  
L = dp Nt f p P(dp )∂dp

0

∞

∫  (6.22) 

where, L is the total length of slots in the screen. Again, from Eq. 6.20, the mass of 

particles going through a length of L is, 

 

  
M = ρ π

6
dp

3⎛
⎝⎜

⎞
⎠⎟

Nt f p 1− P(dp )⎡⎣ ⎤⎦∂dp
dp=0

∞

∫  (6.23) 

From Eqs. 6.21 and 6.22, the mass of sand produced per unit screen area is given 

by, 

 

  

M prod = ρ π
6

dp
3 f p 1− P(dp )⎡⎣ ⎤⎦∂dp

dp=0

∞

∫

dp f p P(dp )⎡⎣ ⎤⎦∂dp
dp=0

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

L
A

⎛
⎝⎜

⎞
⎠⎟

 

(6.24) 

where, P(dp) can be calculated from Eq. 6.16 and I(dp) can be calculated from either Eq. 

6.17 or 6.18, based on the assumption. 
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6.3.1 Limiting Case: Fixed Slot Width 

For the limiting case of fixed slot width Do, 

 
 
L =

As

Do

 (6.25) 

where, As is the open flow area of the screen, and, 

 

  
P dp( ) = 0 for dp ≤ Do

1 for dp > Do

⎧
⎨
⎪

⎩⎪
 (6.26) 

Substituting Eqs. 6.25 and 6.26 into Eq. 6.24, we obtain 

 

  

M prod =
ρ
Do

π
6

f pdp
3 ∂dp

dp=0

Do

∫

f pdp ∂dp
dp=Do

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

As

A
⎛
⎝⎜

⎞
⎠⎟

 

(6.27) 

Note that fp is the fraction of particles (by number) of size dp, and x is the fraction of 

particles (by mass) of size dp. Therefore, 

 

  

f p ∂dp ∝
x∂dp

ρ π
6

dp
3

 (6.28) 

From Eqs. 6.27 and 6.28, 



 141 

 

  

M prod =
ρ
Do

π
6

x∂d
p

dp=0

Do

∫
x

dp
2 ∂d

p

dp=Do

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

As

A
⎛
⎝⎜

⎞
⎠⎟

 

(6.29) 

From Eqs. 6.8 and 6.29, 
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(6.30) 

This expression is the same as Eq. 6.13 for a fixed slot width. 

6.4  STOCHASTIC MODEL OF PARTICLE RETENTION BY SIZE EXCLUSION 

The mass of particles produced depends on the PSD of the suspension and the 

pore size distribution of the filtration medium. However, the process is not unique as 

particles of different sizes randomly arrive at the pore openings. This section develops a 

probabilistic model of particle retention by size exclusion and calculates the probability 

distribution of the mass of solids produced.  

6.4.1 Binomial Distribution Function 

In probability and statistics, a binomial distribution is a discrete probability 

distribution of the number of successes in a sequence of independent trials with only two 

possible outcomes – success or failure. Let the probability of a success be p, where p is 

independent of the number of trials (such as drawing from a bag of black and white balls 

with replacement or probability of a head in coin toss).  
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The probability of getting exactly k successes in n trials is given by the probability 

mass function, 

 
  
f (k;n, p) = n

k
⎛

⎝⎜
⎞

⎠⎟
pk (1− p)n−k  (6.31) 

for k = 1, 2, 3, …, n, where, 

 

  

n
k

⎛

⎝⎜
⎞

⎠⎟
=

n!
k! n − k( )!  (6.32) 

6.4.2 Hypergeometric Distribution Function 

The binomial distribution can be used to model the number of successes in a 

sample size of n drawn from a population size of N with replacement. If the samples are 

drawn without replacement, the resulting distribution is a hypergeometric distribution. 

Suppose there are m white balls in a bag containing N balls, then the probability of 

drawing exactly k white balls from n trials without replacement, is given by the 

probability mass function, 
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(6.33) 

However, for N much larger than n, the binomial distribution is a good 

approximation and commonly used. In this case, we assume that the number of sand 

particles available is much larger than the number of particles needed to cover the slot. 

So, a binomial distribution can be used. 
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6.4.3 Model Formulation 

From the earlier formulation, it is known that the probability of the particles in the 
interval dp < d < dp + ∂dp( )  of being trapped is given by P(dp) (refer to Eqs. 6.15 through 

6.18). As shown by Sharma and Yortsos (1987), Eq. 6.16 is valid for any pore size 

distribution by formulating qo(Do) in Eq. 6.17 for that pore size distribution. Thus, the 

probability of a particle being trapped can be obtained, in principle, for any filtration 

medium. For convenience, we will refer to this probability as P(dp; trapped). 

On the other hand, if a PSD is available, the probability of picking a particle of 
size in the interval dp < d < dp + ∂dp( )  (or the probability of that particle arriving at the 

pore opening) is simply the fraction of particles of that size interval present in the 

distribution. That is,
  

   
P(dp; picked) = f p (dp )∂dp  (6.34) 

where, fp(dp) = probability mass function of particle size distribution by number. 
Therefore, the probability of a particle of size dp < d < dp + ∂dp( )  of arriving at 

the pore opening and being trapped is given by, 

 

  

P(dp; picked & trapped) = P(dp; picked)× P(dp;trapped)

=
I(dp )
I(∞)

f p (dp )∂dp

 
(6.35) 

If we define success as the event of a particle arriving at the filter and getting 

trapped, then the total probability of success is given by, 

 
  
P(success) = p =

I(dp )
I(∞)

f p (dp )∂dp
0

∞

∫  (6.36) 
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Also, the average diameter of particles being picked and trapped can be calculated 

as, 
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I(dp )
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f p (dp )
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(6.37) 

The number of particles required for complete size exclusion, k, can be 

approximated using this average particle diameter. In other words, k successes would be 

required to achieve a first layer of particles on the screen. For the simple case of wire-

wrap screens, with total slot length L and area A, 

 
 
k = L

d
 (6.38) 

Following our earlier discussion on binomial distribution, Eq. 6.31 gives the 

probability of getting exactly k successes from n trials and the probability of success (p) 

is defined by Eq. 6.36. It should be noted that the probability calculated using Eq. 6.31 

also includes the scenarios where k successes occur in less than n trials. However, in our 

case, since particle production stops as soon as k successes are achieved, we are only 

interested in finding the probability of getting k successes from exactly n trials. For k 

successes from exactly n trials, (k − 1) successes must occur in (n − 1) trials and the kth 

success on the nth trial. The probability of that is given by, 

 

  

P(k;n) = f (k −1;n −1, p) × p

= n −1
k −1

⎛

⎝⎜
⎞

⎠⎟
pk (1− p)n− k

 
(6.39) 
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Thus, the probability of producing (n − k) particles before complete size-exclusion is 

given by Eq. 6.39. If we assume that these produced particles have the same size 

distribution as the incident suspension, then the mass of particles produced per unit area, 

with probability P(k; n), can be calculated as, 

 
  
M prod (k;n) = 1

A
ρ π

6
dp

3 1− P(dp )⎡⎣ ⎤⎦ f p (dp )n∂dp
0

∞

∫  (6.40) 

Hence for all n ∈(k,∞) , a probability distribution of the mass of particles 

produced can be calculated.  

6.5  COMPARISON WITH MONTE CARLO SIMULATIONS 

Monte Carlo (MC) simulations rely on repeated random sampling to compute the 

results. Chanpura et al. (2011, 2012) used this technique to estimate sand production in a 

slurry-type SRT and compared them to the analytical models presented here. The 

assumptions made while applying this technique were the same as in the analytical 

approach: (1) sand retention is by size exclusion only (i.e., no bridging), and (2) each slot 

in a WWS-test coupon is independent of the neighboring slots.  

The following methodology was implemented to perform MC simulations to 

model a slurry-type SRT:  

1. The weight-based PSD was first converted into a number-based distribution for a 

fixed mass (e.g., 1 g) of sand sample.  

2. From this total population of particles (approximately 1 to 5 million), one particle 

was picked randomly.  

3. If the particle diameter was smaller than the slot opening, then that particle was 

produced.  
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4. If the particle diameter was larger than the slot opening, then that particle was 

retained on the slot from one end to the other.  

5. Simulation was stopped when the entire length (e.g., 1 to 10 cm) of the slot was 

covered by two layers of sand particles. While forming the second layer, an 

assumption on pore sizes of the first layer of sand was required, which we took as 

one-sixth of the average diameter of two adjacent particles on the slot as a base 

case, and studied the sensitivity with pore size varying from one-fourth to one-

eigth of the average diameter. The simulation was continued by picking particles 

randomly from the remaining population. If the particle size was smaller than the 

first pore size, it was produced; otherwise, it was retained on that pore. This was 

continued until all the pore spaces were covered by particles.  

6. The mass of sand produced by this time was calculated and presented per unit 

area. This constituted one run of the MC simulation.  

7. Thousands of such simulations were run, and the average sand production per unit 

area was calculated. 

A detailed description of these simulations and a sensitivity study to different 

parameters such as PSD, slot length, etc. can be found in Chanpura et al. (2011). Only the 

results are presented here for comparison and validation of the analytical models. 

6.5.1 With Analytical Model for Fixed Slot Size and Slot Size Distribution 

We compare the calculated sand production for a fixed slot size (given by Eq. 6.7) 

and for a slot size distribution (Eq. 6.24), with that from respective MC simulations. The 

comparison shown here are for MC simulations for one layer of retained particles only. 

Chanpura et al. (2012) have shown that 90-95% of the total sand production occurs 

during this time. Five PSDs used for the comparison are shown in Figure 6.2. Table 6.1 
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presents the comparison for a fixed slot size of 225 μm. Table 6.2 shows a similar 

comparison for the same PSDs but with screen with slot size distribution represented by 

Figure 6.3. As we can see from these tables, there is an excellent match between the 

results from MC simulations with those calculated from the analytical solution for both 

fixed slot as well as with slot size distribution. 

 

 

Figure 6.2: Synthetic PSDs of different shapes used to compare the analytical models 
with Monte Carlo simulations. 

 

Mass of Sand Produced (g/cm2) 

PSD MC Simulations Analytical Model MC/Analytical 

PSD1 0.0045 0.0046 0.98 

PSD2 0.0068 0.0067 1.01 

PSD3 0.0047 0.0045 1.04 

PSD4 0.0080 0.0080 1.00 

PSD5 0.0034 0.0033 1.02 

Table 6.1: Comparison of sand production from MC simulations with analytical 
solution for fixed slot size. 
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Figure 6.3: Slot size distribution for a screen of nominal size 223 μm and industry 
standard tolerance (~80% within ±25 μm and ~99% within ±50 μm). 

 
Mass of Sand Produced (g/cm2) 

PSD MC Simulations Analytical Model MC/Analytical 

PSD1 0.0056 0.0056 1.00 

PSD2 0.0086 0.0085 1.01 

PSD3 0.0059 0.0059 1.00 

PSD4 0.0106 0.0108 0.98 

PSD5 0.0048 0.0047 1.01 

Table 6.2: Comparison of sand production from MC simulations with analytical 
solution for screen with slot size distribution. 

  

0.000 

0.005 

0.010 

0.015 

0.020 

0.025 

125 175 225 275 325 

Pr
ob

ab
ili

ty
 D

en
si

ty
 F

un
ct

io
n 

Slot Size, µm  



 149 

 

Figure 6.4: Comparison of stochastic model with Monte Carlo (MC) simulations for 
fixed slot width and slot length L = 1 cm. The solid lines represent the 
model results and the respective marker points represent P5, P10, P50, P90, and 
P95 from the MC simulations.  

 

Figure 6.5: Comparison of stochastic model with Monte Carlo (MC) simulations for slot 
size distribution and slot length L = 10 cm. The solid lines represent the 
model results and the respective marker points represent P5, P10, P50, P90, and 
P95 from the MC simulations. 
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6.5.2 With Stochastic Model for Fixed Slot Size and Slot Size Distribution 

The probability distribution of produced mass calculated from the stochastic model (Eq. 

6.40) and the MC simulations, for a fixed slot size and a slot size distribution, are shown 

in Figure 6.4 and Figure 6.5, respectively. The stochastic model is in very good 

agreement with the MC simulations for both cases and different slot lengths. 

6.6  COMPARISON WITH EXPERIMENTAL DATA 

The analytical models were also compared to laboratory slurry-type SRTs by 

Chanpura et al. (2012). Figure 6.6 shows three different PSD measurements for the 

“same” formation sand using the laser technique. Table 6.3 shows the sand production 

from three tests conducted with nominally 410-µm WWS and the sand production 

predicted by the model. 

 

 

Figure 6.6: PSD of the ‘same’ formation sand from three different laser measurements. 

The sand produced in the three laboratory tests is nearly the same, but there is an 

excellent match between laboratory data and sand production predictions for Test 1 only. 

Sand production prediction can be affected significantly by PSD, especially by the shape 
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of the portion larger than the slot size (which affects dx, refer to Eq. 6.7) and the mass 

fraction of particles larger than slot size X (which also affects dx). As can be seen from 

Figure 6.6, the measured PSDs are all different for the same formation sand. Chanpura et 

al. (2012) believe that PSD Measurement 1 was the most representative of the formation 

sand that was actually used in all three SRTs, assuming that the slot sizes were all 410 

µm. This highlights the importance of accurate PSD measurements. 

 
Mass of Sand Produced (g/cm2) 

Tests Experiments Model 

Measurement 1 0.092 0.091 

Measurement 2 0.091 0.047 

Measurement 3 0.075 0.207 

Table 6.3: Comparison of model sand production with experimental data. 

 
Test Parameter Value 

Flow rate 200 ml/min 

Screen-coupon diameter 1.74 in. 

Screen area 14.46 cm2 

Fluid velocity 0.23 cm/s 

Fluid viscosity (70oF) 7 cp 

Fluid density cesium formate) 2.32 g/cm3 

Particle concentration 13.31 g/liter 

Particle density 2.65 g/cm3 

Particle-volume fraction in the slurry 0.5% 

Particle-injection rate 2.66 g/min 

Table 6.4: Set of laboratory parameters used for slurry-type SRTs. 
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(a) 

 
(b) 

Figure 6.7: Glass bead PSDs used in the tests: (a) PSD-A and (b) PSD-B. Note the 
agreement between both laser and sieve measurements. 

To verify, they did two more slurry-type SRTs with the spherical glass beads and 

accurate determination of PSDs by both laser and sieve. The test parameters used in the 

SRTs are listed in Table 6.4. The PSDs for these glass-bead samples are shown in Figure 

6.7. Note that there is a very close match in the PSD measurements between the two 
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techniques. They used synthetic spherical glass beads with precise size ranges (vs. 

formation sand) to ensure that they created an accurate representation of the PSD by (a) 

avoiding the effect of particle shape (if any) on the PSD measurements with the two 

techniques, (b) eliminating carrier-fluid/particle interactions (if any) for laser, and (c) 

ensuring that the particle-size ranges were within the limitations of both techniques; 

therefore, the PSDs from both techniques were the same. The tests were performed on 

two different 225-μm WWS. The measured and predicted sand production for these two 

tests was in very good agreement, as shown in Table 6.5. 

 
Mass of Sand Produced (g/cm2) 

PSD Experiments Analytical Model 

PSD-A 0.195 0.209 

PSD-B 0.127 0.129 

Table 6.5: Comparison of model sand production with experimental data (glass 
beads). 

6.7  CONCLUSIONS 

We have presented analytical expressions and a stochastic model for predicting 

sand production through rectangular openings (WWSs) in low-concentration or dilute 

slurry flows. The main conclusions of this study are as follows: 

1. The models were derived for screens with a single slot size and/or a known slot 

size distribution. Monte Carlo simulations are shown to be in excellent agreement 

with the models. 

