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ABSTRACT: Air pollution poses a serious challenge for our capital city, and one crucial line of defense is
effective dust control. Employing computational fluid dynamics (CFD), we designed a dust collector aimed at
efficiently tackling particles smaller than 10 micrometers, a critical factor in combating air pollution. OpenFOAM,
an open-source CFD software, was instrumental in this design process. Notably, our dust collector is equipped
with bag filters capable of filtering PM 2.5. The application of the k- turbulence model governed the flow through
the baghouse in our CFD model, while the bag filter was treated as a porous medium following Darcy's law. To
validate our approach, we conducted an airflow experiment through a bag filter installed in the baghouse,
determining the coefficient of Darcy's equation and benchmarking against CFD results. Impressively, our
baghouse model exhibited an average error of less than 6.46%. This CFD-guided modeling not only minimizes
trial and error in design but also provides manufacturers with insights to optimize and innovate baghouses in the
future.
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1. INTRODUCTION filter bags, typically of the cylindrical type, aimed at
purifying the air and establishing a clean
The baghouse finds widespread application in environment. To streamline the installation space
collecting particulate emissions from diverse required for baghouse dust collector systems, pleated
industrial plants, including those dealing with milk, filter cartridges have been introduced. However, it's
wood, fly ash, and limestone powder. This worth noting that pleated bag filters, despite their
technology represents a significant leap forward in space-saving advantages, exhibit lower filtration
dust collection [1-3]. Within the baghouse, numerous cleaning efficiency compared to their cylindrical
bag filters, often constructed from nonwoven filter counterparts when subjected to the same filtration
fabrics, are strategically assembled. These fabrics velocity [5]. In an effort to optimize pleated filter bag
possess a random fiber structure, typically in sheet geometry, Kim and Lee [6] conducted experiments to
form, designed to effectively capture particulate measure the effective filtration area of pleated filter
matter from a moving fluid by entrapping it within its bags. Their findings revealed that a ratio of pleated
intricate structure. The filtration performance of height to width at 2.21 resulted in the maximum
nonwoven filter fabrics is gauged through effective filtration area. A critical factor influencing
considerations of air permeability and pore size baghouse performance is can velocity, which
distribution [4]. Air permeability, measured in represents the airstream velocity in the passage area
accordance with standards such as ASTM D737, DIN between installed bag filters. Recognizing its
53887, or the standardized test EN ISO 9237, significance, Joe et al. [7] delved into the study of
quantifies the rate of airflow passing perpendicularly velocity effects on a pilot-scale bag filter dust
through a specified area under a designated air collector. Their recommendation included selecting
pressure differential between the material's two an appropriate can velocity for real-scale equipment
surfaces. Typically, air permeability stands as a vital based on testing with the pilot-scale bag filter dust
technical parameter among the data that collector.
manufacturers are obligated to disclose to their Developing a baghouse through experimental
customers. methods can be both cumbersome and expensive,
The evolution of baghouses often revolves around leading researchers to opt for computational
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approaches. In the study by Pereira et al. [8], the inlet
positions of a baghouse equipped with 49 bags were
investigated using computational fluid dynamics
(CFD). They utilized streamlines and mass flow
profiles within the baghouse to estimate filtering
performance. Another computational study by Park et
al. [9] focused on modeling a baghouse with a bag
filter to analyze airflow patterns. Darcy's law-based
porous media model was employed to simulate the
bag filter within the baghouse. Their findings
highlighted that the air filtration velocity became non-
uniform when the filter bag exceeded a length of 3
meters, with the bottom section exhibiting a smaller
filtration velocity compared to the top. In a different
approach, Lin et al. [10] utilized CFD software to
enhance the collection efficiency of elliptical filter
cartridges with venturi. They justified the
performance of these filter cartridges by analyzing the
pressure drop resulting from airflow through the
elliptical filter cartridge. Their research indicated that
a venturi with a throat diameter of 160 mm exhibited
superior cleaning effects for the elliptical filter
cartridge.

