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ABSTRACT 
Milling plants often adopt pneumatic conveying to 

transport grains or flour inside their pipes.  

The most common conveyor is air, which must be 

cleaned from solid particulate in suspension, before 

being released into the atmosphere.  

To ensure air depuration, a filtration system is installed 

at the end of the milling plant. Such systems typically 

consist of cyclones separators and bag filters. 

This paper presents the design and the validation of a 

computational fluid dynamic model for a pilot plant 

reproducing the mentioned air filtration system.  

The pilot plant, located inside a laboratory at the 

University of Parma, was equipped with sensors to 

collect velocity and pressure data.  

The comparison between the experimental values and 

those from the fluid dynamic simulations made the 

model validation possible and thereby achieving a 

robust predictive approach for the design of air filtration 

systems. 

Keywords: Computational Fluid-Dynamics, Air 

Filtration, Bag Filters, Milling Industry 

1. INTRODUCTION 

In milling plants, granular products are often moved 

thanks to pneumatic transport. Consequently, the air 

used as a conveyor must be filtered before being 

released back into the atmosphere. 

Filtration consists in the separation of different phases 

by inserting a filter media along the fluid path. Such a 

technique employed in many areas: from automotive to 

food industry [Billings et al. (1970), Sutherland 

(2008)]. 

The separation between solid and gas/liquid phase is 

influenced by the particles size or the particle density. 

Cyclones separators have been the most common 

devices for removing dispersed particles from their 

carrying gases, thanks to their favorable balance of 

good separation efficiency and low cost of investment, 

operation and maintenance. Moreover, cyclones are 

able to handle any combination of gas pressure, 

temperature and several particles types. Therefore, they 

are considered more simple, robust and reliable than 

other separation equipment.  

All the factors described above are crucial to make 

cyclone separators key components in different sorts of 

industrial plants for gas filtration [Alexander (1949), 

Chen et al. (2007)]. 

For this reason, since the 19th century, experimental 

studies have been developed to investigate the flow 

characteristics inside cyclones for a better 

understanding of pressure drops and separation 

efficiency [Meier et al. (1998), Stendal (2013)]. 

Filters are classified according to their ability to remove 

particles of a specific size. Fabric is the most widely 

used filter material. It is made from natural or synthetic 

fibers and typically requires some kind of support to be 

used as filter medium [Le Goff et al. (1969), 

Sommerfeld (2000)]. 

Bag filters are a type of filter frequently used for liquid 

or gas filtration. In the latter case, the units are 

significantly larger and multiple installations are 

needed, because of high flow rates [Lo et al. (2009), 

Mehta et al. (1956), Yoa et al. (2001)]. These filters are 

long cylindrical fabric hoses, mounted on a cylindrical 

cage with holding rings along the filter length. The hose 

is upright, closed at the bottom, hanging from a plate 

with the aperture at the top fastened to a hole in the 

plate. 

Cyclones can usually reach high separation efficiencies, 

but despite this, they fail to separate the finest particles; 

to overcome this limit, it is necessary to combine them 

with bag filters, especially when it comes to air 

depuration.  

In the research described in this paper, a bag fabric filter 

was installed inside a cyclone separator. This particular 

solution combines the cyclone and the filter benefits to 

enhance the separation efficiency with low energy 

consumption. Furthermore, this solution not only 
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improves the system overall efficiency, but also allows 

positive effects on filters operating conditions, 

increasing their life cycle. Ultimately, dust emission 

levels into the atmosphere are kept within the limits 

prescribed by law regulations.  

The objective of this work was to study the behavior of 

this combined filtering system at different operating 

conditions with the purpose to obtain a predictive fluid 

dynamic model for industrial design. This was possible 

due to computational fluid dynamics simulations 

validated with a targeted experimental campaign on a 

pilot plant. 

2. EXPERIMENTAL APPROACH AND 

THEORETICAL ASPECTS 

The experimental campaign was conducted on the pilot 

plant built up inside the Industrial Engineering 

laboratory of the University of Parma, reproducing the 

mill filtration system previously described.  

It consists of a bag fabric filter with 31 hoses placed 

inside a cyclone separator. 

As this filtration system is not connected to a real 

industrial plant, it needs to exploit the air from the 

external environment. To do so, a suction fan controlled 

by an inverter draws the air inside the system. After 

passing through the filter, the air is recirculated in the 

atmosphere (Figure 1). 

(a) 

(b) 

Figure 1: Pilot plant (a) and its scheme (b). 