2. Since size-exclusion is the dominant retention mechanism, the PSD bigger than 

the opening size controls the amount of particles produced. 
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3. On the basis of the two experimental results (with accurate determination of PSDs 

for glass beads), we show that the approach presented here can indeed be 

predictive provided that an accurate representation of the formation sand PSD is 

available. 
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NOMENCLATURE 
 

 
adp

 = area covered by dp-sized particles, 

L2, m2 
A = screen area, L2, m2 
As = open-flow area, L2, m2 
dp = particle diameter, L, m 
dx = characteristic (some average) 

diameter that represents all the 
particles retained on the slot, L, m 

 d  = probability-weighted mean 
particle diameter, L, m 

Do = slot width, L, m 
fo = fraction of slot widths (by 

number) of size Do 
fp = fraction of particles (by number) 

of size dp 
L = slot length, L, m 

 
Ldp

 = length of the slot covered by dp-

sized particles, L, m 
k = number of successes required to 

cover slot length L 
mx = mass of one dx-sized particle, M, 

kg 
M  = total mass of sand available, M, 

kg 
Mprod = mass of particles produced per 

unit area of screen, ML–2, kg/m2 

n = total number of particles available 
for sampling 

Nav = number of dx-sized particles 
available 

 
Ndp

 = number of dp-sized particles 

  
Ndp ,retained = number of dp-sized particles 

retained on the slots 

  
Ndp ,through = number of dp-sized particles 

produced through the slots 
Nreq = number of dx-sized particles 

required to cover the open-flow area 
Nt = total number of particles of all the 

sizes in the PSD 
p = probability of a particle getting 

picked and trapped 
P(dp) = fraction of particles of size dp that 

gets trapped 
qo = flow-rate through outlet 
W = wire width, L, m 
x = fraction by mass of dp-sized 

particles 
X = total fraction by mass of particles 

larger than Do 

ρ = particle density, ML–3, kg/m3 
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Chapter 7: Analytical Modeling of Low-Concentration Slurry Flow 
through Screens with Square Mesh Openings 

The objective of this chapter1 is to develop analytical models to predict the 

amount of particle production during the flow of polydisperse low-concentration 

particulate suspensions through screens with square mesh openings (plain square mesh or 

PSM screens). In continuation of the work presented in Chapter 6, we show that the 

proposed methods can estimate both mass and size-distribution of produced solids, taking 

into account the full particle size distribution (PSD) of the granular sample. 

We compare the model results with Monte Carlo simulations and four 

experiments to demonstrate that this approach can be used to predict sand production for 

different sand size distribution/screen size combinations without the need for physical 

tests (provided that an accurate representation of the formation sand PSD and accurate 

representation of screen pore sizes are available). This work augments previously 

published slurry test models that were limited to wire-wrap screens (WWSs), and enables 

comparison of the performance of square mesh screens to WWSs. 

7.1  INTRODUCTION 

Slurry type sand retention tests (SRTs) are characterized by the flow of dilute 

suspensions (solid volume concentration, φ < 1%) through constrictions (rectangular 

slots, or more complicated, woven mesh screens). In this chapter, we present analytical 

solutions for the mass of sand that will be produced through a PSM under low-

concentration slurry test conditions for: (a) a fixed pore size and (b) a pore size 

                                                
1 Many of the ideas expressed in this chapter were first presented in: Chanpura, R.A., Mondal, S., Andrews, 
J.S. et al. 2013. New Analytical and Statistical Approach for Estimating and Analyzing Sand Production 
through Plain Square Mesh Screens during a Sand-Retention Test. SPE Drill & Compl 28(2): 135-147. 
SPE-151637-PA. Mondal developed the models presented here, Sharma supervised the project, and other 
coauthors Chanpura et al. conducted Monte-Carlo simulations and experiments for validation. 
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distribution. For each case, we present the solutions for two scenarios: (i) when no 

particle in the PSD can cover more than one pore and (ii) when a non-negligible fraction 

of the particles in the PSD can cover more than one pore.  

As demonstrated earlier, for WWSs, the particle-particle interactions can be 

neglected for dilute suspension flows, and it can be safely assumed that the mass of sand 

produced is controlled by the retention of particles by “straining” or size-exclusion only. 

By developing on that same premise, for square mesh screens, it can be said that, any 

particle whose diameter (dp) is bigger than the screen opening size (Do) will be retained 

by the screen. That is, for a particle to be strained (as shown in Figure 7.1): 

  
dp > Do  (7.1) 

 

 

Figure 7.1: Schematic of particle retention by straining for particle diameter bigger than 
screen opening. The thickness of the wires is W.  

For the case where a particle is strained exactly over one pore, as shown in Figure 

7.1, the open area covered by the particle is equal to the pore open area (Do
2 ). However, it 
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is possible that some particles are not strained exactly over the open pores (mainly due to 

the presence of neighboring particles). It is also possible that some particles are large 

enough to cover more than one pore opening. In such cases, the open area covered by the 

particle will depend on where the particles have been retained and/or how many pores are 

covered by the particle. A schematic of such scenarios are shown in Figure 7.2. 

 

  

Figure 7.2: Schematic of possible particle retention scenarios during size-exclusion.  

Thus, as illustrated in Figure 7.2, it is not trivial to accurately allocate the open 

screen area covered by a randomly strained particle. Therefore, the following 

assumptions are made: 
1. Only particles with 

 
dp > Do  will be retained. 

2. A particle is retained exactly over the slot opening. 
3. For particles with,   

Do ≤ dp < (Do + 2W )  (as shown in Figure 7.1), only one 

pore space is covered. Thus, open area covered = Do
2 . 

4. For particles with,   
dp ≥ (Do + 2W )  (illustrated later), one pore space and 

fraction of adjoining pore spaces will be covered.  
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7.2  ANALYTICAL MODEL FOR FIXED PORE SIZE 

7.2.1 Particle Covering only One Pore (No-Overlap) 

A no-overlap case is when the fraction of the particles in the PSD that can cover 

more than one pore is negligible. Consider a PSM weave with pore size Do, and wire 

thickness W, onto which a low-concentration slurry with a size distribution of spherical 

particles is injected. Because the particle concentration is less than 1% by volume, 

particle retention by the pore is by size exclusion only and as a first approach, which 

deserves further validation, bridging can be neglected (Valdes and Santamarina 2006). 

Particles smaller than the pore will be produced and those larger than the pore will be 

retained. Here, we consider cases in which either the largest particle in the PSD is smaller 

than   Do + 2W , or the number fraction of particles greater than   Do + 2W  is negligible 

such that very few particles (if any) in the PSD can cover more than one pore. 

Furthermore, it is assumed that a retained particle is centered exactly over the pore 

(Figure 7.1). For example, a 250-μm pore size and 160-μm wire thickness will give 

  Do + 2W  = 570 μm. If the screen is sized to d10 (~ 250 μm), here we are considering the 

case when the fraction of particles bigger than 570 μm is negligible (i.e., less than 1% by 

number, which would typically correspond to less than 5% by mass). Let dx be a 

characteristic (some average) diameter that represents all the particles retained on the 

pores (as shown in Figure 6.1 in the Chapter 6). 

For a given screen coupon area, A, the number of square pores in the mesh can be 

written as, 

 
  

N pores =
A

Do +W( )2  (7.2) 
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If the total mass of sand available is M, the mass of sand greater than the slot size 

is  X × M , where X is the total mass fraction of particles larger than Do  (as shown in 

Figure 6.1 (a)). The mass of one dx-sized particle is given by, 

 
  
mx = ρπ6 dx

3  (7.3) 

where, ρ is the particle density. The number of dx-sized particles available is, 

 
 
Nav =

XM
mx

 (7.4) 

For complete size exclusion (i.e., just enough particles to cover all the pores), the 

number of dx-sized particles required should be equal to the number of pores, 

 Npores = Nav  (7.5) 

Substituting Eqs. 7.2, 7.3, and 7.4 into Eq. 7.5, we obtain, 

 
  

M = ρ
Do +W( )2

π
6 dx

3 A
X

 (7.6) 

The mass of sand smaller than the slot size (i.e., mass of produced particles per 

unit area of screen) is given by, 

 
  
M prod =

1− X( )M
A

 (7.7) 

From Eqs. 7.6 and 7.7, we obtain, 
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M prod =
ρ

Do +W( )2

π
6

1− X
X

⎛

⎝⎜
⎞

⎠⎟
dx

3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
 (7.8) 

where, dx is to be determined. 
For a given sand sample, if dp  is the particle size and x is the mass-based 

probability density function of particles, then the total mass fraction of particles larger 

than Do is given by, 

 
 

x∂dp = X
dp=Do

∞

∫  (7.9) 

Note that in this text, to distinguish from dp , ∂  is used to represent an ordinary 

differential operator instead of d, i.e., ∂x = dx . Therefore, in mass M of sand, number of 
dp size particles is given by, 

 
  

Ndp
=

xM ∂dp

ρπ 6 dp
3

 (7.10) 

Therefore, for retention of particles by size exclusion only, the total number of all 

the particles bigger than the pore size should be equal to the number of pores, i.e., 

 

  

M

ρπ 6

x
dp

3
dp=Do

∞

∫ ∂dp =
A

Do +W( )2  (7.11) 

from which we get, 
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M = ρ

Do +W( )2

π
6

A

x
dp

3 ∂d
p

dp=Do

∞

∫
 (7.12) 

Therefore, mass of sand produced per unit area is given by, 

 

  

M prod =
(1− X )M

A
= ρ

Do +W( )2

π
6

1− X

x
dp

3 ∂d
p

dp=Do

∞

∫
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(7.13) 

Comparing Eqs. 7.13 and 7.8, we obtain, 

 

  

dx =
X

x
dp

3 ∂d
p

dp=Do

∞

∫

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

1
3

 

(7.14) 

Thus, for a given PSD of formation sand, dx can be calculated from Eq. 7.14 using 

the portion of the PSD greater than the pore size. Please note the similarity in the form of 

the expression for dx for slots (where a given length is covered during retention) and 

square pores (where a given area is covered during retention). The sand production per 

unit area can then be calculated using Eq. 7.8. 

7.2.2 Particle Covering More than One Pore (Overlap) 

In this case, the pore area covered by a single particle of size, dp > Do + 2W , is 

calculated as follows. From Pythagoras’ theorem (see Figure 7.3), we have, 

 



 164 

 

Figure 7.3: Schematic of particle covering more than one pore.  

   
2l = dp

2 − (Do +W )2  (7.15) 

The area of wire covered by each particle is given by: 

   
Aw = 4× (2lW )− 4W 2 = 4W dp

2 − (Do +W )2 −W⎡
⎣⎢

⎤
⎦⎥  (7.16) 

Therefore the pore area cover by each particle is given by: 

 
  
Ap =

π
4

dp
2 − 4W dp

2 − (Do +W )2 −W⎡
⎣⎢

⎤
⎦⎥  (7.17) 

Strictly speaking, Eq. 7.17 is valid for 2 Do + 2W( ) < dp < 3Do + 4W( )  (i.e., the 

particle is fully covering one pore, and also fully covering the intersection of the 

immediate adjacent wires and partially covering only the immediate adjacent pores). If 
Do + 2W( ) < dp < 2 Do + 2W( ) , then the particle would be covering only part of the 

wire intersections and the wire area covered would be different from that given by Eq. 

  

 

 

   
(D

o
+W)/2 

d
p
/2 

l 



 165 

7.16. For the sake of simplicity, we will assume that Eq. 7.17 is valid for dp > Do + 2W( )  

(as a lower limit). If the particle is very big [i.e., if dp > 3Do + 4W( ) ], it can cover even 

more pores and the pore area covered by it would be different from that given by Eq. 

7.17. However, the percentage of such big particles in typical PSD/screen combinations 

would be extremely small and therefore could be neglected. Thus, we will assume that 
Eq. 7.17 is valid for Do + 2W( ) < dp < ∞ . 

Therefore, if a mass M of sand is available, then the total open flow area (OFA), 

Aos, covered by all retained particles can be written as, 

  

Aos = Do
2 xM

ρ π
6

dp
3
∂dp

dp=Do

dp=Do+2W

∫ + π
4

dp
2 − 4W dp

2 − (Do +W )2 −W⎡
⎣⎢

⎤
⎦⎥

⎡

⎣
⎢

⎤

⎦
⎥

xM

ρ π
6

dp
3
∂dp

dp=Do+2W

∞

∫  

 (7.18) 

Eq. 7.18 can be rearranged as, 

  

M =
Aos

Do
2 x

ρ π
6

dp
3
∂dp

dp=Do

dp=Do+2W

∫ + π
4

dp
2 − 4W dp

2 − (Do +W )2 −W⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

x

ρ π
6

dp
3
∂dp

dp=Do+2W

∞

∫
 

 (7.19) 

The mass of sand produced per unit screen area, Mprod, is given by Eq. 7.13. Using 

Eqs. 7.13 and 7.19, we get, 
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 (7.20) 

where, we have used Aos A = Do
2 Do +W( )2  for a square mesh. In the absence of any 

particles dp > Do + 2W( ) , Eq. 7.20 reduces to Eq. 7.13 for the no-overlap case. 

7.3  ANALYTICAL MODEL FOR SCREENS WITH PORE SIZE DISTRIBUTION  

7.3.1 Particle Covering only One Pore (No-Overlap) 

The fraction of particles of size in the interval dp < d < dp + ∂dp( )  that are 

retained is given by (Sharma and Yortsos 1987). 

 

  
P dp( ) = number of particles in dp ,dp + ∂dp( )  that are retained

total number of particles in dp ,dp + ∂dp( ) that are present
 (7.21) 

P(dp) is the fraction of pores smaller than size dp assuming that the flow rate 

through all the pores is the same (please refer to Eqs. 6.16 through 6.18). Simply stated, if 

the total number of particles of all the sizes in the PSD is Nt and fp is the number-based 

probability density function (i.e., the fraction of particles in the interval 
dp < d < dp + ∂dp( )  by number), then the number of particles of size dp retained on the 

pores is given by, 
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Ndp , retained = Nt f p P(dp )∂dp  (7.22) 

   
Ndp ,through = Nt f p 1− P(dp )⎡⎣ ⎤⎦∂dp  (7.23) 

  

where,
Nt =  total no. of particles 

f p (dp ) =  fraction of  dp  size particles in Nt  or the number-based PSD

P(dp ) =  fraction of particles of size dp  that gets trapped

 

Therefore, number of particles of all sizes dp ∈(0,∞)  that are retained, 

 

  
N pores = Nt f p P(dp )∂dp

dp=0

∞

∫  (7.24) 

where, Npores is also the total number of pores on the screen that can be covered by this 

PSD. From Eqs. 7.23 and 7.24, the mass of all the particles produced per unit area is 

given by: 
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6

dp
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dp=0

∞

∫
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⎠
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(7.25) 

The expression for Npores for a mesh with pore size distribution will be given later. 

However for the limiting case of a fixed pore size, Npores is given by Eq. 7.2 and, 

 

  
P dp( ) = 0 for dp ≤ Do

1 for dp > Do

⎧
⎨
⎪

⎩⎪
 (7.26) 
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Substituting Eqs. 7.2 and 7.26 into Eq. 7.25, we obtain, 
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(7.27) 

Note that fp is the fraction of particles (by number) of size dp, and x is the fraction of 

particles (by mass) of size dp. Therefore, 

 

  

f p ∂dp ∝
x∂dp

ρ π
6

dp
3

 (7.28) 

From Eqs. 7.27 and 7.28, 
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(7.29) 

From Eqs. 7.9 and 7.29, 
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(7.30) 

This expression is the same as Eq. 7.13 for a fixed pore size. 
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7.3.2 Particle Covering More than One Pore (Overlap) 

In this case as well, the number of particles of size dp retained on the pores is 

given by Eq. 7.22. However, for a given pore size distribution, fo, P(dp) can be written as, 

 

   

P dp( ) = fo ∂Do
Do=0

dp

∫ = fo ∂Do
Do=0

dp−2W

∫
fraction of pores 

with overlap

  

+ fo ∂Do
Do=dp−2W

dp

∫
fraction of pores
without overlap

  

 (7.31) 

where fo is the number-based probability density function pore size distribution. The area 

covered by the particles depends upon the relative size of the particle compared to the 
pore size. If the particle size is such that Do < dp < Do + 2W  (no overlap or particle 

covers only one pore), the area covered by that particle is Do
2  and if the particle size is 

bigger such that Do + 2W < dp < 3Do + 4W  (overlap or particle covers more than one 

pore), then the area covered by that particle is given by Eq. 7.17. However, we still 
follow the assumption that Eq. 7.17 is valid for the entire range Do + 2W < dp < ∞ . 

