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Abstract.  In this paper, the discharge of a rectangular silo with a cylindrical obstacle placed just above 

the outlet was modeled using the discrete element method DEM. The investigation particularly focused 

on the flow rate and velocity distribution of particles during the discharging in a continuous regime. To 

provide an insight into how the obstacle may influence flow, we varied the diameter and the vertical 

position of the obstacle; then, we compared the results with those obtained for the discharge of a silo 

without an obstacle. This detailed comparison revealed several key observations. A reasonable agreement 

was seen between the results obtained from numerical simulations and the experimental results. 
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1.       Introduction   

 

Silos are structures built to store various materials, which are important in many 

industrial and engineering applications (Zhao et al., 2019). Depending on the ratio of 

outlet size and particle size, the flow can be divided into three regimes: A continuous 

regime, an intermittent regime, and a complete blockage of the system. The jamming 

occurs if the particles form an arch that spans the width of the outlet (To et al., 2001; 

Mankoc et al., 2007; 2009). It can happen when the outlet width is about 3 to 6 particle 

diameters (Deming & Mehring, 1929; Brown & Richards, 1958; Beverloo et al., 1961; 

Nedderman et al., 1982; Wilson et al., 2014; Benyamine et al., 2014). Due to 

operational complexities and extra energy input that other solutions require, the 

introduction of an obstacle to the silos provides a crucial way for some researchers to 

ensure the continuous and stable functioning of the discharge operation and avoid 

unfavorable flow phenomena (Helbing et al., 2005; Zuriguel et al., 2011; Alonso-

Marroquin et al., 2012; Lozano et al., 2012; 2013; Reddy et al., 2018). The effect of the 

insert on the properties of granular flow in silos during discharge has not been well 

understood, especially the discharge flow rate and velocity distribution. On reviewing 

the literature on this solution, the effect of inserts in silos has been studied since the 
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work of Johanson and Kleysteuber but mainly focused on the action and effect of the 

insert with different geometries on flow patterns (Johanson, 1968; Tüzün & Nedderman, 

1985; Yang & Hsiau, 2001; Härtl et al., 2008; Wójcik et al., 2012; Zuriguel et al., 2016; 

Murray & Alonso-Marroquin, 2016; Endo et al., 2017; Katsuragi et al., 2018; Sun et al., 

2020). However, few studies were devoted to studying the effect of obstacles on the 

flow rate. In the jamming regime, it has been found that the insertion of an obstacle 

reduces the jamming probability and induces an increase in the flow rate (Yang & 

Hsiau, 2001; Zuriguel et al., 2011; Alonso-Marroquin et al., 2012; Lozano et al., 2012; 

2013). Table 1 summarizes the literature according to the model, methodology, and 

insert type. In the continuous regime, the effect of obstacles on the discharge rate has 

not been thoroughly studied. In this regime, most works related to silo discharge have 

analyzed the influence of inserts on flow patterns (Chou & Yang, 2004; Chou et al., 

2006; Härtl et al., 2008; Kobyłka & Molenda, 2014). For instance, Laidaoui et al., 2020 

experimentally studied the effect of an obstacle on the discharge flow from a 

rectangular silo in a continuous regime. They found that for an obstacle altitude higher 

than the outlet length, the obstacle had no effect on the flow rate. In contrast, when 

located in the zone of acceleration above the outlet, the presence of the obstacle 

significantly reduced the flow rate.  

Table 1. Summary of the literature for the silos with inserts 

References 
Analysis 

model 
Method Insert type Highlights 

Zuriguel et al. (2011) 2D Exp. Disk 

The pressure reduction in the area of arch 

formation accomplished by the obstacle is 

the cause of clogging reduction and hence 

the increase in flow rate. 

Alonso-Marroquin et al. 

(2012) 
2D DEM Sim. Circular 

In a critical situation, the flow increases by 

suitably placing an obstacle. 