Since ambient air was used, which is free from solid 

particulate, the data collection and the subsequent 

simulations focused only on the fluid dynamic aspects 

of the system, omitting the separation efficiency at this 

first stages. 

2.1. Data acquisition and sensors description 

The velocities inside the filter were collected thanks to 

a hot-wire anemometer and a Pitot tube flow meter, 

while the pressure drop was measured with a 

differential pressure sensor. 

To test the correct functioning of the pilot, the airflow 

rates were estimated. Due to the evaluation complexity, 

the airflow rates acquired experimentally were 

compared to those from the fan operating curve at 

different inverter frequency values. 

For velocity and pressure data acquisition, appropriate 

housings were created to insert the sensors probes at 

various points along the filter as well as along the inlet 

and outlet ducts. 

In particular, the housings were placed on the filter in 

the following points (Figure 2):  

 one at the bottom of the cyclone, to collect the

velocities (green dot);

 four at the volute of the cyclone to evaluate the

velocities (yellow dots);

 one at the inlet and one at the outlet section for

pressure drop (red dots).

Figure 2: Sensor placement. 

2.1.2. Hot-Wire Anemometer 

A VelociCalc Air Velocity Meter 9565 Series was used. 

This instrument is commonly used to determine the air 

speed inside ventilation ducts.  

It consists of a thermo-resistance, i.e. a resistor whose 

value is proportional to the temperature. This resistance 

is immersed in the tested flow. An electric current of 

known intensity keeps the resistance at a higher 

temperature compared to the fluid. The fluid cools the 

resistor proportionally to its velocity, allowing the data 

acquisition.  

The advantages of this sensor are mainly associated to 

the reduced probe dimension. Hence, it allows to take 

measurements at various locations in the pipeline 

minimally affecting the fluid flow and ensuring a very 

quick response. Some drawbacks are related to 

calibration issues [VelociCalc Manual]. The main 

technical specifications are listed in Table 1. 
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Velocity (TA Probe) 

Range 0 to 50 m/s 

Accuracy 0.0015 m/s 

Resolution 0.01 m/s 

Temperature (TA Probe) 

Range -10 to 60°C 

Accuracy 0.3°C 

Resolution 0.1°C 

Relative Humidity (TA Probe) 

Range 5 to 95% RH 

Accuracy 3% RH 

Resolution 0.1% RH 

Table 1: Hot-wire Anemometer technical specifications. 

2.1.3. Pitot tube flow meter 

The functioning of the Pitot tube grounds on the 

Bernoulli’s equation (Equation 2).  

𝑝𝑡𝑜𝑡 = 𝑝𝑠𝑡 +
1

2
𝜌|〈𝑣〉|2    (2) 

𝑣 = √
2(𝑝𝑡𝑜𝑡−𝑝𝑠𝑡)

𝜌
        (3) 

The Pitot tube is a simple sensor but reliable sensor: a 

tube with at least two holes is inserted within the fluid 

flow. The holes are the pressure probes, located 

respectively tangentially and orthogonally to the flow.  

The first pressure probe measures the total pressure 

while the second one provides the static pressure. As the 

two separate channels converge towards a differential 

pressure gauge or a differential pressure transmitter, the 

dynamic pressure is calculated as the difference 

between the two detected pressures, which is 

proportional to the square of the fluid velocity 

(Equation 3). 

The device used was a PCE PVM-620 Pitot tube, with 

the following technical specification (Table 2). 

Pressure ±3735 Pa 

Velocity 1.27 to 78.7 m/s 

Resolution 1 Pa – 0.1 m/s 

Accuracy 1% 

Table 2: PCE PVM-620 technical specifications. 

2.1.4. Differential pressure sensor 

The differential pressure sensor is an Endress Hauser 

Deltabar S PMD75, whose technical specifications are 

shown in Table 3. 

Pressure ±10 mbar to ±40 bar 

Temperature -40 to +85°C 

Output 4 to 20 mA 

Accuracy ±0.035 % 

Table 3: Deltabar S PMD75 technical specifications. 

This sensor embodies process isolating diaphragms, 

which are deflected on both sides by the acting 

pressures. A filling oil transfers the pressure to a 

resistance bridge. The change in the bridge output 

voltage depends on the differential pressure, which can 

be measured and processed [Deltabar S PMD75 

Manual] (Figure 4). 

Figure 4: PMD75 measuring system: 1) measuring element, 

2) middle diaphragm, 3) filling oil, 4) process isolating

diaphragms. 