Therefore the open area covered by all particles of size, dp, is given by, 

   

Aos,dp
= Nt f p

π
4

dp
2 − 4W dp

2 − (Do +W )2 −W⎡
⎣⎢

⎤
⎦⎥
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⎣
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∫
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⎣
⎢
⎢

⎤

⎦
⎥
⎥

ad p
= area covered by one particle of size dp

  

∂dp  

 (7.32) 

Therefore, the total open area covered by all the particles is given by, 

 

  
Aos = Aos,dp

= Nt f padp
∂dp

dp=0

∞

∫
dp=0

∞

∫  (7.33) 
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where, 
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= π
4
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⎤
⎦⎥
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By rearranging Eq. 7.33, 
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Aos
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∂dp

dp=0

∞

∫
 (7.35) 

Therefore, from Eqs. 7.23 and 7.35, the mass produced per unit area is, 
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(7.36) 

where, adp  is given by Eq. 7.34. Please note that if the pore size is fixed, then Eq. 7.36 

reduces to Eq. 7.20 for fixed pore size. If there are no overlapping particles, but there is a 

pore size distribution, Eq. 7.36 becomes, 
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(7.37) 

which should be the same as Eq. 7.25. By comparing, Npores is given by, 
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(7.38) 

7.4  COMPARISON WITH MONTE CARLO SIMULATIONS 

Similar to Chanpura et al. (2012), Chanpura et al. (2013) also used Monte Carlo 

(MC) numerical simulations to estimate sand production in slurry tests through a PSM, 

and compared it to the analytical models described above. The methodology employed to 

perform MC simulations to model slurry-type SRTs for PSM is similar to that presented 

in Chapter 6. Again, retention is by size-exclusion only. The main differences are: 

1. If the particle diameter was bigger than the pore, that particle was retained 

centrally on the pore. 
2. If the particle diameter was such that dp < Do + 2W , then only one pore was 

covered and the area covered by that particle is Do
2 . However, if dp > Do + 2W , 

then the area covered by that particle is calculated using Eq. 7.17 consistent with 

the analytical approach. 

3. The simulation was stopped when the area covered by the particles was equal to 

the total OFA of the screen.  

A detailed description of these simulations and a sensitivity study to different 

parameters such as shape of PSD, OFA, etc. can be found in Chanpura et al. (2013). Only 

the results are presented here for comparison and validation of the analytical models. 
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7.4.1 Analytical Model for Fixed Pore Size (with No-Overlap) 

We compare the calculated sand production for a known PSD/pore size 

combination for the case where the maximum particle size is such that it covers only one 

pore (given by Eq. 7.13), with that from respective MC simulations for a fixed pore size. 

Table 7.1 shows the sand production from MC simulations and that calculated from the 

model for three PSDs shown in Figure 7.4.  

 

 

Figure 7.4: Synthetic PSDs of different shapes used to compare the analytical models 
with Monte Carlo simulations for a fixed pore size and no overlap. 

Mass of Sand Produced (g/cm2) 

 200-µm PSM 250-µm PSM 

PSD MC 
Simulations 

Analytical 
Model 

MC/Analytical MC 
Simulations 

Analytical 
Model 

MC/Analytical 

PSD1 0.2578 0.2492 1.04 2.7787 2.8307 0.98 

PSD2 0.1555 0.1570 0.99 0.4944 0.4778 1.04 

PSD3 0.1273 0.1287 0.94 0.2702 0.2720 0.99 

Table 7.1: Comparison of sand production from MC simulations with analytical 
solution for fixed slot size in a no-overlap case. 
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7.4.2 Analytical Model for Fixed Pore Size (with Overlap) 

We compare the calculated sand production for a known PSD/pore size 

combination for the case where particles can cover more than one pore (given by Eq. 

7.20), with that from respective MC simulations for a fixed pore size. Table 7.2 shows 

the sand production from MC simulations and that calculated from the model for three 

PSDs shown in Figure 7.5. 

 

 

Figure 7.5: Synthetic PSDs of different shapes used to compare the analytical models 
with Monte Carlo simulations for a fixed pore size and overlap. 

As we can see from Table 7.1 and Table 7.2, there is an excellent match between 

the results from MC simulations with those calculated from the analytical solutions for 

both relatively high and low sand production cases. 

Please note that no comparisons were made for screens with pore size distribution 

because the pore size distributions of industrially used PSMs are not known. Industrial 

PSMs consist of multiple sintered layers, so the effective pore size distribution is 

different from the nominal size rating. Currently, there is no standard way to measure, 

calculate, or report these distributions. This will be discussed later in Chapter 8.  
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Mass of Sand Produced (g/cm2) 

 200-µm PSM 250-µm PSM 

PSD MC 
Simulations 

Analytical 
Model 

MC/Analytical MC 
Simulations 

Analytical 
Model 

MC/Analytical 

PSD1 0.0139 0.0142 0.98 0.0313 0.0313 1.00 

PSD2 0.0285 0.0277 1.03 0.0522 0.0508 1.03 

PSD3 0.0365 0.0379 0.96 0.0644 0.0634 1.02 

Table 7.2: Comparison of sand production from MC simulations with analytical 
solution for fixed slot size in an overlap case. 

7.5  COMPARISON WITH EXPERIMENTAL DATA  

The analytical models were also compared to laboratory slurry-type sand retention 

tests (SRTs) by Chanpura et al. (2013). The test parameters used in the SRTs are listed in 

Table 7.3.  

 
Test Parameter Value 

Flow rate 200 ml/min 

Screen-coupon diameter 1.74 in. 

Screen area 14.46 cm2 

Fluid velocity 0.23 cm/s 

Fluid viscosity (70oF) 7 cp 

Fluid density cesium formate) 2.32 g/cm3 

Particle concentration 13.32 g/liter 

Particle density 2.65 g/cm3 

Particle-volume fraction in the slurry 0.5% 

Particle-injection rate 2.66 g/min 

Table 7.3: Set of laboratory parameters used for slurry-type SRTs. 
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As we saw in Chapter 6, an accurate determination of the PSD is essential to the 

accuracy of the model. Therefore, spherical glass beads with precise size ranges were 

used for the tests and the PSDs are shown in Figure 7.6. 

 

 

Figure 7.6: Glass bead PSDs used in the tests, PSD 1 and PSD 2. The nominal rating of 
the screen was 250 μm.  

 
Mass of Sand Produced (g/cm2) 

Tests Experiments Analytical Model 

  250-µm 225-µm 195-µm 

PSD 1 0.1123 0.2944 0.1182 0.0491 

PSD 2 0.0878 0.2252 0.1471 0.0889 

Table 7.4: Comparison of model sand production with experimental data. 

The tests were performed on two different PSM coupons with nominal pore size 

rating of 250 μm. The sand productions for these two tests were 0.112 g/cm2 (PSD 1) and 
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analytical solution) for these cases were 0.294 g/cm2 and 0.225 g/cm2, respectively (i.e., ~ 

2.6 times the experimental sand production). To match the experimental sand production, 

the effective pore size of the coupons had to be taken as 225 μm and 195 μm, 

respectively, as shown in Table 7.4. That is, approximately 25 to 50 μm smaller than the 

nominal rating of the coupon. 

A typical sintered PSM screen used in the experiments is shown in Figure 7.7(a). 

The screen consists of one filter layer, with one protective layer above and two support 

layers below the filter layer. Thus overlapping of the wires in the protection layer with 

the pores of the filter layer reduces the effective pore size. It should be noted that the 

nominal size for mesh type screens typically refers to the filter media only. Also, the tests 

were done on flattened screen coupons, which could have smaller pores compared to the 

nominal rating, because of the flattening of the wires during calendaring. In mesh screen 

manufacturing, all pores are not exactly the same size. There is inherent variation in the 

wire thickness in addition to the variance in pore sizes that occurs during the weaving 

process. Typically, for screen pore size quality control, only the filter cut point (the size 

above which there is a 97% chance of particle capture) (Rideal 2004) is measured. 

Chanpura et al. (2013) reported that filter cut points of some of the screen coupons could 

be very close and sometimes even smaller than the nominal rating, which means that the 

average pore size could be much smaller. Thus, it may not be completely unrealistic that 

the average pore size could be 25 μm or even 50 μm smaller than the nominal rating. 
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(a) (b) 

Figure 7.7: (a) Typical sintered mesh media with different layers of square meshes (b) 
Electroformed Mesh. 

In Table 7.4, we saw that the predicted sand production was more than that 

observed in the experiments when the predictions were for the nominal size (targeted 

pore size of the mesh screen) of the screen coupons (250 μm). But there was a good 

match with the pore size corresponding to 225 μm and 195 μm for tests 1 and 2, 

respectively. This could be the “effective” pore size of these screens. In a way, the 

predictions using the nominal rating or the filter cut point as the pore size, gives the most 

conservative estimate (i.e., maximum) of sand production. However, for comparison with 

experimental data, and for accurate prediction of sand production using the approach 

presented in this paper, we need the full pore size distribution and not just the filter cut 

point or the nominal rating. However, the exact pore size distribution of the coupons is 

not available at this time because there is no standard way of conducting or reporting 

these measurements. If possible, it would be important information to have during 

selection of mesh type screens, since the performance of a screen is based on its pore size 

distribution and not the nominal rating. 
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To validate our model, Chanpura et al. (2013) did further tests with (1) 250 μm 

electroformed mesh (an idealized filter in which all the pores are exactly of the same size 

as shown in Figure 7.7(b)), and (2) only the filter layer of sintered metal mesh with a 

nominal rating of 250 μm. 

 
Mass of Sand Produced (g/cm2) 

PSD Mesh Type Experiments Analytical Model 

PSD 1 Electroformed Mesh 0.31 0.34 

PSD 2 Only Filter Layer of PSM 0.21 0.23 

Table 7.5: Comparison of model sand production with experimental data (glass 
beads) using electroformed mesh and filter layer of sintered metal mesh. 

Table 7.5 shows sand production from experiments when electroformed mesh and 

only the filter layer of sintered metal mesh were used and from model (analytical 

solution) predictions. As we can see, there is a very good match between data and model 

predictions. 

7.6  CONCLUSIONS 

We have presented analytical solutions for predicting sand production through 

woven square meshes (PSM) in low-concentration slurry flows and supported our the 

results from four experiments performed under well controlled conditions. For the cases 

investigated, numerical Monte Carlo simulations were in excellent agreement with the 

analytical solution. Based on the analytical model the following conclusions can be 

drawn: 

1. The shape of the coarser (> pore size) portion of the formation sand dictates the 

mass of sand produced. Thus, for accurate prediction of sand production through 
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the approach proposed in this chapter, the PSD of the formation sand for the 

coarser portion must be determined accurately. 

2. From the two controlled slurry experiments done with accurate determination of 

formation sand PSD on industrial metal mesh screen assemblies, sand production 

predicted by using the nominal screen/mesh size is more than that observed in the 

tests. We believe that the effective pore sizes of these screen coupons tested are 

smaller than the nominal rating. 

3. With further experiments with electroformed mesh (an idealized filter in which all 

the pores are exactly of the same size) and only the filter layer of sintered metal 

mesh, we showed that the approach presented here can indeed be predictive 

provided that an accurate representation of the formation sand PSD and accurate 

representation of screen pore size distribution are available. 

4. A method to quantify and measure the pore size distribution of complex screen 

assemblies (multiple layers and different weave patterns for each layer) would be 

vital information for screen selection and quality control. 
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NOMENCLATURE 
 

A = total screen area, L2, m2 

 
adp

 = area covered by one dp-sized 

particles, L2, m2 
Aos  = open flow area, L2, m2 
Aos,dp = open flow area covered by dp size 

particles, L2, m2 
dp = particle diameter, L, m 
dx = characteristic (some average) 

diameter that represents all the 
particles retained on the slot, L, m 

Do = pore size, L, m 
fo = fraction of pores (by number) of 

size Do 
fp = fraction of particles (by number) 

of size dp 
mx = mass of one dx-sized particle, M, 

kg 
M  = total mass of sand available, M, 

kg 
Mprod = mass of particles produced per 

unit area of screen, ML–2, kg/m2 

Nav = number of dx-sized particles 
available 

 
Ndp

 = number of dp-sized particles 

  
Ndp ,retained = number of dp-sized particles 

retained on the slots 

  
Ndp ,through = number of dp-sized particles 

produced through the slots 
Npores = total number of pores that are 

smaller than the biggest particle 
diameter in the PSD  

Nt = total number of particles of all the 
sizes in the PSD 

P(dp) = fraction of particles of size dp that 
gets trapped 

W = wire width, L, m 
x = fraction by mass of dp-sized 

particles 
X = total fraction by mass of particles 

larger than Do 

ρ = particle density, ML–3, kg/m3 
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Chapter 8: Application of CT-Scanning to Simulation of Suspension 
Flows through Complex Filter Media 

The objective of this chapter is to explore advanced imaging techniques to create 

accurate representations of complex filter media. Metal mesh screens (commonly referred 

to as premium screens) used in the industry have multiple sintered layers with different 

weave patterns. For completeness, numerical models for screen selection must account 

for these complexities. In this chapter, we have used computed tomography (CT) images 

of real screen coupons to construct 3D replicas of various premium mesh screens. 

Another method of creating completely virtual 3D screen assemblies using commercial 

software is also presented. We have shown that dense particulate suspension flows can be 

simulated through these 3D representations of premium screen assemblies. We also 

calculate the pore size distribution of premium screens. This will augment the low-

concentration suspension flow models presented in Chapters 6 and 7. Characterizing the 

pore size distribution for premium screens, which are currently characterized by a single 

size, will be a step forward in the industrial QA/QC of these screens,  

8.1  INTRODUCTION 

A typical sintered mesh screen consists of one filter layer, and two or three 

protective layers above and below the filter layer (see Figure 8.1(a)). In Chapter 3, we 

had only considered the filter layer of a plain square mesh (PSM) screen (see Figure 

8.1(b)). The CAD model of the screen was idealized and did not represent a ‘real’ 

wiremesh screen pack. In practice, mesh screens have multiple layers with uniform or 

non-uniform pores (Ott 2008), and each layer is made up of one of several possible 

weave patterns (see Figure 8.1(c)). Constructing these 3D complex structures using 

conventional CAD models is cumbersome.  
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(a) (b) 

 

  
(c) 

Figure 8.1: (a) Sintered PSM example. (b) Only filter layer of PSM used in simulations 
in Chapter 3. (c) Premium screens may consist of layers (Ott 2008) of 
different 3D weave patterns1. 

                                                
1 Images from http://www.wire-mesh.net/weaving.html 

Layered with 
uniform pores 

Layered with 
non-uniform 

pores 

Weave patterns 
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The nominal rating of a screen is the targeted pore size of the filter layer. 

However, all the pores of the filter layer are not the same size due to inherent variation in 

wire thickness and manufacturing defects during the weaving process. Currently, only the 

filter cut point (the size above which there is a 97% chance of particle capture) (Rideal 

2004) is measured for screen quality control. It can be argued that only the filter layer is 

critical for retention as the protective layers have much bigger pores. Nonetheless, 

inevitable overlapping of the wires in the protection/support layers with the pores in the 

filter layer reduces the effective pore size of the filter layer. It also introduces a pore size 

distribution.  

We showed in Chapter 7, that the effective pore size of a PSM could be 25-50 μm 

smaller than the nominal rating, and it is vital to have this information for accurate 

predictions from the analytical model. Though our analytical models can utilize a pore 

size distribution, there is no standard method to easily obtain this information for screens. 

Similarly, it will be useful to be able to conduct DEM simulations through accurate 

representations of multi-layer mesh screens. Different screen designs (weave, ratings, 

layers) can then be systematically compared and customized for a given particle size 

distribution (PSD). 

8.2  CT SCANNING PREMIUM SCREENS 

Computed Tomography (CT) scans have been used extensively in the petroleum 

industry to non-invasively study microscopic processes in reservoir cores (for example, 

Closmann and Vinegar 1993, etc.). There are also several commercial software available 

to reconstruct 3D models from 2D cross-section tomography images. The challenge in 

CT-scanning metal screens is the high density of the metal wires, which makes the 

imaging process relatively slower than imaging reservoir cores for example. Also, a 
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resolution less than 10 μm is necessary to identify the pores and make acceptable 3D 

reconstructions. So, microtome images, using a micro-CT scanner, are preferred.  

  
(a) 

 
(b) 

 
(c) 

 

 

Figure 8.2: (a) Micro-CT scanning a screen coupon. (b) Alternate way to scan the 
coupon (c) Typical 2D segmented (binarized) microtome sections for 
scanning method (a). Note that four layers of the screen can be 
distinguished. (d) Aligning and cropping of individual sections for 3D 
reconstruction of screen geometry of desired dimensions. 
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Micro-CT scans of screen coupons (a few cms in diameter) were conducted by 

Schlumberger at their own facility. The 2D cross-sectional images can be generated by 

either scanning in the direction shown in Figure 8.2(a) or Figure 8.2(b). Figure 8.2(c) 

shows some typical microtome sections after image segmentation, which converts the 

original gray-scale images into binary images, such that the wires (white) can be clearly 

distinguished from the empty spaces (black). In this case, the images have a resolution of 

~4 μm. Note that the cross-sections of the wires of different diameter used in the four 

layers can be clearly identified from the images. The segmented images were aligned and 

cropped to reconstruct a desired dimension of the screen, as shown in Figure 8.2(d), using 

a commercial software called GeoDict® (GeoDict 2012). Figure 8.3(a) shows a 

reconstructed 3D plain square mesh (PSM) screen with four layers.  

