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Abstract 

Awareness of dust explosion hazards during silo filling operation is important for safety measures. 
Thus, information on particles-air flow field is required to assess the likelihood of the hazard. 
Flow field visualization via experimental investigation associated with difficulties and risks. Hence, 
in the present study, a modeling formulation using commercial computational fluid dynamics 
(CFD) code, FLUENT software was employed to predict an insight of flow field distribution, in 
terms of mean and root mean square (RMS) velocities vectors in cylindrical silo during axial filling. 
According to the simulation results, predicted flow field has a great influence to the silo height and 
distance to the silo wall due to gravitational force and movement of fugitive dust and re-circula- 
tion of air. The results showed that the predicted data were in very good agreement with experi-
mental data obtained from the literature. The maximum error was around 10%. The study has 
gone some way towards enhancing our understanding of the particles-air behavior inside indus-
trial equipments during filling operation. 
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1. Introduction 

Knowledge of flow field distribution in particles-air flow is important for an understanding of dust cloud forma-
tion inside industrial equipments. In industry, silo is the most common equipment used for storing bulk powder. 
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Indeed, about 80% of bulk powders handled in industries is combustible, which include solid organic materials, 
metal dusts, chemical dusts, plastic dusts and inorganic non-metallic materials. Moreover, handling bulk powder 
during filling operation is always accompanied by dust emission to the atmosphere. In unconfined space, gener-
ation of fine dust can cause several of problems such as health risks and slippery floor. In partially and confined 
space, such as in silo, the dust emissions have a tendency to form explosive dust cloud which is the potential 
hazard for fire and explosion. The consequences of fire and explosion in silo are always severe owing to the 
large masses and volume. According to an investigation by US Chemical Safety Board (CSB), 13 inorganic 
combustible dust incidents were identified from 1982 to 2005 that killed 31 workers and injured five. CSB also 
discovered 281 combustible dust incidents between 1980 and 2005 in various dust type, equipments, facilities 
and work activities triggered by various ignition sources that caused fatalities of 119 workers, 718 injuries and 
severe damage to industrial facilities [1]. 

Cyclone, pneumatic transport pipe, mixer, bucket elevator or mill is commonly used for filling process in silo. 
This process involved free falling bulk powder that can generate a lot of dust emissions from the main stream 
and become suspended in air. The chaotic movement of fine dust in air produced flow field distribution that may 
influence the dust concentration distribution. Numerous studies have attempted to explain the phenomena during 
powder handlings [2]-[4]. However, so far, there has been little discussion about gas-solid flow field during silo 
filling which can exemplify real dust cloud formation inside process equipments. Efforts made by Hauert and 
Vogl [5] provide extremely important contribution to this area. Experimental investigation is not practically 
feasible for this study since it contains many obvious shortcomings such as high cost, time consuming and risky. 
Alternatively, computational fluid dynamics (CFD) is chosen in this work because it is relatively low cost, re-
quire shorter time period, provides the ability to simulate real condition with explicit phenomena, capable to 
simulate ideal condition at any physical condition, and competent to generate inclusive information of the proc-
ess. An earlier attempt to formulate suitable modeling strategy using Standard k-ε (SKE), Renormalization 
Group k-ε (RNG) and Realizable k-ε (RKE) has been reported [6]. In that study, the modeling strategy using 
RNG has shown the best prediction for gas-solid flow in silo. In [7], this modeling strategy has been successful 
in predicting the profiles of mean and RMS velocity for 80 cm from the silo wall at five axial locations. This 
paper is an extension of the author’s previous work [7], where the objective was to visualize the pattern of par-
ticles-air movement from top to bottom of the silo during this operation.  

2. Modeling Approach 

2.1. Case Problem Description 

The particles-air flows inside a 5 m height and 1.6 m diameter silo were analyzed and solved iteratively in 
three-dimensional (3D) environment consists of high quality 100% hexahedral grid. A model of the cylindrical 
silo was built and meshed in Gambit version 2.4. The grid created must be fined enough to provide a tolerable 
resolution of the geometrical features, as well as important flow features. Total number of cells of the grid used 
for simulation is 362,557 with the total number of nodes equal 379,008. Minimum and maximum volume of the 
cell is about 2.543435 × 10−7 (m3) and 1.018982 × 10−4 (m3), respectively. Meshed cylindrical silo is shown on 
Figure 1. 

The particles with mean diameter of 15 µm are injected through the dust inlet. The initial condition for this 
injection is shown in Table 1. Total number of particles tracked depends on number of tries of the discrete walk 
random model. It was assumed that five tries gives a statistically independent solution, which gives 8000 par-
ticles tracked during the simulations. Ten various diameters from the range described by Rosin-Rammler loga-
rithm distribution are released from each cell of the injection surface. 

2.2. The Flow of the Continuous Phase  

Turbulence model plays an important role in predicting accurately both the air and particle flows. Filling process 
in silo induced an initial turbulence which caused the fluctuation in velocity fields. In present study, the conti-
nuous phase was modeled using RNG k ε−  model which is based on Reynolds Average Navier-Stokes 
(RANS) equations. The transport equation for turbulence kinetic energy ( )k  and dissipation rate ( )ε  can be 
expressed by:  
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Figure 1. Final mesh of the cylindrical silo.                

 
Table 1. The inlet conditions of raw meal injection.          