Lozano et al. (2012) 2D Exp. Disk 

The presence of an obstacle increases the 

flow rate by up to 10% compared to the 

silo without an obstacle. 

Lozano et al. (2013) 2D Exp. Circular 

The larger the size of the outlet, the 

stronger the effect of the obstacle. 

A decrease in discharge rate under the 

action of obstacle. 

Yang & Hsiau (2001) 2D DEM sim.      

Exp. 

Conical insert 

BINSERT 

The presence of an obstacle reduces the 

jamming probability and induces an 

increase in the flow rate. 

Katsuragi et al. (2018) 2D 
DEM sim.      

Exp. 
Circular 

A decrease in discharge rate in presence of 

inserts. 

Laidaoui et al. (2020) 2D Exp. Cylindrical 

The presence of an obstacle significantly 

reduces the flow, when placed in the 

acceleration zone above the outlet. 

 

2.    Setting up DEM simulations and validation  

  2.1. Description of the simulation 

In this study, all simulations were carried out with a rectangular silo similar to the 

one used in the laboratory (Laidaoui et al., 2020). Two configurations were designed, a 

flat bottom silo with a cylindrical obstacle of diameter      placed at an altitude    and 

a flat bottom silo without an obstacle for comparison (Fig. 1). The dimensions of the 

silo and the particle properties are summarized in Table 1. The outlet size   is about 11 
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times greater than the grain diameter  ,       ensuring the flow is in a continuous 

regime (Aguirre et al., 2010). 

Table 2. Properties of particle and silo dimensions 

 
Parameters Value 

  (particle diameter)        

  (particle density)             

  (silo height)        

  (silo width)        

  (silo depth)        

  (outlet size) 12.5 mm 

The silo walls were assumed rigid with friction, except for the frontal walls, 

which were considered without friction to limit the movement of particles out of the 

plane. 

 
Fig. 1. Different configurations of the silo. 

A flat bottom silo with a cylindrical obstacle / a flat bottom silo without an obstacle 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. The steps of the simulation process 
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The particles were deemed to be spheres non-cohesive in diameter         , 

with a slight dispersion            to avoid segregation and crystallization (Pascot et 

al, 2020). The particles were randomly generated until the silo was filled at the height 

of         ; when the system reached a static state, the orifice was opened, and the 

particles began to be discharged. Fig. 2 presents the several stages of the simulation. 

A series of numerical simulations was undertaken to investigate the influence of 

position and obstacle diameter on the discharge flow and the velocity profiles. All 

possible combinations of these parameters are shown in table 3 and lead to twenty-three 

different configurations. 
 

Table 3. Combinations are considered in simulations 

Model 
Obstacle diameter  

          

Obstacle altitude 

        

 Outlet length  

       

1 

5 

5 

12,5 

2 10 

3 15 

4 60 

5 

10 

5 

6 10 

7 15 

8 60 

9 

20 

5 

10 10 

11 15 

12 60 

13 

40 

5 

14 10 

15 15 

16 60 

17 No obstacle 10 

18 No obstacle 12.5 

19 No obstacle 15 

 

  2.2. Method and contact model  

The DEM simulation approach is used to investigate the discharge flow of a silo, 

where the grains are treated individually and their mechanical interactions at the level of 

the contacts (by applying Newton's second law). This method was adapted by (Cundall 

& Strack, 1979) to allow the simulation of the behavior of granular media. In this study, 

the contact model used was based on the Hertz Mindlin no-slip contact model (Di 

Renzo & Di Maio, 2003), with frictional damping in the tangential direction and viscous 

damping in the perpendicular and tangential directions. Table 4 lists the model 

parameters used for the DEM simulations; these values were taken from the literature 

(Pascot et al., 2022). 
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Table 4. Model parameters used in simulations. 