The preferred format for output was STL (STereo Lithography or Standard 

Tessellation Language), since LIGGGHTS can import complex wall geometries in this 

file-format for DEM simulations. STL is a popular CAD format used to store 3D surfaces 

as triangular mesh elements (Figure 8.3(b)). Please observe that the fine STL mesh 

preserves and reproduces minute structural details captured by the high-resolution micro-

CT images, such as indentations, roughness, flattening, and breakage of wires (Figure 

8.3(c)). Thus, several properties of complex screens can be studied numerically with an 

accurate reconstruction using micro-CT images as demonstrated above. This would be 

rather expensive and/or time consuming to do physically.  

However, such detail comes with a price. A size of approximately 4 million 

triangles makes the STL file generated from micro-CT images unfeasibly large for 

visualization, handling, processing, or performing DEM simulations with.  
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(a) 

 

 
(b) 

 

 
(c) 

Figure 8.3: (a) Reconstructed 3D PSM screen. (a). Resolution of triangular meshes in 
STL format capturing minute structural detail. (c) Example of broken wires 
captured in the reconstructed mesh. 
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8.2.1 Post-processing  

In order to make the STL files smaller in size, mesh decimation was used. Mesh 

decimation is the process of removing vertices and faces from meshes to make it low-

resolution. Please note that mesh in this section refers to the triangular mesh elements 

that are used to define the surface of 3D objects in STL files as shown in Figure 8.3(b). 

One of the methods of mesh decimation is the quadric-based edge collapse decimation 

technique (Garland and Heckbert 1997), which coarsens the mesh while preserving the 

overall structure of the object. An open-source application for processing and editing of 

unstructured 3D triangular elements, called MeshLab (MeshLab 2012), was used to 

perform mesh decimation by the above technique. MeshLab can also perform other 

operations such as, cleaning (removing unreferenced or duplicate vertices, edges and 

faces), repairing (removing holes or skewed elements), and smoothing. The Quadric 

Edge Collapse Decimation filter was used several times, along with the HC Laplacian 

smoothing filter in between decimation steps, to reduce the mesh size significantly as 

shown in Figure 8.4. The resolution could be reduced almost 50 times, without any 

significant loss in structural detail. Finally, these geometries were imported to 

LIGGGHTS to perform DEM simulations of high-concentration suspension flows 

through it.  

 



 189 

  
(a) (b) 

Figure 8.4: (a) Original file with approximately 4 million triangles. (b) Reduced file 
with approximately 60k triangles. 

8.3  VIRTUAL WOVEN MESH GENERATION 

Another method of generating a 3D-woven mesh is entirely virtual (i.e., 

computer-aided) using the WeaveGeo module of the program GeoDict. This is achieved 

by using a set of structural parameters, such as the weave type, warp and weft wire 

dimensions, the warp and weft pitch, vertical overlap, broadening, crimp, etc., as shown 

in Figure 8.5. Please note that this method of virtual generation does not need any CT 

scan data (except for validation). 
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(a) 

  
(b) (c) 

Figure 8.5: Typical set of structural/geometric inputs required for a creating a virtual 
woven mesh. Image from GeoDict (2012). Example virtual (b) plain square 
mesh (PSM) and (c) plain dutch weave (PDW) meshes generated using the 
software. 
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Meshes with different properties (weaves, ratings, wire dimensions, etc.) can be 

generated and stacked up to create virtual premium screens of any industry specification. 

Two such examples are shown below: a 175-μm plain square mesh (PSM) in Figure 

8.6(a), and a 115-μm plain dutch weave (PDW) in Figure 8.6(b), with their respective 

low-resolution versions processed with MeshLab (on the right).  

 
(a) 

 

 
(b) 

Figure 8.6: (a) 175-μm PSM with 4 layers. (b) 115-μm PDW with 3 layers. 

top layer 

f i l ter  layer  

support layers 

support layers  

f i l ter  layer  
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Please note that the ability to virtually create any mesh configuration offers 

several distinct advantages. Most obviously, conventional sand retention tests (SRTs) can 

be performed numerically with real mesh configurations in a systematic and consistent 

way. Not only does it help to overcome issues related to repeatability and accuracy of 

laboratory SRTs, but it also enables screen testing in a more economic and time efficient 

manner. Real meshes are different from ideal woven structures because of inherent 

manufacturing issues such as broadening of wires at crossovers, vertical overlap of warp 

and weft wires, straightness of warp or weft wires, vertical overlap of different layers, 

etc. Once estimates of these parameters have been obtained by studying and comparing 

against several real meshes reconstructed from CT-scan images, subsequent virtual 

meshes can be generated without CT-data. In-depth screen design and optimization 

studies can be conducted with virtual meshes, as a first-pass to shortlist candidate 

screens, before final testing with laboratory experiments. A sweeping range of options 

can be evaluated with this approach at a fraction of the cost and time that would be 

required otherwise. Further, new screen types can be designed and tested.  

8.4  RESULTS 

8.4.1 High-Concentration Suspension Flow 

To demonstrate some of the capabilities described above, DEM simulations of 

polydisperse high-concentration suspension flow through 175-μm PSM and 115-μm 

PDW type screens (shown in Figure 8.6) were conducted. Typical snapshots of sand 

production through the complex multi-layered filter media are presented in Figure 8.7.  
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(a) 

 

 
(b) 

Figure 8.7: DEM simulations of high-concentration suspension flow through (a) 175-
μm PSM, and (b) 115-μm PDW. 
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The PSDs used in the simulations represented real sand samples used in 

respective experiments. Table 8.1 compares the simulations with the experimental mass 

of sand produced. 

 
Mass of Sand Produced (kg/m2) 

PSD Mesh Type Experiments Simulations 

PSD 1 175 µm PSM 0.235 0.205 

PSD 2 115 µm PDW 0.068 0.055 

Table 8.1: Comparison of model sand production with experimental data for multi-
layer premium screens. 

It should be mentioned that virtual meshes were used in the above simulations. 

This is because CT-scan data for PDW weaves were not available at the time. It was also 

much simpler to generate virtual meshes of suitable dimensions and resolution for the 

purpose of the simulation. However, it is possible to conduct the simulations with real 

meshes reconstructed from CT-images as well, albeit at a greater computational cost. 

8.4.2 Pore Size Distribution of Premium Screens 

In Chapter 7, we highlighted that for accurate analytical modeling of low-

concentration slurry flow through premium screens, estimation of the pore size 

distribution is necessary. Neither the nominal rating (the target opening size of only the 

filter layer), nor the filter cut point (the size above which there is a 97% chance of 

particle capture), which are the current industry standard, provide this information. In this 

section, we present a method to obtain the pore size distribution from 3D reconstructions 

of mesh screens using microtome images. 

The PoroDict module in GeoDict, offers several ways to calculate the porosity 

and pore size distributions in porous media depending on the purpose of investigation. 
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The relevant methods for our purpose are the: (1) Geometric pore size distribution 

method, which determines the size of pores by fitting spheres into the pore volume, and 

does not distinguish between through pores, open pores, or closed pores. (2) the 

porosimetry method, which being similar to Mercury Intrusion Porosimetry (MIP), 

measures the pore sizes by pressing a non-wetting liquid into the media. The pressure 

applied is related to the radius of the pores, which gives a size distribution of the pores. 

Closed pores do not contribute. In addition, GeoDict can also calculate the maximal 

diameters of spherical particles that can flow through a medium (using the percolation 

paths method). This is similar to the filter cut point. 

In a premium screen the support layers have much bigger pores than the filter 

layer. As a result, if the whole multi-layered screen assembly is treated as a single porous 

media, the pore size distribution calculated by the above two methods also includes the 

large pores of the support layers. The geometric method ignores the spatial arrangement 

completely and just gives the size distribution of pores in the medium (as shown in 

Figure 8.8). The porosimetry method identifies that majority of the pores are ~200 μm 

but is affected primarily by the support layer at the top (if intrusion of non-wetting liquid 

is assumed from the top). This is because, in porosimetry calculation, the volumes of 

large void spaces downstream of narrow pores are ignored, but not vice-versa. 

The spatial arrangement of pores is important, especially because the support 

layers do not contribute to retention. So this pore size distribution is not the percolation 

pore size distribution. Essentially, we want to determine the pore size distribution 

pertinent to the retention efficiency of the screen. In the following section, we present 

two methods to do that. 
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Figure 8.8: Geometric and porosimetry pore size distribution of 175-μm PSM including 
support layers. The pore size distribution of the whole assembly is not 
relevant to the pore size distribution effective for retention. 

 
 

 

 

(a) 
 

(b) 

Figure 8.9: Two views of the percolation path of the biggest particle that can go through 
the 175-μm PSM including support layers.  
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 First, the maximum percolation size through the medium was calculated using 

GeoDict and found to be 216 μm. The percolation path of a sphere of this size, through a 

  
(a) (b) 

 

 
(c) (d) 

Figure 8.10:  (a) Cropping the support layers to reveal only the filter layer. (b) Cropped 
filter layer revealing how the embedded wires of the support layers alter the 
retention pore size distribution. (c) Confirming that maximum percolation 
path through cropped screen has not been altered. (d) 2D binary image of 
(b). 
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175-μm PSM screen, is shown in Figure 8.10. As explained earlier, this size is much 

smaller than the pore sizes shown in Figure 8.8.  

The filter layer of the screen controls retention because it has the smallest pores in 

a series network of pores. However, overlapping wires of the support layers above and 

below may further constrict some of the pores of the filter layer. To determine the extent 

of this, the support layers were cropped to leave only the portion of the mesh between the 

red lines, as shown in Figure 8.10(a). Figure 8.10(b), which is a plan view of this section 

of the mesh, reveals the parts of the support layers which are embedded in the filter layer, 

reducing the pore sizes and the open flow area. The maximum percolation size was 

checked again through this cropped layer to ensure that it has not changed compared to 

before (Figure 8.10(c)). Following this, the pore size distribution of the filter layer can be 

calculated by two methods. 

8.4.2.1 Method 1: 2D Effective Pore Size Distribution 

Figure 8.10(d) shows a 2D binarized image of Figure 8.10(b), highlighting the 

effective 2D pores (white) and their size distribution. Figure 8.11 presents the geometric 

pore size distribution of this image, which is the effective 2D pore size distribution. It 

should be said that this method gives pore size distribution only pertinent to incident flow 

into the plane of paper, which is true for PSMs. However, for complex 3D weaves, the 

direction of pore opening may not always be in the incident flow direction. Therefore, a 

3D pore size distribution must be calculated.  

A more generally applicable method to calculate the 3D pore size distribution is 

presented below.  
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Figure 8.11: 2D pore size distribution of filter layer of 175-μm PSM with support layers. 

8.4.2.2 Method 2: 3D Pore Size Distribution 

In this method, the 3D pore size distribution is calculated in the cropped filter 

layer, shown in Figure 8.10(c), by either the geometric or the porosimetry method, 

mentioned earlier. As the support layers have been cropped, both methods are in better 

agreement to each other, as shown in Figure 8.12. However, the influence of the support 

layers are not completely eliminated as the maximum still exceeds the maximum particle 

size that can percolate through the medium. If we assume that only the pore sizes less 

than the maximum percolation size are relevant to retention, the pore size distributions 

can be scaled with respect to this size. This scaled pore size distribution is shown in 

Figure 8.13 for both the geometric and porosimetry methods, and compared with the 2D 

pore size distribution computed earlier. It can be seen that the 2D pore size distribution is 

more conservative, as it does not account for the tortuosity in the flow path inherent in 

3D weaves.  
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Figure 8.12: Geometric and porosimetry pore size distribution of 175-μm PSM with 
cropped support layers. 

 

 

Figure 8.13: 3D pore size distribution of 175-μm PSM relevant to retention as compared 
to 2D pore size distribution computed earlier. 
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8.4.2.3 Application of Method 2 to PDW Mesh 

Method 2 was applied to PDW as described above. The maximum percolation 

diameter was calculated to be 152 μm. Results are shown below. 

  
(a) (b) 

 
(c) 

Figure 8.14:  (a) Percolation path of biggest particle through 115-μm PDW. (b) 
Confirming that maximum percolation path has not been altered through 
cropped screen. (c) Pore size distribution for PDW. Note that the effect of 
the support layers is lower than PSM and a more uniform pore structure is 
present. Also, the pore size appears to be higher than the nominal rating. 
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8.5  CONCLUSIONS 

In this chapter, we have demonstrated the application of microtome imaging to 

construct 3D, multi-layered representations of actual premium screens. This makes screen 

selection, using the models presented in this work, a practical and viable alternative to 

conventional techniques.  

As a proof of this concept, we have presented two simulations of high-

concentration suspension flow through PSM and PDW screens. The simulations show 

very good agreement with experiments.  

We have also presented two methods to calculate the effective retention pore size 

distribution in premium screens. This can be used to generate relevant inputs for 

predicting screen performance using analytical models. The pore size distribution can 

also be used as a parameter to validate virtual woven screens against real screens. Also, 

the pore size distribution collected from various samples of a particular screen type can 

be used to set industry quality control standards for premium screens and enable more 

informed screen selection decisions.  

In general, this study highlights the feasibility of using CT-images to construct 

complex porous media in order to simulate the flow of suspensions through them.  
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Chapter 9: Coupled CFD-DEM Simulation of Hydrodynamic Bridging 
at Constrictions 

This chapter presents a coupled CFD-DEM approach to simulate of the flow of 

particulate suspensions in the intermediate concentration regime. In particular, 

hydrodynamic multi-particle bridging during flow through a single constriction in a 

rectangular channel is studied. It is shown that for neutral, monodispersed particulate 

suspensions, the probability of jamming increases with the particle concentration. There 

also exists a critical particle concentration (CPC) for spontaneous bridging, which 

depends on the ratio of pore size to particle size, the flow velocity, the particle-fluid 

density contrast, and the flow geometry leading to the constriction. 

9.1  INTRODUCTION 

Rarely in nature or in engineering practice do we find ‘dry’ particle flow. Particle 

flow is often coupled with fluid (gas/liquid) flows and the combined microscopic 

particle-particle and particle-fluid interactions govern the macroscopic behavior of 

particulate processes. The understanding of the microscale phenomena can therefore 

enable the formulation of general methods, efficient scaling relations, and reliable design 

and control of various particulate processes (Zhu et al. 2008; Zhao and Shan 2013). To 

this end, several experimental and numerical studies have focused at particle-fluid 

interactions at a single particle or a single pore level. 

This study looks at the formation of flow-blocking particle bridges, at the single 

pore level. This phenomenon is typically observed in the intermediate concentration 

regime (solid volume concentration, 1% < φ < 50%) when several particles arrive at a 

pore throat or a constriction simultaneously, and jam the outlet by forming a stable 

bridge. We want to develop a better understanding of bridging induced by hydrodynamic 
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forces and of the different factors that influence it. As there are several competing 

retention mechanisms at play in the granular level (Vitthal and Sharma 1992), numerical 

simulations are useful in investigating this phenomenon in isolation.  

9.1.1 Particle-Fluid Flow Modeling Techniques 

In particle-fluid flow, the solid phase can be either modeled in the discrete scale 

(DEM) or the continuum scale. The two-fluid model (TFM) is a continuum approach 

where both the fluid and the solid phase are treated as interpenetrating continuum media 

described by macroscopic conservation equations. DEM can play an important role in 

modeling the solid phase as it can model the discrete nature of granular matter without 

demanding any global assumptions that are needed in the macroscopic approaches. 