2. RESEARCH SIGNIFICANCE

As mentioned earlier, Computational Fluid
Dynamics (CFD) stands out as an advanced tool for
the improvement and development of baghouses. The
modeling of various types of bag filters has been
explored to investigate baghouse performance,
typically accomplished using commercial software.
However, the high cost of such software poses a
challenge, particularly for small and medium-sized
industries. In response to this obstacle, the focus of
this research is on developing a baghouse model
utilizing open-source CFD software, specifically
OpenFOAM. The methodology outlines the
implementation of porous media on the bag filter
model in a detailed manner. To benchmark the CFD
model, a full-scale baghouse was fabricated and
tested. Additionally, the accuracy of the CFD model
was validated against experimental data, ensuring its
reliability. This approach allows for the investigation
of airflow through the bag filter. Ultimately, the
developed baghouse model serves as a satisfactory
and cost-effective guide for future baghouse
development using open-source CFD software,
eliminating the need for expensive licensing in
subsequent endeavors.

3. GOVERNING EQUATIONS
3.1 Reynolds Averaged Navier—Stokes Model

The turbulent flow inside the baghouse filter is
governed by the Reynolds-averaged Navier—Stokes

(RANS) equations, which consist of continuity and
momentum equations [11, 12]. In Cartesian
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coordinates, these equations can be expressed as
follows:
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where @;, p, p, v, S, pujuj, and u’ denote the mean
velocity component, mean pressure, fluid density,
kinematic viscosity, source term, Reynolds stress
term, and fluctuations in the velocity, respectively.

The randomness of fluid flow introduces a
Reynolds stress term in the RANS equations. To
approximate this Reynolds stress term, the concept of
eddy viscosity was introduced by Boussinesqg. The
Boussinesq hypothesis relates the Reynolds stress to
the velocity gradient and turbulent viscosity, and it is
described as follows:
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Turbulence model

For simplicity, the Reynolds stress has a turbulence
model as the variable. The two-transport equations
turbulence model is the k-€ turbulence model. The
equations are
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where 4, k, €, and S denote the eddy viscosity,

turbulent kinetic energy, turbulent kinetic energy
dissipation rate, and strain rate tensor, respectively.

The constants for the k- model, denoted as C,,, C,;,
Ce2, ok, and o, have specific values, where €, is 0.09,
Ce1 18144, C,, 151.92, g3 15 1.0, and o, is 1.3 [13].

3.2 Porous media model

Darcy proposed a pipe friction formula that was
later reduced to Poiseuille's linear equation. In the
context of a filter bed, the rate of water flow through
the bed is directly proportional to the area of the sand,
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the difference in fluid head height at the inlet and
outlet of the sand bed, and inversely proportional to
the thickness of the bed [14]. The water flow through
the filter bed in porous media can be expressed
according to Darcy's law as follows:

@)
where k denotes the permeability of porous media.

Friction arises from a combination of shear forces
and pressure forces. Shear forces are described by a
linear equation, whereas pressure forces are
represented by a quadratic equation. The Darcy-
Forchheimer equation establishes a relationship
between the pressure loss due to friction across
porous media and the velocity of the flow within the
medium [15]. It is expressed as follows:
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where D denotes a linear resistance coefficient and F
denotes a quadratic resistance coefficient.

4. MATERIALS AND METHODS

Our study encompassed both experimental work
and CFD modeling focused on the baghouse filter.
Specifically, we designed and fabricated the
baghouse filter to conduct experiments, testing the
bag filters and using the results to benchmark the
CFD outcomes. Simultaneously, a comprehensive
baghouse filter model was developed to investigate
the filter and flow characteristics within the baghouse
system. This model has the potential to predict the
pressure drop of the baghouse filter under various
conditions, particularly when the bag filter is
constructed using different nonwoven fabrics. This
dual approach, combining experimentation and
modeling, enhances our understanding of the
baghouse filter's behavior and performance across
diverse material configurations.