2.2. Theoretical aspects of cyclone separators and 

filters 

Cyclone separators draw the particles inside the fluid 

into a vortex, where inertia and gravitational forces act 

upon particles separation. 

The fluid enters tangentially into the cylindrical 

chamber with a high rotational component. The flow 

descends rotating near the wall, until a certain location 

where the axial velocity component reverses itself, 

making the flow to ascend. The ascension proceeds near 

the cyclone axis [Cortés et al. (2007)].  

As said above, it is helpful to understand how cyclones 

works but, in this case, their characteristic structure has 

not been strictly followed. The key function of the 

cyclone here, apart from separating the particulate, is to 

accelerate the flow towards the fabric filters, which are 

located in the central part where the vortex finder is 

usually located. 

The basic principles of filtration can be traced back to 

those that regulate the general motion of fluids in 

porous media.  

A porous medium is characterized by a partitioning of 

the total volume into solid matrix and pore space, with 

the latter being filled by the fluid. 

The basic feature of this medium is porosity. The bulk 

porosity Π of a material is defined as the ratio of void 

volume Vv to body volume V0: 

Π =  V𝑣/𝑉0  (4). 
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Since the remaining portion Vs of the total volume of 

the material is in the form of a solid matrix, then: 

1 − Π =  V𝑠/𝑉0  (5). 

Permeability (or gas permeability) is the property that 

gives a measure of the gas flow through a porous 

medium exposed to a pressure difference. The 

superficial velocity V of the fluid flow depends on 

permeability and pressure gradient in accordance with a 

Darcy’s law.  

At laminar flows, the inertia term in the Darcy’s 

equation may be neglected and the equation takes the 

form that is widely used in the theory of filtration: 

𝑑𝑝

𝑑𝑥
=

𝜇

𝐾
∙ 𝑣   (6) 

where K = 1/α is the Darcy’s permeability coefficient 

in [m2] and α is the permeability [1/ m2]. 

The inertia term is instead needed in presence of 

turbulent flows: in this scenario, the equation becomes: 

𝑑𝑝

𝑑𝑥
=

𝜇

𝐾
∙ 𝑣 + 𝜌 ∙

𝐾𝑙𝑜𝑠𝑠

2
∙ 𝑣2  (7) 

where 
𝐾𝑙𝑜𝑠𝑠

2
= 0,043(1 − 𝛼)−2,13 [ANSYS FLUENT

18 – Theory Guide].

The difference between Equation 6 and 7 is clarified in 

Figure 5. 

Figure 5: Difference between the Darcy's equations. 

3. COMPUTATIONAL FLUID DYNAMICS 

MODEL  

3.1. Geometry 

The computational geometry reproduced the sizes of the 

bag filter in the pilot plant, with the details of the filter 

hoses positions (Figure 6).  

(a) 

(b) 

Figure 6: Computational domain (a) and bag filters 

positions (b). 

To obtain a fully developed flow, both the inlet and the 

outlet ducts were lengthened with the aim to avoid as 

much as possible the undeveloped flow disturbance. 

The dimension are shown in Table 4. 

Cyclone total height 5308 mm 

Cyclone diameter 1300 mm 

Cyclone conical height 1550 mm 

Cyclone conical min. diameter 168 mm 

Bag filters height 3000 mm 

Bag filters diameter 123 mm 

Fabric filter hoses 31 

Table 4: Domain sizes. 

3.2. Volume discretization techniques  

The domain was discretized with Ansys MESHING, 

based on the Finite Volume Method.  

To be specific, a fine mesh was chosen in 

correspondence to the fabric filters to capture the 

velocities that cross the small gaps in-between them 

successfully. 

Table 5 shows the mesh specifications and Figure 7 

sketches the mesh structure. 
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Figure 7: Computational domain. 

Element Type Tetrahedrons 

Num. Elements 21499727 

Num. Nodes 3673564 

Max. Size 0.06 m 

Curvature 10° 

Edge Sizing 0.01 m 

Growth Rate 1.1 

Table 5: Mesh specifications. 

3.3. Solver settings 

Four simulations were carried out in Ansys FLUENT 

17.0 in a steady-state condition, at the following inlet 

velocities: 15 m/s, 19 m/s, 22.5 m/s and 25 m/s. The 

atmospheric pressure was set at the outlet. 

3.3.1. Turbulence model k-ε 

To represent the fluid motion inside the filter 

accurately, the Realizable k – ε turbulence model was 

chosen. 