Different time and length scales can be used to model the fluid phase: from discrete (such 

as molecular dynamics simulation (MDS), Lattice-Boltzman (LB), pseudo-particle 

method (PPM)) to continuum (such as direct numerical simulation (DNS), large eddy 

simulation (LES) and other computational fluid dynamics (CFD) techniques including 

TFM). Of these, the TFM, DNS-DEM and CFD-DEM are the most popular (Yu and Xu, 

2003). Yu (2005) and Zhu et al. (2007) have discussed the advantages and disadvantages 

of these different models. The CFD-DEM approach is the most attractive for simulating 

particle-fluid flows because of its computational advantage over LB-DEM and DNS-

DEM, and its ability to capture particle-particle interactions compared to TFM. The 

theoretical background to CFD-DEM will be presented later. However, the previous 

studies using CFD-DEM can be broadly classified into fluidization problems, pneumatic 

conveying, pipeline flows and some process studies such as in blast furnaces, gas 

cyclones and film coating processes (see Zhu et al. 2008 and Zhao et al. 2010 for a 

thorough review of the model formulations and their applicability). 
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9.2  PAST WORK ON MULTI-PARTICLE HYDRODYNAMIC BRIDGING 

Jamming (also known as plugging, blockage, or clogging) is an important 

phenomenon in particulate flow. Particle retention in the absence of size-exclusion and 

particle deposition has been postulated by several researchers and experimentally 

demonstrated (Pandya et al. 1998; Ramachandran and Fogler 1999; Poesio and Ooms 

2004; Sharp and Adrian 2005; Dai and Grace 2010; Agbangla et al. 2012, etc.).  

Sarkar and Sharma (1990) showed that the plugging of a sandstone core was a 

function of the in-situ concentration of particles in the pore space. They did not analyze 

this phenomenon in any detail. 

Pandya et al. (1998), through experiments in packed beds of spherical glass beads, 

showed that there exists a critical particle concentration beyond which plugging takes 

place during the flow of a suspension through a packed bed. These macroscopic 

experiments did not provide much analysis of the retention mechanism.  

Ramachandran and Fogler (1999) experimentally studied plugging of pores by 

flowing a suspension of stable colloidal particles (with strong interparticle repulsion) 

through a track-etched membrane having straight cylindrical pores. They used particles 

smaller than the pore size (to exclude size-exclusion) at low Reynolds number (such that 

particle inertia is insignificant). An increase in pressure across the membrane suggested a 

reduction in permeability and particle plugging. Particle retention was solely attributed to 

hydrodynamically induced multi-particle bridging. They also studied the effects of 

particle concentration, aspect ratio (ratio of pore size to particle size), and fluid velocity, 

on retention. They identified a critical velocity required for hydrodynamic bridging 

(when hydrodynamic drag force dominates the double layer electrostatic repulsion 

barrier). They concluded that the rate of plugging by bridging has a nonlinear dependence 

on particle concentration. 
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Sharp and Adrian (2005) conducted an experimental study of flow-blocking 

particle structures in cylindrical microtubes (without any constrictions) for particle ratios 
between 0.2 < dp Do( ) < 0.5 . They observed that arching is particularly likely at 

dp Do ≈ 0.3− 0.4 , even at particle concentrations, φ < 6% to as low as φ ~ 0.5%. They 

concluded that the arches are stable because the particle-particle and the particle-wall 

friction forces balance the hydrodynamic forces. However, no sensitivity with 

concentration was studied for these relatively large ratios of particle diameter to tube 

diameter. 

Wyss et al. (2006) have also studied the clogging of microchannels, but observed 

that clogs formed after a critical number of particles had flowed through the outlet 

irrespective of the flow rate or the particle concentration. They proposed a model of 

sequential bridging induced by surface deposition, to explain this observation. This is a 

different mechanism than the one here, where several particles arrive at a pore 

simultaneously. 

Valdes and Santamarina (2006) concluded through experiments in a tube with a 

single circular orifice that the probability of bridging by migrating particles in fluid flow 
decreases with increasing Do dp  and particle volume fraction. They also observed that 

   
Do dp < 3 is an upper-bound for stable bridges.  

Tran and Civan (2009) experimentally studied the jamming of a circular 

constriction, in the context of plugging of perforations and pore throats. They correlated 

the critical pore throat to particle size ratio with the particle volume fraction Reynolds 

number. 

Dai and Grace (2010) conducted experiments to quantify a multi-particle 

hydrodynamic “blockage index” along a horizontal rectangular duct leading to 

constrictions of different geometries (ramp, circular, and rectangular), using particles of 
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different shapes (cuboids, cylinders, cones, and spheres). Experimental results showed 

that small constriction size, high particle concentration, and high particle compressibility, 

all increased the likelihood of blockage. 

More recently, Agbangla et al. (2012) studied pore fouling and clogging dynamics 

at the pore level in microchannels. Using negatively charged spherical particles, they 

observed and characterized a critical particle flux density (which is a function of particle 

concentration and particle velocity) for plugging. 

Guariguarta et al. (2012) measured the jamming probability of suspended 2D 

disks in an open channel with a restriction. They emphasized on the jamming behavior of 

dense particle systems under flow. In their experiments, they did not observe any instance 

where a suspension went directly from a flowing state in the intermediate concentration 

regime (which they call a dilute flow state) directly to a jammed state. 

Lafond et al. (2013) extended Guariguata’s work to 3D spherical particles. 

However, the restriction in their work was made up of a mesh (instead of a well-defined 

flow channel with a constriction). As such the restriction was primarily to the particles 

and not to the flow field. Secondly, like Guariguata they concentrated on the transition 

from a dense state (after accumulation of particles behind the orifice) to a jammed state 

(arching at the orifice).  

In this context, our contribution to the study of clogging is to investigate the 

mechanism of bridging in neutral granular systems, as opposed to colloidal suspensions, 

where surface deposition and particle agglomeration play a secondary role. We postulate 

that in such systems, for a given geometry, there will be a critical particle concentration 

(CPC), also referred to as  φ
* , beyond which there will be consistent bridging directly 

from a flowing state to a jammed state. As opposed to previous studies, our emphasis is 

on studying the dependence of CPC (and not the likelihood of bridging) on various 
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parameters such as flow geometry, flow velocity, etc. Also, we focus on small pore to 
particle size ratios (  1.5< Do dp < 3.25 ), a range where this phenomenon is most 

important. While the majority of past work has been experimental, there has been limited 

effort to simulate clogging through coupled particle-fluid modeling. Our focus on 

coupled CFD-DEM simulations will also help in developing capabilities to study various 

particulate processes in general. 

9.3  MODEL FORMULATION 

9.3.1 Description of the Problem 

Our goal is to simulate the flow of particulate suspension in a medium with a 

constriction. The geometry of the medium was selected to be a rectangular channel 

leading to a constriction (as shown in Figure 9.1).  

 

 

Figure 9.1: Schematic illustrating the geometry of the channel and constriction used in a 
typical simulation. During a simulation, particles flow inside the domain at a 
fixed volume concentration. For a fixed set of parameters (flow velocity, 
geometry, etc.), simulations are conducted with increasing particle volume 
concentrations, till at a particular concentration bridging is observed 
consistently. 
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The channel width was set as 1.5dp , such that a monolayer of particles flowed in 

the channel. This was deliberately chosen to study jamming in a simple geometry, similar 

to studying the discharge of 3D spherical particles from a 2D hopper. Each simulation 

was conducted at a given particle volume concentration (φ ). Initially, a low particle 

concentration was flowed, such that no bridging is observed. In subsequent simulations, 

while keeping all other parameters fixed, the particle concentration was increased till 

bridging was observed within a short period of time (spontaneous bridging). The 

concentration at which particles bridged across the opening consistently was identified as 

the CPC for that set of parameters.  

An open source CFD-DEM framework1 (Goniva et al. 2011; Kloss et al. 2012) 

that is based on the LAMMPS-improved DEM code LIGGGHTS2 (Kloss and Goniva 

2010) and the open source CFD toolbox OpenFOAM3 (OpenFOAM 2012) was used. A 

2D view of the simulation domain at the beginning of the simulation is shown in Figure 

9.2(a). The grid represents the CFD domain. A constant velocity and a constant pressure 

boundary condition were enforced at the inlet and outlet respectively. The walls had a no-

slip boundary condition for the fluid. Please note that there were walls at the front and 

back (in the plane of the paper) too, which have not been shown for clarity of 

representation.  

It was our experience, that for numerical stability, it is better to initialize the 

simulation with at least a few particles (φ ~ 1%) inside the CFD domain. Depending on 

the size of the domain, this initial number of particles was typically between 3 to 7 (as 

shown by the particles on the grid in Figure 9.2(a)). Subsequent particles were created at 

                                                
1 CFDEM (www.cfdem.com) 
2 LIGGGHTS (www.liggghts.com) 
3 OpenFOAM® (www.openfoam.com) 
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regular intervals as non-overlapping spheres, at random positions, in a region outside the 

CFD domain, at a distance of 30dp upstream of the constriction (as shown by the particles 

in the particle insert box in Figure 9.2). A seed value controls the random positions, and 

the particle insertion rate was calculated such that a continuous stream of particles was 

entering the CFD domain at the desired particle concentration (see Figure 9.2(b)).  

 

 
(a) 

 
(b) 

Figure 9.2: (a) 2D representation of the full simulation domain showing the CFD 
domain, boundary conditions, and particle insertion region at time t = 0. (b) 
Subsequent particles were created at regular interval at random positions 
outside the CFD domain to mimic the steady inflow of a stream of particles 
at a desired concentration. 

The particles and the fluid enter the domain at the same inlet velocity. This 

method mimics the steady flow of a homogenous particulate suspension at a given 

concentration towards the constriction. This method also ensures that the flow field and 

Particle 
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fluid-particle interactions are well-developed before the particles reach the constriction. 

The refined grid around the particles will be discussed later. The outlet was 10dp 

downstream of the constriction to eliminate exit effects. Bridging or plugging was 

identified when particles stopped exiting through the outlet. Every simulation case was 

repeated at least five times, with different random seeds, to capture some of the inherent 

stochasticity of the problem. Please note that in this study, gravity is always assumed to 

be in the direction of flow. 
A Newtonian fluid with density ρ f = 1000 kg/m3  and viscosity µ f = 10 cp  was 

used. The inlet fluid velocity u f  was 0.1 m/s along the channel, unless otherwise stated. 

The flow is assumed to be laminar. The particle diameter dp was 2 mm. In this study, we 

have defined spontaneous bridging as bridging within 1.5 seconds of flow through the 

constriction. At an inlet velocity of 0.1 m/s, this time corresponded to approximately 2.5 

times the time it takes for a particle to reach the constriction from the inlet, and typically 

several hundred particles flowed through the constriction if it did not jam (the exact 

number depended on the dimensions of the channel Di and Do, and the particle 

concentration). An alternative definition for spontaneous bridging (one that has been used 

in some experiments) is if bridging occurs before a fixed number of particles flows 

through a constriction. This condition is useful for defining jamming probability before a 

certain number of particles are discharged, especially in cases where particle 

concentration is not the main variable (as in dense hopper flows). In contrast, we wanted 

to vary the particle concentration to find the CPC  (φ
*)  for consistent bridging, so we 

preferred the time criterion, which is independent of the particle concentration.  

The basic DEM model was identical to the one that has been explained in detail in 

Chapter 3. The only difference is that the fluid flow was now coupled, so the pressure 

gradient force (Eq. 3.4) was calculated internally and not specified explicitly. The 
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material properties used were: Young’s modulus E =  107  Pa, Poisson’s ratio ν = 0.23, 

coefficient of restitution e = 0.2, coefficient of friction µ  = 0.5, and coefficient of rolling 

friction µr  = 0.5. Unless otherwise specified, the particle density was ρp = 1000 kg/m3 . 

The relatively low Young’s modulus value was used to significantly improve the 

computation time without affecting the results much (as shown in Chapter 2 and by Ertaş 

et. al. 2001). Also, no deformation of the particles was observed at the modeled 

velocities. The particle-wall interactions were modeled identically to particle-particle 

interactions, under the condition that the walls were flat and immovable. The channel 

geometries were created using Gmsh (Geuzaine and Remacle 2009), which is an open-

source 3D grid generator with a built-in CAD engine.  

As mentioned previously, a multi-purpose, open source, fully parallel and 4-way 

coupled CFD-DEM framework developed by Goniva et al. (2011) was used for this 

  
(a) (b) 

Figure 9.3: (a) Representation of a typical case of unresolved CFD-DEM where the 
CFD cell required for the problem is bigger than the particle diameter. This 
is typically the case for particulate flows where the flow geometry is much 
bigger than the particle size, such as pneumatic conveying, slurry flow in 
pipelines, etc. (b) Representation of a typical case of resolved CFD-DEM. 
The CFD cell required for the problem is smaller than the particle diameter. 
This is typically the case for particulate flows where the particle size is 
comparable to the flow geometry. 
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study. CFD-DEM coupling can be of two types, namely “Unresolved” and “Resolved” 

depending on the scale of the problem, i.e., the size of the particles and the resolution of 

the flow that is required. Unresolved CFD-DEM is applicable to those cases where 

particle sizes are smaller than the CFD grid, that is the particles do not fill a cell 

completely (shown in Figure 9.3(a)). Resolved CFD-DEM is applicable for large 

particles (relative to the flow geometry) and fine computational grid problems, where one 

particle covers more than one cell (shown in Figure 9.3(b)). A brief description of the 

models and coupling algorithms are provided below (Kloss et al. 2012). 

9.3.2 Unresolved CFD-DEM Approach 

In this approach, the particle motion is calculated by the DEM, which is governed 

by Newton’s laws of motion. The pore fluid is assumed to be continuous and is described 

by a locally averaged Navier-Stokes equation, which is solved by the CFD code. 

 
   

∂α f

∂t
+∇.(α f u f ) = 0  (9.1) 

 
   

∂(α f u f )
∂t

+∇.(α f u f u f ) = −α f∇
p
ρ f

− R pf +∇.τ  (9.2) 

Here, αf is the volume fraction occupied by the fluid,  ρ f  is the fluid density, p is 

the fluid pressure, uf is the fluid velocity, and   τ = v f∇u f is the stress tensor for the fluid 

phase. Rpf is the momentum exchange term for each cell, which is based on the particle-

fluid interaction forces. In this study, the interaction forces considered are the drag force 

resulting from a relative velocity between the particles and the fluid, and the buoyancy 

force, resulting from the particle-fluid density difference. Other forces, such as from 

particle rotation (Magnus force), particle acceleration (virtual mass force) or a fluid 
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velocity gradient leading to shear (Saffman force), or non-contact forces such as 

electrostatic force or Van der Waals force, are not considered here. However, the modular 

implementation of the CFD-DEM coupling allows easy implementation of additional 

forces and superposing all forces acting on a particle.  

A part of each particle’s contribution to particle-fluid momentum exchange (Rpf) 

is by means of a drag force (Fd), which depends on the granular volume fraction. For 

numerical reasons the momentum exchange term is divided into an implicit and an 
explicit term using the cell-based ensemble averaged particle velocity

  
u p : 

   
R pf = K pf u f − u p( )  (9.3) 

where, 

   

K pf =
Fd

i
∑

Vcell . u f − u p

 
(9.4) 

Several different correlations are available for the calculation of Kpf (see Zhu et al. 

2007 for a complete list of reference). A popular model proposed by Di Felice is used, 

where, 

 
   
Fd =

1
2
ρ f u f − u p( ) u f − u p Cd

πdp
2

4
α f

(2−χ )  (9.5) 

 
2

4.80.63
Red

p

C
⎛ ⎞

= +⎜ ⎟⎜ ⎟⎝ ⎠
 (9.6) 
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 ( )2101.5 log Re
3.7 0.65exp

2
pχ

⎡ ⎤−⎢ ⎥= − −
⎢ ⎥
⎣ ⎦

 (9.7) 

 

   
Re p =

ρ f dpα f u f − u p

µ f

 (9.8) 

where, Cd is the particle-fluid drag coefficient as a function of the particle Reynolds 

number Rep.  

For solving the above equations a pressure-based solver using PISO pressure-

velocity coupling is used. The coupling routine consists of the following steps: 

1. At any time, the particle positions and velocities are calculated by the DEM solver 

and passed on to the CFD solver. 

2. The position of each particle in the corresponding cell in the CFD mesh is 

determined. 

3. For each CFD cell, the particle volume fraction and the mean particle velocity are 

determined from all the particles present in that cell. 

4. The fluid forces acting on each particle are calculated from the particle volume 

fraction.  

5. By ensemble averaging the particle forces over all the particles in a CFD cell, the 

particle-fluid momentum exchange term is computed in each cell. 

6. The fluid forces acting on each particle are sent to the DEM solver to update the 

particle positions and velocities in the next time step. 

7. The CFD solver finds the fluid velocity by solving Eqs. 9.1 and 9.2 using the local 

volume fraction and momentum exchange.  
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8. The steps are repeated from (1) at the next time step. 

Ideally, the interaction forces should be parsed between the CFD and DEM at 

every step of calculation. But, very small time steps are required for DEM calculations 

because of the limitations on allowable particle overlap during collision dynamics. Such 

small time steps for the CFD calculations can make the simulations extremely slow. 