Parameter Value Unit 

Surface Diameter 0.075 m 

Z Velocity −23 m/s 

Total Flowrate 0.4286 kg/s 
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where ρ  is the density, iu  is the velocity component, µ  is the viscosity, tµ  is the turbulent viscosity, kP  
is the production term. kσ  and εσ  are the turbulent Prandtl numbers for k  and ε , respectively. Sε  is us-
er-defined source term.  

Equations (3) to (5) describe the eddy viscosity ( )tµ , production term ( )kP  and source term ( )Sε , respec-
tively:  
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Equations (6) and (7) describe the inverse effective Prandtl number ( )1σ −  and analytical value used in RNG, 
respectively as follows:  
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where 1σ −  is effective Prandtl number and 1
0 1.0σ − = . In the high Reynolds number limit ( )mol eff 1µ µ  , 

1.393k εσ σ= = . Skη ε= , 0 4.38.η =  The model constants are, 0.0845µC = , 1RNG 1.42C = , 2RNG 1.68C =  
and 0.012β =  [8].  

2.3. Lagrangian Disperse Phase Model 

The discrete phase model (DPM) in FLUENT software solved particle equation of motion using a Lagrangian 
formulation. A discrete particle phase trajectory is determined by combination of the force balance on the par-
ticle. This force balance associates the particle inertia with the other appropriate forces acting on the particle. 
The integration of appropriate forces such as the drag and gravitational forces into the equation of motion can be 
written as: 
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where DF  is the drag force, u  is the gas velocity, pu  is the particle velocity, xg  is the gravity constant = 
9.81 ms−2, pρ  is the particle density, ρ  is the gas density, µ  is the viscosity, pD  is the particle diameter, 
Re  is the Reynolds number and DC  is the drag coefficient. This present study assumed that the particles are 
spherical and the constant 1 0.5191a = , 2 1662.5a = −  and 6

3  5.4167 10a = ×  [9]. 

2.4. Phase Coupling 

Coupling is an important concept in characterizing gas-solid turbulence flow in silo since it can take place 
through momentum transfer (the result of the drag force on phases), energy transfer (heat transfer between 
phases) and mass transfer (the result of the change in mass of a particle). In present study, two-way coupling is 
utilized since the disperse phase is impacted by the continuous phase flow pattern and vice-versa. This is con-
sistent with the work of [10] [11]. 

3. Results and Discussion 

3.1. Model Validation 

There is a good agreement between the simulation and experimental data as shown in Figure 2. The results 
showed highest downward velocity (negative value) and upward velocity (positive value) for mean and RMS 
velocity, respectively at the center region. This is due to the chaotic movement of particles-air in the core stream 
during filling operation. 

3.2. Prediction of Mean Velocity 

Figure 3 portrays front view of mean velocity vectors from top (Z = 4750 mm) to bottom (Z = 750 mm) of the 
silo. In this figure, there is a clear trend of increasing upward velocity closer to the silo wall towards the bottom 
of the silo (at Z = 1750 mm and Z = 750 mm). Conversion of particles dynamics from potential energy to kinetic 
energy under gravity environment during silo filling describes this phenomenon. Consistent with findings by  
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Figure 2. Comparison of predicted and experiment results 
of mean and RMS velocities in silo radius.                  

 

 
Figure 3. Front view of mean velocity vectors at five dif-
ferent positions in the silo.                            

 
Wypych [2], we found that the increment of mean velocity towards the silo wall is owing to the released of en-
trained air from the core stream after reaching the impact zone at the bottom of the silo. The upward movement 
of air to air exit disturbed dust layer and induced the dust to loft in the air currents. 

3.3. Prediction of RMS Velocity 

The RMS velocity describes the turbulence flow. The vectors of RMS velocity from top to bottom of the silo are 
presented in Figure 4. At the center region, it is apparent that RMS velocity (turbulence flow) is decreases with 
decreasing silo height and increases closer to the silo wall. The highest turbulence value (red color bar) was 
found at the center of Z = 4750 mm, which is close to the filling inlet. Far away from the center, only low turbu-
lence value with upward movement is found. This is due to movement of particles in the core stream, movement  
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Figure 4. Front view of RMS velocity vectors at five differ-
ent positions in the silo.                                

 
of induced air from surrounding into the stream and movement of fine dust and ejected air from the stream to the 
surrounding during filling operation. The RMS velocity value at the center region of Z = 3750 mm is progres-
sively reduced. 

Closer to the silo wall, the present findings also revealed that the turbulence region increases at the bottom of 
the silo (e.g. Z = 1750 mm and Z = 750 mm) due to the continuous ejection of entrainment air from the falling 
stream to the surrounding after high velocity impact at the bottom of the silo. Movements of ejected air at high 
velocity stimulate random movement of fine particles, which caused the turbulence flow in the silo. This would 
suggest that the concentration of dust in air is in the explosible range and explosion might be possible during 
loading. 

4. Conclusion  

The purpose of this study was to provide a deeper insight into the particles-gas behavior during filling process in 
silo. These findings suggest that in general, filling operation in silo is always associated with dust cloud genera-
tion since free falling bulk powder has been distinguished to produce disperse fine dust and air movement that 
influenced the flow field distribution. Mean velocity increases with increasing distance from the inlet (at the 
bottom of the silo and closer to the wall). At the main flow (center of the silo), the turbulence decreases with de-
creasing silo height. The RMS velocity increases with decreasing silo height and closer to the silo wall. These 
findings enhance our understanding on gas-solid turbulence flow, which is difficult to assess in the real practice. 
Further research might investigate the influence of flow field on dust concentration distribution. Indeed, the 
knowledge provides better understanding of the particles-air behavior inside industrial equipments. 
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