Parameter Value 

  (number of particles) 75 000 

  (Young modulus) 5 × 10
6
 Pa 

  (Poisson coefficient) 0.22 

          (restitution 

coefficients) 

0.97 -  0.83 

          (friction 

coefficients) 

0.40 -  0.15 

 

  2.3. Validation 

To validate the DEM model, the average mass flow was compared to the 

predicted flow from the empirical Beverloo equation for different outlet sizes. Beverloo 

proposed the most accepted law for describing the flow rate of granular materials for a 

flat-bottomed cylindrical hopper (Beverloo et al, 1961): 

                                                                         

Where    is the bulk density,   is the gravitational constant,   and   are the 

fitting parameters, and   and   are the diameter of the particles and the outlet length, 

respectively. 

Many researchers modified the Beverloo correlation according to the ability to 

adapt to obtain a more accurate equation to express the flow rate. This correlation was 

generalized by (Mankoc et al., 2007, and Janda et al., 2012) in the 2D case, as follows: 

                                                                        

For a rectangular silo at flat-bottom quasi-2D, (Benyamine et al., 2017) proposed 

an equation derived from this law: 

                                                                     

 

 

Fig. 3. Flow rate versus time for different outlet sizes 
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Fig. 3 shows the mass flow rate as a function of time for various outlet sizes. The 

discharge rate increased with the increase in the outlet size. During this time, the 

evolution of the flow rate obtained by the DEM model and the predicted flow rate of the 

Beverloo empirical equation was plotted for different outlet sizes (with     ,   
      and       ), (Fig. 4). The simulation results seem consistent with Beverloo 

prediction, which indicates that the DEM model can reasonably simulate the discharge 

process. 

 

 

Fig. 4. Comparison of flow rates between the Beverloo Eq. [3] and the DEM simulation 

3.    Results and discussion 
 

 3.1. Effect of the obstacle on the discharge flow 

Fig. 5 presents the plot of the temporal evolution in the mass flow rate measured 

during the discharge of a silo with an obstacle of diameter             ; the obstacle 

is placed at different altitudes (                                  
       and          , respectively). We observed that there was no difference 

between the simulation without an obstacle and the simulation for           
and          . However, the difference between simulations with no obstacle and 

simulations for                  , and           was more significant, as 

seen in Fig. 6, where the discharge mass is plotted versus time. 

In Fig. 7, the mass flow rate is compared for varying obstacle altitudes and 

diameters for outlet size         . The horizontal line represents the flow rate 

without obstacles, and the vertical lines represent the altitudes for      and      , 

respectively.  

When     , we can see that the flow rate is significantly reduced whenever the 

diameter of the obstacle is increased.  
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Fig. 5. Mass flow rate   versus the time, for obstacle diameter            and various obstacle 

altitude    

 

 

 
 

Fig. 6. Mass discharged    versus the time, for obstacle diameter            and various 

obstacle altitude    
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When         , the flow rate is reduced for the obstacles of diameters are 

bigger than  . It seems to be stabilized and reaches the value obtained with no obstacle 

for the obstacles of diameters smaller than  . 

For      , the obstacle has no influence, and the flow rate seems to stabilize 

and reach the value obtained with no obstacle. 

 
 

Fig.7. Mass flow rate   versus the obstacle altitude ho for various obstacle diameters     . The 

horizontal line represents the flow rate without an obstacle. The vertical lines represent the altitude 

where        and           respectively 

 

 3.2. Effect of the obstacle on the velocity profiles 

We compared the velocity profiles obtained during the numerical simulations for 

the discharge of a silo with an obstacle and those obtained for a silo without an obstacle. 