Therefore, as a practical approach, particle-fluid forces are kept constant for DEM 

calculations in between coupling steps and CFD-DEM coupling is done (as a rule of 

thumb) between ~50-100 DEM time steps. This way, CFD time steps can be set 

independently. However, CFD time steps should be kept smaller than the coupling 

interval for more accurate simulations. 

To perform the above list of calculations, it is necessary to compute the volume 

fraction in the grid on the CFD side based on the particle positions and volumes. One of 

the methods to do this is to determine the CFD cell where the particle center is located 

and assign the entire volume of the particle to that CFD cell. This ‘centered’ approach 

works well when the size of the cell is several ( >~ 3 ) times the particle diameter. 

Another approach, known as the ‘divided’ method, is to locate all the cells that a particle 

is partially covering and distribute the particle volume evenly in those cells. This offers 

stability by smoothening the void fraction and consequently the momentum exchange 

fields. However, both of these methods are not applicable when the size of the particle 
approaches the cell size or a particle completely covers a cell (i.e.,   α f → 0 ). One way to 

circumvent this problem is to artificially enlarge the size of the particles by treating them 

as porous particles with the original solid volume. In other words, the original particle 

volume is smeared over a larger spatial region than what is actually occupied by the 

particle. This method known as the ‘big-particle’ approach can trick the unresolved CFD-
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DEM to work, to an acceptable level of accuracy, in some cases where the particle 

diameter is bigger than the CFD cell.  

9.3.3 Resolved CFD-DEM Approach  

For small particles, the unresolved method is applicable. In contrast, resolved 

methods are suitable for larger particles (relative to the flow geometry) or for complex 

geometries where small CFD cells are required for accurate flow resolution. In the 

resolved CFD-DEM approach, the particulate phase is modeled using the fictitious 

domain method (following the implementation by Shirgaonkar et al. 2009). The fictitious 

domain method refers to a general class of methods where a complex geometry is 

embedded in a simple domain, and the boundary conditions of the original domain are 

induced by forcing (see Patankar et al. 2000). A brief description of the model 

formulation and solution algorithm is presented below (Hager et al. 2012; Kloss et al. 

2012).  

 

   
(a) (b) (c) 

Figure 9.4: (a) Representation of the fluid domain ( ΩF ) and the particle domain ( ΩS ), 
along with the respective boundaries (Γ  and  ΓS ). (b) The fluid is meshed 
over the entire computational domain, disregarding the particle position. (c) 
A smooth representation of the cell volume occupied by a particle (adapted 
from Hager et al. 2012). 
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Figure 9.4(a) shows a schematic of the computational domain with a 

representative particle inside, where  ΩF  and  ΩS  are the fluid domain and the particle 

respectively, Γ  and  ΓS  are the domain boundary and the particle surface respectively. 

The total computational domain is  Ω =ΩF +ΩS . Figure 9.4(b) shows the same particle 

over the CFD grid, which has been meshed independent of the particle position.  

A summary of the equations that define the system is presented below. The fluid 

domain is governed by the momentum equation (Navier-Stokes),  

 
   
ρ f

∂u f

∂t
+ ρ f u f .∇( )u f = −∇p + µ f∇

2u f    in ΩF  (9.9) 

the continuity equation, 

    
∇.u f = 0   in ΩF  (9.10) 

the boundary condition on the fluid domain, 

    
u f = uΓ   on Γ  (9.11) 

and the interface conditions at the fluid-solid boundary. 

     
u f = u p   and  σ .n̂ =tΓS

   on ΓS  (9.12) 

where, σ   = − pI + τ  is the stress tensor inside the fluid, 
  
tΓS  is the traction vector acting 

from the fluid on the solid surface,   u p  is the particle velocity obtained from the DEM 

side. The initial condition is: 

    
u f (x,t = 0) = u0(x)     in ΩF (t = 0)  (9.13) 
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At any time step, the pressure and velocity field in the fluid phase is calculated 

over the entire domain (Ω ) by simply ignoring the solid phase, and using the values 

calculated from the last time step. The discretized form of Eq. 9.9 is written as: 

 
    
ρ f

û f − u f
n−1

Δt
+ ρ f u f

n−1.∇( )u f
n−1 = −∇p + µ∇2u f

n−1  (9.14) 

where,   p  represents an estimated value of pressure (to be corrected later),    
û f  is the 

interim velocity solution, and 
   
u f

n−1  is the solution from the previous time step. The 

Poisson equation for the pressure is used for correcting   p . 

Thereafter, the velocity of the particulate phase (calculated from the DEM) is 
enforced on the cells that represent the solid, updating the velocity field to 

   
u f . This is 

just equivalent to adding a force term to the Navier-Stokes equation, 

 
    
f = ρ f

u f − û f

Δt
 (9.15) 

However, correcting the velocity in the particle domain violates the divergence-

free condition for the velocity over the entire domain. The last step is to correct the flow 

field to satisfy the continuity equation as, 

    
u f

n = u f −∇φ  (9.16) 

where,   u f
n  is the final solution and φ  is a scalar field. But   u f

n  must also satisfy Eq. 9.10, 

which yields the following Poisson equation to calculate φ , 

     
∇2φ = ∇.u f  (9.17) 
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The force on a particle is calculated as follow, 

 

  
η(x, y, z,t)dV =

ΩS

∫ η(x, y, z,t)ξ(x, y, z,t)dV
Ω
∫  (9.18) 

where, 

 

  
ξ = 1

0
⎧
⎨
⎪

⎩⎪
if (x, y, z)∈ΩS

else
 (9.19) 

η  is comprised of the viscous component 

    
η = ρν f∇

2u f
n−1  (9.20) 

and, the pressure-component 

   η = −∇pn−1  (9.21) 

An important part of implementing the resolved method is to locate the cells that 

are covered by a particle. To create a smooth representation of the particle in the domain, 

the degree to which a cell is covered by a particle is taken into account (as shown in 

Figure 9.4(c) where the cell color represents the amount of solid volume occupied). This 

way the velocity field is corrected for both fluid and solid, and the force terms are 

calculated accordingly. A fast and accurate method of doing this is presented in Hager et 

al. (2012). Finally, the coupling algorithm can be summarized as: 

1. The particle positions and velocities are calculated by the DEM code and passed 

on to the CFD solver.  
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2. The fluid forces acting on each particle are calculated and sent to the DEM to be 

used in the next time step.  

3. A fluid flow field is calculated over the entire domain. 

4. The cells occupied by the particles are located, and the velocity in these cells is 

corrected to the values obtained from the DEM. 

5. The flow field is corrected to be divergence free. 

6. The steps are repeated from (1) at the next time step. 

As mentioned previously, the DEM and CFD time steps can be set independently 

according to their respective constraints. However, for the resolved method, the CFD-

DEM should be coupled every ~10-50 DEM time steps.  

9.4  RESOLVED VS. UNRESOLVED APPROACH AND GRID SENSITIVITY STUDY 

A simulation base case was setup to compare the resolved versus the unresolved 

approach, and to determine the required mesh resolution. The slot (as shown in Figure 
9.1) had a dimensionless outlet size,   

Ro = Do dp = 2.5 , and dimensionless inlet size, 

  Rio = Di Do = 3 . Please note that the dimensionless inlet size ( Rio ) has been defined with 

respect to the outlet size. Alternatively, the dimensionless inlet size can be defined with 
respect to the particle diameter as  

Rip = Di dp . Since, in our problem, the size of the 

constriction is in the same order of size as the particle, the CFD cells are constrained to 

be smaller or, at least, equal to the particle size for optimum flow resolution. Therefore, 

the ‘big-particle’ method to calculate void-fraction was used in the unresolved approach. 

In the resolved approach, a high mesh resolution is required to represent the particle in 

the CFD domain, primarily to enforce the boundary conditions and to correct the 

velocities as explained in the model (shown in Figure 9.4(c)). This can be achieved most 

simply by having a very fine mesh in the whole CFD domain. However, a ‘static’ fine 
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mesh makes the simulations very slow and can even be unnecessary, as the whole domain 

may not need a fine mesh. To overcome this issue, a dynamic meshing technique is 

recommended where the mesh is adaptively refined in and around the particle locations at 

every time step, as shown in Figure 9.2(b). The particle positions are tracked and after a 

particle has moved, the mesh is refined at the new position, and unrefined (back to the 

original resolution) at the old position. Illustrations of the ‘static’ and ‘dynamic’ meshes 

are shown in Figure 9.5. 

 

  
(a) (b) 

Figure 9.5: (a) Static mesh with a resolution of 8 cells/dp in the whole domain. (b) 
Dynamic mesh with a resolution of 2 cells/dp in the fluid domain, which is 
adaptively refined to 8 cells/dp in and around a particle location. 

Figure 9.6(a) through (c) shows the cumulative number of particles produced, 

versus time, for different particle concentrations (φ ) with the unresolved and the resolved 

approaches. The resolved simulations were conducted for static and dynamic mesh with 4 

cells/dp and 8 cells/dp for each, respectively. The plateau in the cumulative number of 

particles produced signifies a halt in particle production due to bridging. It can be seen 

that the unresolved approach performs comparably well at low particle concentrations, 
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but gives different results at  φ = 20% , where bridging is seen. Therefore, the resolved 

CFD-DEM approach was selected.  

It should also be mentioned that the Courant number, NC, plays a very important 

role in achieving converged results. For one-dimensional case, the Courant number is 

defined as 

 
  
NC =

u f Δx

Δt
< NC ,max  (9.22) 

where, uf is the fluid velocity,  Δx  is the grid length, and  Δt  is the time step. 
It was our experience that 

  
NC ,max <  0.5  was necessary for numerically stable 

simulations and converged results at different grid sizes. This constraint put a 

computational time limitation on the grid refinement, as fine grids were not only more 

computationally intensive, but also required smaller time steps. The problem was 

specifically significant in dynamic meshes with a high level of refinement for high 

particle concentrations, as small mesh elements created at particle-particle boundaries 

(due to adaptive refinement) frequently violated the NC, max constraint. An example of this 

is shown in Figure 9.6(c), where the dynamic mesh (with 8 cells/dp) diverges from the 

other resolved grids due to numerical error. At smaller time steps, the results converged.  
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(a)  φ = 5%   (b)  φ = 10%  

  
(c)  φ = 20%  (d) Runtimes for Different Grids  

Figure 9.6: Comparison of unresolved and resolved CFD-DEM approach showing 
cumulative number particles produced versus time. The resolved approach 
was simulated with static and dynamic mesh with 4 cells/dp and 8 cells/dp, 
for each respectively, for (a)  φ = 5%  (b)  φ = 10% , and (c)  φ = 20% . (d) 
Computational runtimes for different meshes in the resolved approach. 
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A comparison of the computational runtimes is shown in Figure 9.6(d) for the 

different meshes. Weighing the tradeoff between computational accuracy and time, a 

dynamic mesh was selected over a static mesh for being the most efficient over a wider 

range of particle concentrations.  

9.4.1 Benchmarking the Resolved CFD-DEM Approach 

Two simple problems with available analytical solutions were chosen to 

benchmark the resolved CFD-DEM approach with a dynamic mesh. These were (1) the 

settling of a single spherical particle in an unbounded fluid, and (2) pressure drop during 

flow through a packed bed.  

9.4.1.1 Settling Velocity in Unbounded Fluid 

The settling of a single sphere in an unbounded fluid is a well-studied problem, 

with the following correlations available for settling in Newtonian fluids (Stokes 1851; 

Happel and Brenner 1965).  

 
  
Vs =

(ρ p − ρ f )gdp
2

18µ f

     for Re p ≤ 2  (9.23) 

 
  
VRe =

20.34(ρ p − ρ f )0.71dp
1.14

ρ f
0.29µ f

0.43      for 2 < Re p ≤ 500  (9.24) 

where, Vs (cm/s) is the Stokes’ settling velocity, 
  
ρ p (gm/cm3)  and 

  
ρ f (gm/cm3)  are the 

particle and fluid densities, respectively,  dp  (cm) is the particle diameter, g (980 cm/s2) is 

the acceleration due to gravity, and 
  
µ f  (poise)  is the dynamic viscosity of the fluid. VRe is 

the corrected settling velocity at higher particle Reynolds number (Rep). Liu and Sharma 

(2007) measured the particle settling velocity for different particle diameters in glycerin 
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(the relevant parameters were,   
µ f = 10.2 cp , 

  
ρ p = 3.3 g/cm3,  and ρ f = 1 g/cm3 ). The 

comparison of the measured settling rates and the calculated settling rates (using Eq. 9.24 
because   Re p ≈10 ), with the simulated settling rates are shown in Figure 9.7. It can be 

seen that the simulations can predict particle-settling rates to an acceptable level of 

accuracy. 

  

 

Figure 9.7: Benchmarking simulator with settling velocities in unbounded Newtonian 
fluids. 

9.4.1.2 Packed Bed Pressure Drop 

A typical simulation is shown in Figure 9.8. Particles flow through the 

constriction (Figure 9.8(a)), till there is a bridging event (Figure 9.8(b)), after which 

particles pile up and start forming a pack behind the arch (Figure 9.8(c)). As the pack 

grows in length, the pressure at the inlet builds up consistently (Figure 9.8(d)).  
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 9.8: Snapshots of a typical resolved CFD-DEM simulation (a) particle flowing 
state (b) formation of a bridge (c) particle pile up, and (d) pressure buildup 
due to jam. 

The pressure gradient during flow through a packed bed of spheres is given by the 

Ergun equation (1952): 

 
  

ΔP
L

=
150µ fVo

dp
2

(1− ε )2

ε 3 −
1.75ρ fVo

2

dp

(1− ε )
ε 3  (9.25) 

where,  Vo  is the superficial velocity of the fluid, and ε  is the porosity of the pack. 

The length of the pack (L) at different time steps was calculated from the simulations. 

Also from the visualizations, the average porosity in the pack was estimated to be around 

0.50. As shown in Figure 9.9, the simulated average pressure near the inlet showed 

excellent match with that calculated from the Ergun equation (Eq. 9.25) using porosity 

 ε = 0.49  for the pack. 



 230 

 

Figure 9.9: Comparison of the simulated average pressure drop near the inlet with that 
calculated by using the Ergun equation to predict the pressure drop across 
the particle pack after jamming. 

 From the above two validations, it was determined that the resolved CFD-DEM 

is a viable approach for this study. 

9.4.2 Optimal Grid Resolution 

From, Figure 9.6, it appeared that a dynamic mesh with a resolution of 4 cells/dp 

was the optimal choice because it gave converged results with grids of higher resolution. 

To validate this choice, another set of simulations was conducted with a different slot 
geometry (  Ro = Do dp = 2  and   Rio = Di Do = 3 ), particle density 

  
ρ p = 2650 kg/m3 , and 

particle concentration  φ = 9% . Dynamic meshes with 4 cells/dp and 8 cells/dp (Figure 

9.10(a) and (b) respectively) were used. Each simulation was run several times with 

different random realizations. Please note that at this concentration, particles do not 

bridge in this geometry for all the realizations. This illustrates the stochastic nature of this 

problem as well as presents a good case for testing the grids.  
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(a) Dynamic Mesh 8 cells/dp (b) Dynamic Mesh 4 cells/dp 

 
(c) 

Figure 9.10: Set of simulations comparing dynamic meshes with (a) 8 cells/dp and (b) 4 
cells/dp. Each simulation was repeated with different random realizations. 
(c) Comparison of the mean cumulative number of particles discharged 
predicted by the two grids.  
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Figure 9.10(c) shows a comparison of the mean cumulative number of particles 

discharged predicted by both the grid resolutions. Note that the error bars represent one 

standard deviation ( ±σ ) from the mean, and depict that there is a wide variability in the 

number of particles produced depending on whether the constriction jammed or not. As 

can be seen, a resolution of 4 cells/dp is in quite good agreement with the finer mesh, and 

because of its substantial computational improvement, it was selected for the simulations.  

9.5  RESULTS 

9.5.1 Critical Particle Concentration 

In a slot, with outlet size,   
Ro = Do dp = 2 , and inlet size,   Rio = Di Do = 2 , 

slurries with different particle concentrations were flowed (as shown in Figure 9.11). 
The particle density was taken as 

  
ρ p = 2650 kg/m3  and gravity was in the 

direction of flow (+x-axis as shown in Figure 9.11). The number of particles produced at 

the outlet is plotted cumulatively versus time for different particle concentrations in 

Figure 9.12.  