The k – ε model is one of the most common turbulence 

models, although it just does not perform well in cases 

of large adverse pressure gradients. It is a two-equation 

model, which means it includes two extra transport 

equations to represent the turbulent properties of the 

flow. This allows a model to account for history effects 

like convection and diffusion of turbulent energy. 

The first transport variable k is the turbulent kinetic 

energy. The second transport variable ε is the turbulent 

dissipation. The latter determines the scale of the 

turbulence, whereas the former, k, determines the 

energy in the turbulence. 

As said before, the k – ε model it is useful for free-shear 

layer flows with relatively small pressure gradients.  

For the Realizable k – ε, the model transport equations 

are: 

(8) 

for the kinetic energy and 

(9) 

for the dissipation rate. Both equations are written for 

steady, incompressible flow without body forces 

[ANSYS FLUENT 18 – Theory Guide]. 

3.3.2. Fabric filter characterization 

For what concerns the representation of the filter, the 

porous jump option was activated in Ansys FLUENT 

using the parameters in Table 6. 

Permeability 6.72 ∙ 10-11 m2 

Thickness 0.0014 m 

Pressure coefficient 0 

Table 6: Porous jump parameters. 

These values were calculated from the air permeability 

curve provided by the filter manufacturer (Figure 8), 

evaluating:  

1

𝛼
=

∆𝑝

𝑤 𝜇𝑎𝑖𝑟 𝑠
(10) 

where w is the flow rate in [l/(dm²min)], ∆𝑝 is the 

pressure drop introduced by the filter, 𝜇𝑎𝑖𝑟  is the air

viscosity and s is the thickness of the filter surface. 

Figure 8: Air permeability curve. 

Porous jump conditions are used to model a thin 

membrane that has a known velocity (pressure-drop) 

characteristics. It is essentially a 1D software 

simplification of the porous media model available for 

cell zones. Examples of uses for the porous jump 

condition include modeling pressure drops through 

screens and filters. This simpler model should be used 

whenever possible because it is more robust, yields 

better convergence and shortens the computational 

time. 

The thin porous medium (porous jump) has a finite 

thickness over which the pressure change is defined as 

a combination of Darcy's law and an additional inertial 

loss term: 
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∆𝑝 = − (
𝜇

𝛼
𝑣 + 𝐶2

1

2
𝜌𝑣2) ∆𝑚  (11) 

where 𝜇 is the laminar fluid viscosity [Pa∙s], 𝛼 is the 

permeability [m2], 𝐶2 is the inertial pressure-jump

coefficient [1/m], 𝜌 is the fluid density [kg/m3], 𝑣 is the 

velocity normal to the porous face [m/s] and ∆𝑚 is the 

thickness of the medium [m] [ANSYS FLUENT 18 – 

Theory Guide]. 

4. RESULTS AND MODEL VALIDATION 

The simulations were performed at 15 m/s, 19 m/s, 22.5 

m/s and 25 m/s. The results showed a correct 

representation of the behavior of the bag filter, as it can 

be seen by observing the velocity contours in Figure 9. 

Figure 9: Inlet sensors positions. 

Afterwards, the results were compared with the 

experimental data. 

In particular, the comparison focused on inlet and 

bottom velocities together with the pressure drop. 

4.1. Filter inlet velocities 

The cyclone inlet velocities were evaluated at the four 

yellow points in Figure 2, whose detailed positions are 

shown in Figure 10. 

Figure 10: Inlet sensors positions. 

The four positions have been chosen to capture the 

entire fluid flow accurately. The hot-wire anemometer 

was positioned at different distances from the external 

volute wall (Figure 11), 5 cm, 15 cm and 29 cm, and for 

each distance the maximum and the minimum velocity 

value was measured (Figure 11).  

Figure 11: Inlet velocity magnitude contours and the 

collection points. 

Table 7 lists the results obtained for each point at 

different depth. For the sake of brevity, only the values 

related to 15 m/s e 22.5 m/s are displayed. 

Table 7: Cyclone inlet velocities at different inlet velocity. 

The collected values showed a good correspondence 

with those returned from the simulations. The curves in 

Figure 12 and 13 are included, in fact, between the 

maximum and the minimum experimental value. 

Figure 12: Volute velocities at 15 m/s. Comparison between 

experimental and simulations data. 
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Figure 12: Volute velocities at 22.5 m/s. Comparison 

between experimental and simulations data. 

Again, only the values at 15 m/s and 22.5 m/s are shown 

for simplicity purpose.  

As a result, the inlet distribution of velocity was 

successfully validated. 