4.1 Bag Filter Testing

The baghouse design, depicted in Figure 1,
facilitates the installation and replacement of a single
filter cartridge through the top covered plate. The
aerosol inlet is strategically positioned on the
hopper's wall, which includes a dust outlet at its
bottom for efficient collection and discharge of dust
through the dust-discharging device. Centrally
located within the squared housing, the bag filter is
easily accessible for inspection through the
designated inspection door. Post dust entrapment by
the bag filter, purified air is released through the
outlet at the top of the baghouse. A circular duct
connects the air outlet to an electric blower
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Fig. 1 The baghouse design

Fig. 2 Measurement points on the baghouse filter

responsible for drawing in and releasing the clean air
into the environment. To regulate the filtration
velocities of the baghouse, a blower inverter is
utilized, allowing for frequency adjustment ranging
from 10 to 50 Hz in this study.

The fabricated baghouse, depicted in Figure 2,
underwent measurements using a pressure and flow
meter (DT-8920, CEM) to determine air velocities.
The baghouse's total height was 2.5 m, and the cross-
section of the chamber measured 0.75x0.75 m.
Airflow measurements were taken inside the inlet
duct at points V1 and V2 to assess filtration velocity,
and inside the exhausting air duct at point V3 to
determine outlet wvelocity. Point V2, relevant to
filtration velocity, was positioned 0.40 m away from
the baghouse wall, with a distance of 1.10 m from V2
to V1. The length of the exhausting air duct from the
baghouse wall to the V3 position was 0.65 m.
Pressure drop values were measured between the
housing (P1) and top (P2) chambers using the
pressure and flow meter, which had an accuracy of
+2.5% and +0.3% for wvelocity and pressure,
respectively. Five different filtration velocities were
achieved by adjusting the blower's frequencies from
10 to 50 Hz, with a frequency step interval of 10 Hz.



International Journal of GEOMATE, Jan., 2024 Vol.26, Issue 113, pp.82-89

The bag filter employed in the study was of a
cylindrical type and crafted from nonwoven material.
The specific nonwoven fabric used, designated as
PE/PE 404 glaze CS17 and provided by the
manufacturer (BWF Envirotec), is detailed in Table 1.
Throughout all testing cases, this bag filter remained
consistent. The experiments were conducted
repetitively, with each test repeated five times at
every outlet air velocity.

Table 1 Technical data of nonwoven fabric

Description Value
Composition

-Web Polyester
-Scrim Polyester
Area Weight (g/m2) 400
Thickness (mm) 1.3
Density (g/cm3) 0.31

Air Permeability (mm/s @ 200 Pa) 300
Tensile Strength

- Length (N) 1,500

- Cross (N) 1,500
Temperature Resistance

- Cont. (°C) <150

- Peak (°C) <150

Nonwoven textiles are produced through a
process that begins with the formation of a web using
constituent fibers or filaments, followed by the
mechanical, thermal, or chemical bonding of these
elements. The orientation of these fibers or filaments
within the nonwoven textiles can be either random or
preferential. Figure 3 visually presents the oriented
filaments of the PE/PE 404 glaze CS17 through
scanning electron microscopy (SEM). It's worth
noting that the photograph was taken on a scale of 500
micrometers, providing a detailed perspective on the
oriented filaments.

Fig.3 The PE/PE 404 glaze CS17 filament
arrangement.

4.2 Baghouse Filter Modeling

The computational domain of the baghouse filter
is shown in Fig. 4, where we simplified the shape by

leaving out unnecessary parts like legs, blower, and
sections of the outlet duct. We used tetrahedral cells
for meshing this domain. A grid independence study
was carried out to assess the quality of the cell
structure, with the pressure difference between both
chambers of the bag-housed filter as the study
criterion. The results of the grid independence study
are illustrated in Fig. 5. A total of 14,186,956 cells
met the criteria for grid independence, representing
different pressures of 65 Pa, which differed from the
total of 15,000,000 cells at 14.17 Pa. The 14,186,956
cells gave pressures different from the 12,700,000
cells at 7.76 Pa, but the results matched well with
experimental data. Notably, the cells on the bag filter
were refined to achieve a y+ value of 1.0. The airflow
velocity, ranging from 0.5 to 3.0 m/s, was assigned to
the outlet duct at the V3 position. Initial pressures
inside and outside the baghouse filter model were set
at atmospheric pressure (101,325 Pa). The bag filter
was treated as a porous medium, with porous
properties obtained from experimental data.