 

 

Figure 9.11: Flow of particulate suspensions through a slot with  and .   Ro = 2   Rio = 2

g 
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(a)  φ = 2%   (b)  φ = 5%  

 
(a)  φ = 8%   (b)  φ = 10%  

Figure 9.12: Cumulative number of particles produced versus time for five random 
realizations at different particle concentrations. The slope of the linear fit 
gives the average flux (particles/sec) of particles produced at the end.   
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The mean cumulative numbers of particles are plotted along with the different 

random realizations for each concentration. The vertical bars show one standard deviation 

of the distribution from the mean. At 2% and 5% particle concentration (Figure 9.12(a) 

and (b) respectively), there is no bridging or accumulation of particles in the channel, and 

particles are produced continuously.  

Multi-particle bridging occurs when several particles not only try to exit through a 

constriction simultaneously, but can also form a stable arch configuration. At low particle 

concentrations (such as 2% and 5% in this case), the probability of having enough 

particles in the vicinity of each other is low. That is not to say that bridging cannot 

happen at low concentrations. If flowed long enough, there may be instances where the 

above condition is satisfied for bridging. Sharp and Adrian (2005) have demonstrated 

such instances,  φ < 6% . To explicitly distinguish from that behavior, we have defined 

spontaneous bridging as a function of time in our study.  

At 8% particle concentration (Figure 9.12(c)), there are some instances of 

bridging, which illustrate the stochastic nature of bridging in granular materials. The 

standard deviations are large here because the number of particles produced varies widely 

depending on whether there is a successful bridging event or not. At 10% concentration 

(Figure 9.12(d)), all realizations show spontaneous bridging. We observed from the 

simulations that at this concentration, bridging depended mostly on the formation of a 

stable arch, as the first condition of having enough particles was readily satisfied. Please 

note that there is always a distribution of the number of particles discharged before 

bridging. This distribution is known to have an exponential tail or a power-law tail in the 

discharge of granular matter through hoppers (please see Chapters 4 and 5 for a list of 

references), so the deviations observed here are quite expected.  
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A comparison of the mean number of particles produced at different φ , is 

presented in Figure 9.13. The plateau in the mean cumulative number of particles 

produced for  φ = 10%  clearly shows the onset of spontaneous hydrodynamic bridging. It 

should be recognized that this signifies the transition from a flowing state directly to a 

jammed state, without any prior accumulation or backlog of particles near the 

constriction.  

 

 

Figure 9.13: Mean cumulative number of particles produced during the flow of 
particulate suspensions of different concentrations through a slot (  Ro = 2  
and   Rio = 2 ). The onset of spontaneous hydrodynamic bridging is seen 
clearly. 

Additional simulations were conducted at particle concentrations of 6% and 9%, 

respectively. Also, at least ten realizations were conducted for each concentration 

(although only five been shown in Figure 9.12 for clarity). The average and the standard 

deviation (σ ) of the flux of particles produced were calculated from the different random 

realizations for each case. Figure 9.14 shows the mean flux of particles (particles/time) 
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produced at different particle concentrations. The deviations from the mean are large in 

the range of concentrations ( 6% ≤φ ≤ 9% ) where jamming is intermittent. The upper 

bound shows the case where, initially, the flux increases with concentration, till at a 

certain concentration the flux reduces drastically because of the log-jam effect. Please 

note that this confirms our idea of a critical particle concentration (CPC) that we had 

postulated at the beginning (see Figure 1.7). In this case, 10% is the CPC referred to as 

 φ
* . 

 

 

Figure 9.14: Mean flux of particles produced during the flow of particulate suspensions 
of different concentrations through a slot (  Ro = 2  and   Rio = 2 ).  φ

* = 10% . 
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PJ =

number of bridging instances
total number of realizations

  (9.26) 

For example: from Figure 9.12(c), at  φ = 8% ,   PJ = 0.6 . The probability of jamming as 

function of particle concentration, calculated from at least 10 realizations for each case, is 

shown in Figure 9.15.  

 

 

Figure 9.15: Probability of jamming as a function of particle concentration during flow of 
particulate suspensions through a slot (  Ro = 2 and Rio = 2 ). The line is a 
guide to the eye. 
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9.5.3 Effect of Particle Stiffness 

To check the effect of particle stiffness, we repeated the above simulations (with 

different random seeds) with a higher particle Young’s modulus,   E = 109  Pa . Figure 9.16 

compares the results obtained with high particle stiffness (E = 1 GPa) to those presented 

before in Figure 9.13 (E = 10 MPa).  

 

 

Figure 9.16: Effect of particle stiffness.  
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hydrodynamic forces are a factor. However, since the flow velocities and particle 

Reynolds number in our simulations are relatively low, this was not a concern.  

9.5.4 Effect of Outlet Size 

It is well known that the size of the outlet is the most important parameter 

controlling jamming events. As mentioned earlier, several researchers have studied the 

effect of orifice size on jamming in hoppers, tubes, and microchannels. In this context 

too, the size of the outlet is the key parameter of interest. However, in our problem, the 

effect of the outlet size is coupled with the effect of the inlet size to some extent. This can 

be understood with a traffic flow analogy. The log-jam effect in particles is analogous to 

the onset of traffic jams during lane closures (under the assumption of no human 

intervention). The concentration of cars that will cause a jam not only depends on the 

number of exit lanes, but also on the number of entry lanes. For example, jamming 

concentration will be different when 4 lanes merge into 2 lanes, as compared to, when 3 

lanes reduce to 2 lanes (Figure 9.17(a) versus (b)), even though the exit size is two lanes 

wide for both cases. This is because more cars will arrive at the constriction in the 4-lanes 

case relative to the 3-lanes case. Again, the jamming concentration will be different when 

4 lanes reduce to 2 lanes, as compared to, when 2 lanes reduce 1 lane (Figure 9.17(a) 

versus (c)), even though the ratio of entry to exit is the same in both cases. This is 

   

(a) (b) (c) 

Figure 9.17: Schematic illustrating the coupled effect of outlet and inlet size.  
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because the probability of jamming a 2-lane sized exit is different (lower) from jamming 

a 1-lane sized exit. 

To account for the effect of inlet size, the outlet size was varied by (1) keeping the 
inlet size fixed with respect to the particle size (

  
Rip = Di dp =  constant ), and (2) varying 

the inlet size, but keeping the inlet-to-outlet size ratio, or aspect ratio, fixed (

  Rio = Di Do =  constant ). The results are presented below. Please note that all the results 

here are for neutrally buoyant particles (i.e., 
  
ρ p = ρ f = 1000 kg/m3 ). 

9.5.4.1 For Fixed Inlet-Particle Size Ratio 

The channel geometries used in the simulations are shown in Figure 9.18. The 
inlet size was fixed at 6dp (  Rip = 6 ). The outlet size was varied from Ro = 1.5 to Ro = 

3.25. 
 

  
(a) (b) 

  
(c) (d) 

   

(e) 

Figure 9.18: The channel geometries used in the simulations for fixed inlet-to-particle 
size ( Rip ) ratio but varying outlet-to-particle size ratio ( Ro ). 

Ro = 1.5 Ro = 2.0 

Di = 6dp Do Ro = 
2.5 

Ro = 3.0 

Ro = 3.25 
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Figure 9.19 shows that  φ
*  increases with increasing dimensionless outlet size. Till 

  Ro ≤ 2.5 ,  φ
*  could be precisely defined at a particular concentration where all the 

realizations had a spontaneous bridging event (i.e.,   PJ = 1). However, for   Ro = 3 , no 

particular concentration was seen where spontaneous bridging happened in all the 

realizations (see Figure 9.20(a)). Instead, a range of concentration,  23% <φ < 32% , was 

observed where   PJ > 0.5 , as shown by the vertical bars. At the higher end of this range, 

 φ ≈ 30% , in a majority of the realizations, there was an accumulation or backlog of 

particles near the constriction prior to bridging (as shown in Figure 9.20(b)). As opposed 

to spontaneous bridging, which isolates the phenomenon of hydrodynamic bridging, the 

transition from a dense state to a jammed state is controlled more by the mechanics than 

the hydrodynamics. The same phenomenon was observed for   Ro = 3.25 , over the range 

 25% <φ < 40% .  

One of the reasons for accumulation at   Ro = 3 and 3.25  may be that a stable 

bridging configuration is harder to form at high  Ro , so a spontaneous bridge does not 

always form at low concentrations (especially given our time constraint). At higher 

concentrations, particles do not find enough time to exit the system before more particles 

flow in, causing an accumulation near the constriction before jamming. This seems to be 

the plausible reason because in some cases for   Ro ≤ 2.5  at  φ >φ* , we also observe early 

accumulation.  

Another reason for accumulation before bridging may be that the inlet-to-outlet 

size ratio is small in these cases (  Rio = 2 for Ro = 3,  and Rio = 1.85 for Ro = 3.25 ). 

Therefore, not only is it harder to bridge, there is not much of a sudden constriction. In 

other words, in these cases, there is a slowing down of traffic before a jam. 
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Figure 9.19: Effect of dimensionless outlet size on  φ
*  for fixed inlet-to-particle size ratio. 

The vertical blue lines show the range the concentrations for which   PJ > 0.5  
was observed for   Ro = 3 and 3.25 . 

 

 
(a) 

 
(b) 

Figure 9.20: Schematic illustrating: (a) Spontaneous hydrodynamic bridging where the 
particles go directly from a flowing state to a jammed state. (b) Backlog or 
accumulation of particles observed as an intermediate state for high  Ro . 
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9.5.4.2 For Fixed Inlet-Outlet Size Ratio 

The effect of dimensionless outlet size was also studied by keeping inlet-to-outlet 

size ratio, also known as the aspect ratio, constant (  Rio = Di Do = 3 ). The channel 

geometries used in this study are shown in Figure 9.21.  

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9.21: The channel geometries used in the simulations for fixed inlet-outlet size 

  (Rio )  ratio but varying outlet-to-particle size ratio ( Ro ). 

Figure 9.22 shows the dependence of  φ
*  on the dimensionless outlet size when 

the aspect ratio is equal to 3. In this case, a CPC was indeed observed for   Ro = 3 and 3.25
. This is because at a constant  Rio , the inlet-to-particle size ratio ( Rip ) increases with 

increasing  Ro . Therefore, more particles try to go through the outlet simultaneously. 

However, for  φ >φ* , we observe accumulation in the system. This is consistent with our 

explanation for accumulation prior to jamming in high  Ro  cases. 

Ro = 1.5 Ro = 2.0 

Di = 3Do Do Ro = 
2.5 

Ro = 3.0 

Ro = 3.25 



 244 

 

 

Figure 9.22: Effect of dimensionless outlet size on CPC for fixed inlet-outlet size ratio.  

9.5.5 Effect of Inlet Size 

The effect of inlet size was studied by combining the above results and some 

additional simulations. The results are presented in Figure 9.23. 
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probability of a stable bridging configuration. In other words, bridging can happen at a 
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size. 
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Figure 9.23: Effect of dimensionless inlet size ( Rio = Di Do ) on CPC.  

 

Figure 9.24: Effect of dimensionless inlet size ( Rip = Di dp ) on CPC.  
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Secondly, the effect of inlet size is more pronounced at higher  Ro . This happens 

because it is harder to bridge across a bigger outlet. So the increasing number of possible 

opportunities to bridge has a more pronounced effect. Figure 9.23 is presented in Figure 
9.24 with the inlet size made dimensionless with respect to  dp . 

9.5.6 Effect of Flow Velocity 

The effect of fluid velocity over limited ranges was studied at different particle 

concentrations in a channel with   Ro = 2.5 and Rio = 3  (Figure 9.21(c)). The particles were 

neutrally buoyant. In general, during a fixed time and at a fixed concentration, more 

particles will pass through the constriction at higher fluid velocities. This will increase 

the probability of bridging in the same way that flowing particles slowly over a longer 

period of time would increase the probability of bridging. Studying the system over a 

fixed time cannot isolate the effect of velocity per se. So, we studied the effect of velocity 

by allowing the same number of particles to flow through the constriction at different 

fluid velocities. A dimensionless time τ  was defined such that a particle travels the same 

dimensionless distance.  

 
 
τ =

u f t
dp

 (9.27) 

where,  
u f  is the fluid velocity, t is the real time simulated, and  

dp  is the particle 

diameter. Three fluid velocities were simulated: 0.1 m/s (base case, t = 1.5 s), 0.05 m/s (t 

= 3 s), and 0.01 m/s (t = 15 s). Figure 9.25 shows the effect of velocity at different 

particle concentrations ( φ = 10%, 15%, 18%, and 20% ). The y-axis is the mean from five 

random realizations for each case.  
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(a)  φ = 10%   (b)  φ = 15%  

 
(a)  φ = 18%   (b)  φ = 20%  

Figure 9.25: Effect of fluid velocity. Probability of bridging increases at higher fluid 
velocity. 
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Please note that a change in slope of the mean curve indicates that some of the 

realizations have bridged (please refer to Figure 9.12 where the mean has been shown 

along with all the realizations). The degree of change signifies the fraction of realizations 

that have bridged, or the probability of bridging (Eq. 9.26). A plateau or slope  ≈ 0  

indicates that all instances have bridged (  PJ = 1). Figure 9.25 indicates that the 

probability of bridging increases with the fluid velocity at all concentrations. This is 

because, at higher fluid velocities, particle-particle interactions near the constriction 

increases, which increases the probability of bridging. Dai and Grace (2010) made the 

same observation in the bridging of aspherical particles. In addition, a higher fluid 

velocity accelerates the onset of bridging, i.e., less particles are discharged before 

bridging. We did not observe a distinct dependence of CPC, but that may be because the 

problem was analyzed for the same dimensionless time. For a fixed real time, it is 

obvious that the CPC will be the same or decrease with increasing velocity (Figure 9.26) 
 

 

Figure 9.26: Effect of fluid velocity in real time at 20% concentration. 
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9.5.7 Effect of Particle Density 

The effect of particle density ( ρ p ) was studied in a channel with 

  Ro = 2.5 and Rio = 3 , at different particle concentrations, as shown in Figure 9.27. Please 

note that gravity acts in the direction of flow (like a vertical channel with the constriction 

downstream). As previously, the y-axis is the mean from five random realizations for 

each case. The figure indicates that CPC ( φ
* ) decreases with increasing particle density. 

The lighter particles are transported easily, and can adjust themselves to the trajectory of 

the fluid, thus reducing the chances of bridging. At higher particle densities, the particle 

trajectory deviates from the streamlines, and deposits near the, which enhances particle-

particle interaction with the incoming suspension, thereby increasing the probability of 

bridging. This effect of ‘gravity offset’ is illustrated in Figure 9.28. The weight of the 

particles at higher density may also have a stabilizing effect on the bridge against 

hydrodynamic forces.  

Figure 9.29 presents the variation of CPC with particle-to-fluid density ratio in 

different channel geometries. As opposed to neutrally buoyant particles, the effect of the 
inlet size has no effect at high  

ρ p ρ f . This supports the hypothesis that the ‘gravity 

offset’ effect dominates the bridging probability. Also note that in this case, the particle 
density ceases to have any further effect beyond   ρ p ρ f ≥ 2.65 . This critical density ratio 

varies with the flow velocity and the viscosity of the fluid (as a function of buoyant 

forces versus inertial and viscous drag forces). The interplay of these forces is captured 
by the Archimedes number 

  
Ar = gdp

3ρ f (ρ p − ρ f ) µ f
2 , the Froude number 

  
Fr = u f dpg , and the Reynolds number   Re p = ρ f u f dp µ f . In this case, for Fr = 0.7 

and Rep = 20, the critical Ar = 1715. 
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(a) 

  
ρ p = 1000 kg/m3   (b) 

  
ρ p = 1500 kg/m3  

 
(c) 

  
ρ p = 2650 kg/m3   (d) 

  
ρ p = 5000 kg/m3  

Figure 9.27: Effect of particle density. Increasing particle density reduces the CPC for 
hydrodynamic bridging. 
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Figure 9.28: Schematic illustrating the deviation of particle trajectory from fluid 
trajectory with increasing particle density.  

 

 

Figure 9.29: Effect of particle density on CPC.  
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9.5.8 Effect of Converging Constriction 

The effect of a converging constriction was studied in a channel with 

  Ro = 2.5 and Rio = 3  by changing the rectangular constriction to a ramp constriction, as 

shown in Figure 9.27. 

 

  
(a)   θ = 0   (b)   θ = 15  

  
(c)   θ = 30  (d)   θ = 60  

Figure 9.30: Schematic illustrating the geometries used to study the effect of a 
converging constriction. 