4.2. Bottom velocities 

The next stage was the collection of the velocity data in 

the conical part of the filter, i.e. its bottom, in this case 

as well, these data were gained using the hot-wire 

anemometer at the point highlighted in Figure 14, which 

also shows the vertical velocity vectors. 

Figure 14: Bottom velocity vectors with the collection point. 

Once again, the maximum and minimum velocity 

values were collected at different distances from the 

external wall and at each inlet velocity (Table 8). 

Bottom velocities [m/s] 

10 cm 20 cm 30 cm 

15 m/s 
min 0.01 0.01 0.01 

max 0.08 0.1 0.06 

22.5 m/s 
min 0.1 0.01 0.07 

max 0.25 0.1 0.2 

Table 8: Cyclone bottom velocities at different inlet velocity. 

Figure 15 illustrates the comparison between the 

experimental and the simulations values. It is clear that 

the maximum and minimum values include the curves 

extracted from the simulations, thus validating the 

model with respect to the bottom velocities. 

(a) 

(b) 

Figure 15: Bottom velocities comparison at (a) 15 m/s and 

(b) 22.5 m/s.  

4.3. Pressure drop 

The evaluation of the pressure drop was made thanks to 

the differential pressure sensor by measuring the inlet 

and the outlet pressure of the bag filter and then 

calculating the pressure drop as the difference between 

the previous two. 

Table 9 illustrates the experimental pressure drops 

coupled with the velocities detected at the inlet duct 

with the Pitot tube sensor. In the same table, the 

computational results are collected to make the 

comparison easier. 

Collected data Simulated data 

Pitot velocity [m/s] 
Δp 

[Pa] 
Velocity [m/s] 

Δp 

[Pa] 

15.4 208 15 175 

18.8 297 19 256 

22.1 416 22.5 340 

24.6 426 25 405 

Table 9: Pressure drop values. 

(a) 
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(b) 

Figure 16: Pressure drop values (a) contours and (b) 

comparison.  

As the chart in Figure 16 (b) shows, the pair of values 

from the sensors are very close to those from the 

simulations. This confirms that the one presented is a 

robust model for predicting the bag filter operating 

conditions, thus validating it once again. 

5. CONCLUSIONS 

The objective of this work was to study the behavior of 

a combined air filtration system consisting in a cyclone 

separator and a bag filter with 31 hoses. 

The performance of such system was analyzed at 

different operating conditions with the purpose to 

obtain a predictive model for industrial design. 

This was possible due to computational fluid dynamics 

simulations, which were validated with a dedicated 

experimental campaign on a pilot plant. 

The first step of the study focused on the sensor 

placement, for the velocity and pressure data 

acquisition. The housings were created for the sensors 

probes along the filter as well as at the inlet and outlet 

ducts (Figure 2). 

A hot-wire anemometer and a Pitot tube flow meter 

were used to measure the velocity data, while the 

pressure drop was collected using a differential pressure 

sensor. 

To check the good response of the pilot plant, the 

airflow rates were acquired experimentally and 

compared with the ones from the fan operating curve at 

different inverter frequencies. 

After the data acquisition, the 3D model of the bag filter 

was implemented. The model discretization inside 

Ansys MESHING considered the small gaps between 

the filter hoses, thus a fine mesh was created to capture 

the velocity field in those zones correctly. 

Next, CFD simulations were carried out in a steady 

state, at the following inlet velocities: 15 m/s, 19 m/s, 

22.5 m/s and 25 m/s.  

The model validation was performed by comparing the 

simulations results with the data collected by the 

sensors, considering both the velocities (at the inlet and 

at the bottom) and the pressure drop inside the filter. 

For the volute and the bottom velocities, a maximum 

and a minimum value was measured with a hot-wire 

anemometer. Thereafter, it was checked if the velocity 

curves from the simulation were included between the 

two experimental values.  

The results of this comparison were satisfying, 

therefore the model could be validated from the velocity 

field point of view. 

Regarding the pressure drop, a differential pressure 

sensor gauged the experimental data, in correspondence 

to the inlet velocities, collected with a Pitot tube. These 

pair of values were confronted with the ones from the 

simulations. 

This comparison showed a good response of the 

computational model too, confirming its validation. 

Finally, the project goal was achieved successfully and 

a predictive fluid dynamic model for the design of the 

filtration pilot plant was obtained. 

Further developments will involve the analysis of the 

piping from the fluid dynamics point of view (velocities 

and pressure drop) and the model scale-up for the 

operating conditions simulation of the industrial plant. 
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