The velocity profiles were represented by the vertical velocity at a height        

plotted against the position   at a moment       after discharge began. Different 

obstacle altitudes (    ,                 and      ) and obstacle diameters 

(                  and      ) were chosen to analyze velocity profiles. In 

Figure 8, we present the locations and diameters of obstacles by varying this time the 

diameter of the obstacle      while keeping the altitude of the obstacle    constant. We 

looked at three distinct cases: 

a. The case where the obstacle is placed in the area       (Fig. 8a). 

b. The case where the obstacle is placed in the area          

   (Fig. 8b). 

c. The case where the obstacle is placed in the area      (Fig. 8c). 
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Fig. 8. Schema of different diameters of the obstacle at: the altitude        (a),          (b)  

and        (c) in the silo model 

According to the results observed in Fig. 9, it could be observed that particles 

having the highest velocities at the outlet              were found in the cases 

where the obstacle was placed at a higher altitude (      ) and the cases where the 

obstacle had a diameter smaller than the outlet length D placed in the zone     (  
      ). However, low velocities (          ) were found in cases where the 

obstacle was located just above the exit (     ) and the cases where the obstacle had 

a diameter bigger than the outlet length D placed in the zone      (        ). 

We compared the velocity profiles obtained by the simulation of a silo with an 

obstacle placed at different altitudes with the simulation of a silo without an obstacle. 

The velocity profiles are plotted in the Fig. 10, 11, and 12. 

In the case where the obstacle was placed in the area     , the shift produced in 

the graphs was remarkable between the simulation without an obstacle and the 

simulations with an obstacle (Fig. 10). In this case, it was observed how the increase of 

the diameter obstacle decreased the velocity.  

In the case where the obstacle was placed in the area        , we observed 

that the velocities profiles were almost unchanged and almost reached the value 

obtained without the obstacle for obstacle diameters smaller than the outlet 

length       . When       , we could see that the velocity was significantly 

reduced whenever the diameter of the obstacle was increased (Fig. 11).  

In the case where the obstacle was placed in the area      , we observed that 

the velocities profiles were almost unchanged; whatever the diameter of the obstacle, 

and the velocity almost reached the value obtained without the obstacle (Fig. 12). 
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Fig. 9 A graphical representation of the velocity profiles for different obstacle diameters and 

altitudes, at the discharge moment 0.5 s 
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Fig. 10. Comparison of velocity profiles for a height         at time       between a model 

without obstacle and a model with an obstacle placed at altitude      and different diameter of 

obstacles      

 

 

 

 
 

Fig. 11. Comparison of velocity profiles for a height        at time       between a model without 

obstacle and a model with an obstacle placed at altitude         and different diameter of 

obstacles      
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Fig. 12. Comparison of velocity profiles for a height         at time       between a model without 

obstacle and a model with an obstacle placed at altitude       and different diameter of 

obstacles     . 

4. Conclusion 

This numerical study investigated the effect of a cylindrical obstacle on the flow 

rate during the discharge of a rectangular silo in a continuous regime using DEM.  

Different locations and obstacle diameters were chosen to analyze the discharge 

flow rate and the velocity profiles, as well as the absence of any obstacle for 

comparison. The numerical results obtained were evaluated and compared with 

experimental results obtained by Laidaoui et al. 2020. The main findings could be 

summarized as follows: 

 The analysis results obtained from the study of the velocity profiles  well matched 

those obtained from the analysis of the discharge rate. 

 For a lower obstacle placement in the silo (    ), the obstacle had an influence, 

regardless of its diameter. 

 For an obstacle placed in the area (        ), the obstacle had an influence 

when its diameter was bigger than  . 

 An obstacle placed at about two outlet lengths (      ) had no influence, 

regardless of its diameter. 

 The comparison of simulations revealed that the obstacle influenced the discharge 

flow rate and the velocity profiles when placed just above the orifice in the size   

acceleration zone for the obstacles of diameters smaller than the outlet length   

and the size    acceleration zone for the obstacles of diameters greater than  .  

Reasonable agreement was seen between the results obtained from numerical 

simulations and the experimental results for the obstacles of diameters smaller than the 

outlet length  . There was a difference in the obstacles with diameters greater than  , 

which was probably due to the coefficient of friction of the walls or the obstacle. To 

better understand the physical process and the relevant parameters, future studies shall 

be devoted to this to this subject. 
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