The finite-volume-based open-source
Computational Fluid Dynamics (CFD) software,
OpenFOAM, was employed to discretize and solve

Bag filter
= Porous medium
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Fig. 4 The CFD model of the baghouse
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the governing equations [16-18]. The convective term
in the momentum equation was discretized using the
linear upwind scheme, while the diffusive term was
discretized using the central scheme. The pressure-
velocity coupling problem was addressed using the
SIMPLE algorithm. To ensure the convergence of the
CFD results, residual control was implemented for
each parameter. The simulations concluded when the
initial residual fell below the specified control values,
set at 10 and 10° for pressure and velocity,
respectively, as defined in this research. All
simulations were executed on Ubuntu-based Linux
using a CPU Intel Core i7 with 2.10 GHz and 16.00
GB RAM.

5. RESULTS AND DISCUSSION

This section presents experiment and CFD
outcomes, comparing them for equation accuracy
confirmation. Analyzing differences, acknowledging
limitations, and discussing implications highlight the
study's significance, contributing to a broader
understanding of the subject.

5.1 Bag Filter Properties

The blower systematically increased the outlet
velocity from 0.5 to 3.0 m/s in 0.5 m/s increments for
measuring both inlet and outlet velocities and
pressures. The pressure drops, a direct consequence
of the flow rate through the bag filter, exhibited an
increase in tandem with the flow rate. As illustrated
in Fig. 6, the pressure drop was observed to rise with
filtration velocity. By modeling the pressure drop
across the bag filter, as shown in Fig. 3, using Eq. (8),
two coefficients multiplying with the velocity were
obtained. Subsequently, the linear resistance
coefficient (D) and quadratic resistance coefficient
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(F) were determined using Eq. (8), with coefficients
(D and F) set at 3.50x107 and O, respectively. This
configuration aligned the pressure drop of the bag
filter with Darcy's law, as supported by the work of
Caoetal. [19].

5.2 Validation

In Figure 7(a), the pressure contour inside the
baghouse is depicted with an outlet velocity
assignment of 3.0 m/s. Notably, the pressure was
observed to be low in the outlet duct, measuring -
70.41 Pa. Although the stream tracer indicated
turbulent flow, the pressure inside the top and housing
chambers exhibited explicit differences yet remained
almost uniform. Specifically, the pressure inside the
top chamber of the baghouse decreased to -67.91 Pa,
while the housing chamber, where the air was drawn
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Fig. 7 Contour and stream tracer of (a) pressure and
(b) velocity inside the baghouse model
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in, maintained a pressure of -3 Pa. Consequently, the
pressure drop attributed to the outlet air velocity of
3.0 m/s amounted to 70.91 Pa.

In Figure 7(b), the velocity tracer and contour
inside the baghouse are displayed at the same outlet
velocity as in Figure 7(a). The color contour
represents the values of air velocity, with the velocity
at the outlet matching the assigned value, while the
inlet air velocity was 3.05 m/s. The maximum airflow
velocity was observed at the outlet, precisely at 3.0
m/s. The filtration velocity, visible on the surface of
the bag filter in this assigned outlet air velocity, was
calculated to be 0.11 m/s. The stream tracer inside the
baghouse indicated a turbulent flow, with the
observation that the flow direction did not fully
impinge on the outer surface of the bag filter,
influencing the position of the inlet duct.