The particles were neutrally buoyant and the fluid velocity was 0.01 m/s. A low 

fluid velocity was intentionally used to minimize any effect of velocity or turbulence (if 

any), and to be able to study only the effect of a converging channel geometry. Figure 

9.31(a) shows the effect of the angle of convergence θ  on the mean number of particles 

produced at  φ = 20% . As usual, the y-axis is the mean from five different random 

realizations for each case. The number of particles discharged before bridging decreases 

from   θ = 0  to   θ = 30 . From the simulations, this appears to happen because particles 

are transported more readily from the corners when   θ > 0 , which forces more particles 

to pass through the constriction simultaneously. However, at   θ = 60 , not only are more 

particles produced compared to   θ = 15  and 30 , but also the probability of bridging is 

Di = 3Do Do Ro = 
2.5 

 

θ 
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reduced. This appears to happen because of the longer length of the ramp at   θ = 60 , 

which gives the particles an opportunity to reorganize themselves and reduces the 

probability of blockage. The effect of the angle of convergence on the CPC is shown in 

Figure 9.31(b). The interplay of the two opposing effects: more number of particles 

forced to exit simultaneously, and, the opportunity of particles to reorganize themselves 

to exit in a more orderly fashion is also reflected here. 

 

 
(a)  φ = 20%   (b) 

Figure 9.31: (a) Mean cumulative number of particles discharged at  φ = 20%  for 
increasing angles of convergence. (b) Effect of angle of convergence on 
CPC. 

9.6  CONCLUSIONS 

In this chapter, we have presented a coupled CFD-DEM approach to modeling 

particulate suspension flows. Although computationally more intensive, the resolved 
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approach was found to be suitable to model systems where the particle size is comparable 

to the flow geometry. The resolved approach was validated against analytical solutions 

for two problems: settling in an unbounded Newtonian fluid, and pressure drop in a 

packed bed.  

In particular, the phenomenon of multi-particle hydrodynamic bridging was 

studied at a single pore level. A suspension of neutral monodisperse spherical particles 

was flowed in slot geometries with a constriction. It was shown that the probability of 

jamming increases with the particle volume concentration (φ ). There also exists a critical 

particle volume concentration (CPC),  φ
* , for spontaneous bridging.  

The CPC depends most strongly on the outlet-to-particle size ratio ( Ro ). For 

small outlet sizes,   1.5≤ Ro ≤ 2.5 , a direct transition from a flowing state to a jammed 

state was observed. For bigger outlets,   Ro ≥ 3 , the flowing state typically transitioned to a 

dense state characterized by the accumulation of particles near the constriction before 

jamming.  

The results indicate that the effect of the outlet size is also coupled to the inlet size 

in geometries where the particle size is comparable to the orifice size. It was observed 

that  φ
*  decreases with increasing inlet-to-outlet size ratios ( Rio ). This is because more 

particles have to pass through the outlet simultaneously at higher  Rio  for a fixed particle 

concentration, which increases the probability of bridging. The effect of  Rio  increases 

with increasing  Ro , because the probability of bridging decreases with increasing  Ro , so 

the increasing number of possible opportunities to bridge has a more pronounced effect. 

However, the effect of  Rio  decreases with increasing  Rio , because particles that are 

caught in the corners do not contribute to the chances of bridging.  

The probability of bridging increases with the fluid velocity at all concentrations. 

At higher fluid velocities, more particles try to exit through the constriction 
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simultaneously, which increases particle interactions and in turn the probability of 

bridging. In addition, a higher fluid velocity accelerates the onset of bridging. However, a 

distinct effect on the CPC was not observed in our case.  
A higher particle-to-fluid density ratio ( ρ p ρ f ) increases the probability of 

bridging at a given concentration, and decreases the CPC. This is because at high density-

ratios, the particles precede the flow-field and deposit near the constriction, which 

enhances interactions with the incoming suspension, thereby increasing the probability of 
bridging. However, this effect saturates at a certain  

ρ p ρ f , when gravitational forces 

completely dominate over viscous drag forces.  

The effect of the angle of convergence (θ ) on the CPC is determined by the 

interplay of two opposing effects: more number of particles forced to exit simultaneously, 

and, the opportunity of particles to reorganize themselves along the length of the 

converging channel. It was observed that the CPC decreases with increasing θ  for 

  θ < 30 , but increases beyond that at   θ = 60 .  

In conclusion, this chapter presents a study on the fundamental mechanisms that 

control multi-particle hydrodynamic bridging, and brings to light the physics at a single 

pore level. 
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NOMENCLATURE 
 

Ar = Archimedes number 
Cd = drag coefficient  
dp = particle diameter, L, m 
Di = inlet size, L, m 
Do = outlet size, L, m 
e = coefficient of restitution 
E = Young’s modulus, ML-1T-2, Pa 
Fr = Froude Number 

  Fd   = drag force, MLT-2, N 
g = acceleration due to gravity, LT-2, 

m/s2 

  
K pf   = volume averaged drag force 

coefficient, ML-3T-1 
L = length of pack, L, m  
p = fluid pressure, ML-1T-2, Pa 
  p   = interim pressure solution, ML-1T-2, 

Pa 
PJ = jamming probability 
NC = Courant Number 
Rio = inlet-to-outlet size ratio 
Rip = inlet-to-outlet size ratio 
Ro = outlet-to-particle size ratio 
Rep = particle Reynolds number 

  
R pf   = particle-fluid momentum 

exchange, LT-2, m/s2 
t = time, T, s 
 t  = traction vector from fluid to solid 

 
u f  = fluid velocity, LT-1, m/s  

  
u f  = fluid velocity vector, LT-1, m/s 

   
û f   = interim velocity, LT-1, m/s  

   
u f   = corrected velocity field from 

DEM, LT-1, m/s  

   
u f

n−1,u f
n = velocity at time steps n-1 and n, 

LT-1, m/s 

  
u p  = particle velocity vector, LT-1, m/s 

  
u p  = ensemble averaged particle 

velocity, LT-1, m/s 

  u0  = initial fluid velocity vector, LT-1, 
m/s 

x, y, z = principal co-ordinate axes 
  Δx,Δt  = space and time discretization 
Vo = superficial velocity, LT-1, m/s 
VRe = corrected settling velocity, LT-1, 

m/s 
Vs = settling velocity, LT-1, m/s 
 

 
α f  = void fraction 

  Γ, Γ S  = fluid and particle boundaries 
ε   = porosity 
η  = particle force per unit volume, 

ML-2T-2, N/m3 
µ   = friction coefficient 

 
µ f  = fluid dynamic viscosity, ML-1T-1, 

Pa.s [cp] 

 µr   = rolling friction coefficient 
ν   = Poisson’s ratio 

 
ν f  = fluid kinematic viscosity, L2T-1, 

m2/s  
φ  = particle volume concentration / 

scalar correction field for 
divergence-free condition 

 φ
*  = critical particle volume 

concentration (CPC) 

 
ρ f  = fluid density, ML-3, kg/m3  

 
ρ p  = particle density, ML-3, kg/m3 
σ  = stress tensor, ML-1T-2, Pa / 

standard deviation 
τ   = deviatoric stress tensor, ML-1T-2, 

Pa 
Ω  = whole computation domain 

  ΩF ,ΩS = fluid domain and particle/solid 
domain 
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Chapter 10: Conclusions 

This dissertation presents several approaches to modeling the flow of particulate 

suspensions through constrictions of various shapes and complexity. We focus on (i) the 

amount of particles produced before polydispersed granular materials jam outlets, and (ii) 

study the factors that influence this jamming behavior. The dominant particle retention 

mechanisms in granular suspension flows are size-exclusion and bridging. Either, or both 

of these mechanisms may be important depending on the size of the constriction, the 

particle size distribution (PSD) and the particle concentration in the slurry. Furthermore, 

depending on the particle concentration, either inter-particle interactions, or particle-fluid 

interactions, or both, may be important. Therefore, this work is divided into three major 

sections depending on the volume concentration (φ) of the particles: modeling of high-

concentration or dense suspension flows (φ > ~50%) using DEM simulations; modeling 

low-concentration or dilute suspension flows (φ < ~1%) using analytical and stochastic 

methods; and modeling of intermediate-concentration suspension flows using (~1% < φ 

< ~50%) coupled CFD-DEM simulations. The main findings and conclusions for each 

are presented below. Recommendations for work are also discussed. 

10.1  HIGH-CONCENTRATION OR DENSE FLOW REGIME 

1. Friction and shear forces are necessary to form stable bridges whereas the outlet-

to-particle size ratio is the most critical parameter affecting the number of 

particles produced. 

2. Experiments and DEM simulations of the flow of polydisperse sand packs 

through screens, of different aperture sizes and types, have revealed that the 

number of particles of different sizes that are produced follows power–law 

statistics. When a sand sample with a known size distribution is flowed through a 
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screen of aperture size Do  the number of sand particles of size di  that will be 

produced per unit screen area (NPi )  has a power–law correlation with di Do  (the 

relative size of that particle with respect to the screen aperture).  

3. The method uses the entire PSD of the formation sand and is validated with 

experimental and numerical data. This method provides much more accurate 

predictions of screen performance compared to past methods that are based on d10, 

d50 and/or UC, and can be used for systematic screen size selection in the absence 

of experimental data. 

4. A simple probabilistic model has been proposed to describe the jamming of 

screens by polydispersed systems. The model accurately reproduces, and 

therefore provides a physical explanation of the observed power-law correlation. 

We have also calculated the jamming probability of a polydispersed system 

through rectangular slot openings from experimental data. In the process, a 

potentially generic method for determining jamming probability through complex 

screens has also been proposed. 

5. By studying the number of particles produced through two adjacent rectangular 

outlets, we have shown that the probability of jamming decreases as the distance 

between the outlets decreases. There exists a critical distance between slots (S*) 

below which the jamming characteristic of adjacent slots are no longer 

independent of each other. From the distribution of contact forces in the granular 

pack, we propose that the change in jamming characteristics is due to the mutual 

dependence of neighboring arches in close proximity. 

6. The application of micro-CT images in reconstructing accurate 3D representations 

of complex screen assemblies has been demonstrated. We have presented a tool 

that can simulate the flow of large granular packs through these screens. The 
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simulation tool allows us to evaluate the performance of different screens without 

running expensive and sometimes inconclusive experiments; enhances our 

understanding of screen performance; and helps to better design sand screens to 

meet performance criteria under a wide variety of conditions.  

10.2  LOW-CONCENTRATION OR DILUTE FLOW REGIME 

1. We have presented analytical and stochastic models to predict sand production 

through screens with rectangular (WWS) and woven square mesh (PSM) outlets. 

The models were derived for screens with a single outlet size and for screens with 

a known pore size distribution. Monte Carlo simulations were shown to be in 

excellent agreement with the analytical solutions. 

2. Since size-exclusion is the dominant retention mechanism, the portion of the PSD 

bigger than the opening size controls the amount of particles produced. Thus, for 

accurate prediction of sand production through the approach proposed in this 

section, the PSD of the formation sand for the coarser portion must be determined 

accurately. 

3. On the basis of experimental results, we have shown that the models presented 

here can indeed be predictive provided that an accurate representation of the 

screen pore size distribution is available. 

4. A method to quantify and measure the pore size distribution of complex screen 

assemblies (multiple layers and different weave patterns for each layer), using 

microtome images, has been presented.  

10.3  INTERMEDIATE-CONCENTRATION FLOW REGIME 

1. Hydrodynamic multi-particle bridging during flow through a single constriction in 

a rectangular channel has been studied using coupled CFD-DEM simulations. It 
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was shown that for neutral, monodispersed particulate suspensions in the 

intermediate concentration regime, the probability of jamming increases with the 

particle concentration. There also exists a critical particle concentration ( φ
* ) for 

spontaneous bridging. 

2.  φ
*
 depends most strongly on the outlet-to-particle size ratio ( Ro ). For small outlet 

sizes,   1.5≤ Ro ≤ 2.5 , a direct transition from a flowing state to a jammed state was 

observed. For bigger outlets,   Ro ≥ 3 , the flowing state typically transitioned to a 

dense state characterized by the accumulation of particles near the constriction 

before jamming. 

3. It was observed that  φ
*  decreases with increasing inlet-to-outlet size ratios ( Rio ), 

but the effect of  Rio  decreases with increasing  Rio , and increases with increasing 

 Ro . This is the result of conditions that increase the number of particles flowing 

through the outlet simultaneously. 

4. Higher fluid velocity increases the probability of bridging and accelerates the 

onset of bridging at all concentrations, which also accelerates the onset of 

bridging. However, a monotonic variation of  φ
*  due to fluid velocity was not 

observed in our case.  
5. A higher particle-to-fluid density ratio ( ρ p ρ f ) increases the probability of 

bridging at a given concentration, and decreases  φ
* . However, this effect saturates 

at a certain  ρ p ρ f , when gravitational forces completely dominate over viscous 

drag forces. 

6. The effect of the angle of convergence (θ ) on the CPC is determined by the 

interplay of two opposing effects: more number of particles forced to exit 

simultaneously, and the opportunity of particles to reorganize themselves along 
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the length of the converging channel. It was observed that  φ
*
 decreases with 

increasing θ  for   θ < 30 , but increases beyond that at   θ = 60 .  

10.4  RECOMMENDATIONS FOR FUTURE WORK 

The primary objectives for future work would be to:  

1. Simulate the process of particle transport through complex multi-layered screens 

with different designs, and calculate the NP-correlation in these geometries to 

develop systematic criteria for the selection of premium screens. 

2. Improve the simulation tool by developing the ability to conduct coupled CFD-

DEM simulations in complex geometries.  

3. Suggest improvements to screen design from a better understanding of factors that 

control retention in screens. 

4. Investigate multi-particle hydrodynamic bridging in different geometries and in 

the presence of surface/non-contact forces.  

The following steps are recommended to achieve the objectives stated above: 

1. Generate 3D reconstructions of different premium screens from micro-CT scans 

and compute their pore size distribution. 

2. Generate virtual meshes to replicate the real meshes generated from (1) by 

including non-idealizations (such as broadening of wires, vertical overlap of wires 

and/or layers, etc.). Validate the virtual meshes by comparing pore size 

distributions with real meshes obtained from (1).  

3. Validate the analytical models for low-concentration suspension flows against 

experiments after including the pore size distributions. Improve and generalize the 

analytical models to account for complex pore shapes. 
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4. Perform large-scale DEM simulations with virtual meshes and update/improve the 

NP-correlation that was developed for a single layer plain square mesh. Obtain a 

general NP-correlation, if possible, for different outlet shapes by including a 

dimensionless ‘outlet shape factor’ in the scaling. Alternatively, study the 

dependence of the coefficients of the NP-correlation on the ‘outlet shape factor’. 

Also, incorporate the effect of particles bigger than the screen in the NP-

correlation. 

5. Extend the probabilistic model of jamming of rectangular outlets by polydispersed 

systems, to different outlet shapes.  

6. Use advanced mesh generation utilities (for example, snappyHexMesh utility in 

OpenFOAM), to conduct coupled CFD-DEM simulations through complex 

screens. Reevaluate resolved versus unresolved, and dynamic versus static 

meshes, to determine the optimal approach to solve polydispersed granular flows 

through complex media.  

7. Study multi-plarticle hydrodynamic bridging in other simple geometries 

(cylindrical tubes, nozzles, etc.), and include the effect of surface forces.  

In conclusion, this dissertation presents relevant simulation techniques to model 

the flow of particulate suspensions in different concentration regimes. New methods and 

models have been presented to predict the number of particles of different sizes that can 

flow through a constriction before jamming. The factors affecting the stability of particle 

arches were investigated. Advanced techniques to generate realistic models of complex 

filter media were explored. These findings were applied to the design and selection of 

sand control screens for oil and gas applications. Finally, a critical particle concentration 

for spontaneous multi-particle bridging was quantified and its dependence on various 

factors was researched at a single pore level.  
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List of Acronyms 

CAD = Computer Aided Design 

CFD = Computational Fluid Dynamics 

CPC = Critical Particle Concentration 

CT = Computed Tomography 

DEM = Discrete Element Method 

MC = Monte-Carlo 

M-S = Mondal-Sharma 

NP = Number of Particles 

OFA = Open Flow Area 

PDW = Plain Dutch Weave 

PSD = Particle Size Distribution 

PSM = Plain Square Mesh 

QA = Quality Assurance 

QC = Quality Control 

SRT = Sand Retention Tests 

STL = STereo Lithography or Standard Tessellation Language 

WWS = Wire-Wrap Screen 
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