The comparison between CFD and the experiment
involves using pressure drop values. The percentage
error of the CFD can be calculated using the
following equation:

CFD — Exp.
7| X 100%
xp.

3 €]
where CFD and Exp. denote CFD and experiment results,
respectively.

Figure 8 presents a comparison between the
pressure drop at each filtration velocity obtained from
the simulation and experimental data. The pressure
drop values from the experiment and CFD were

Percentage error = |
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Fig. 8 Pressure drop vs. filtration velocity graphs of
CFD and experiment

Table 2 Comparison results

Outlet air  Filtration Pressure drop (Pa)
velocity velocity . Eg/ror
(m/s) (mis) Experiment CFD (%)

0.5 0.018 4.00 438 9.50
1.0 0.037 22.00 20.00 9.09
15 0.056 34.00 35.42 417
20 0.075 48.31 52.17 7.99
25 0.938 62.35 65.14 4.47
3.0 0.112 70.41 67.91 3.55
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juxtaposed for validation, and the results of this
comparison are outlined in Table 2. It was noted that
the error increased at higher filtration velocities,
suggesting that a y+ value equal to 1 might be
inappropriate for high outlet air velocities. Despite
this, the CFD results demonstrated good agreement
with the experimental data, with an average error of
less than 6.46%. The ability of high velocity to
effectively draw dust into the baghouse depends on
the porous properties of bag filters. Therefore, the
selection of an appropriate bag filter can be informed
by an investigation into airflow velocity within the
baghouse model. In subsequent work, CFD will be
instrumental in designing the bag filter.

The equipment's filtration effectiveness hinges on
the mass flow profile within bags and the filtration
cycle duration. A more uniform gas mass flow
distribution, influenced by filter fluid dynamics,
enhances filtration cycles, extending bag lifespan and
reducing maintenance frequency. Utilizing CFD
simulations offers insights challenging to obtain
experimentally. For instance, Fig. 9 visually
illustrates concentrated mass flow in specific feed
region areas, with the majority passing through bags
highlighted in red. The baghouse's maximum mass
flux, with a single bag filter, reached 25.70 Kg/(m?s).

Mass Flux (kg/(m?2s))
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H: 23.36
—21.02
— 18.69

—_—

—16.35
— 14,02
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0.00

\

Fig. 9 Mass flux on the bag filter
6. CONCLUSIONS

This study utilized the OpenFOAM software to
model a baghouse, with the primary objective of
investigating airflow within the system to guide the
selection of appropriate porous properties for the bag
filter. The key findings and conclusions of this work
are summarized as follows:

1) The baghouse, equipped with a bag filter, was
physically fabricated to determine the properties of
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the porous medium, specifically the linear and
quadratic resistance coefficients. Notably, the
technical data of the nonwoven fabric did not include
information about these porous medium properties.

2) The pressure drop across the bag filter
exhibited an increase corresponding to the rise in
filtration velocity, aligning with Darcy's law.

3) The k-g turbulence model proved effective in
predicting the pressure drop and filtration velocity of
the baghouse model. The outlet airflow velocity was
varied from 05 to 3.0 m/s, and the model
demonstrated accurate predictions, with an average
error of less than 2.25%.

4) The positioning of the air inlet duct played a
crucial role in controlling the stream tracer of air.
Optimal airflow impinging throughout the bag filter
surface was identified as a key factor for achieving
high bag filter efficiency.

5) The -equipment's filtration effectiveness
depends on mass flow within bags and filtration cycle
duration. A uniform gas mass flow distribution,
influenced by filter fluid dynamics, improves cycles
and extends bag lifespan, reducing maintenance
frequency. Computational Fluid Dynamics (CFD)
simulations excel in providing hard-to-obtain
experimental insights.

6) The developed CFD model of the baghouse
filter provides a valuable tool for investigating stream
tracer patterns and airflow velocities, facilitating the
informed selection of nonwoven fabric properties for
the bag filter. This approach contributes to the
optimization and design of baghouses in future
applications.
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