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Abstract

Controlling dust generation and keeping it below permissible limits to meet federal dust standards at the working face of a room-
and-pillar coal mine is a challenge for a mine operator. With the recent changes in federal dust regulations requiring lower worker
exposure, maintaining compliance has become increasingly difficult. The current most effective practice of dust control at a
continuous miner face in an underground mine is the use of a flooded-bed scrubber. A study carried out by the National Institute
for Occupational Safety and Health (NIOSH) indicated that a flooded-bed scrubber could achieve cleaning efficiencies between
58 and 90%. But, the operation of such a system is maintenance intensive. The flooded-bed scrubber screen becomes clogged
with dust particles and requires frequent cleaning to maintain performance. However, the dust control issue is not solely a mining
industry problem. Other industries face similar issues. The University of Kentucky collaborated with Toyota Motor
Manufacturing on the development of a novel wet scrubber, called the vortecone scrubber, for capturing oversprayed paint
particles in automotive paint booths. The vortecone scrubber achieved a cleaning efficiency of 99% and required minimal
maintenance. This study aims to assess the ability of this vortecone scrubber to capture respirable dust in an underground coal
mine. The paper presents the results of computational fluid dynamics (CFD) modeling of this vortecone scrubber. It discusses the
effects of air quantity and dust particle size on the performance of the scrubber.

Keywords Dust control - Dust scrubber - Flooded-bed scrubber - Respirable dust - Room-and-pillar mine - Computational fluid
dynamics (CFD)

1 Introduction

Dust generation at the face of an underground coal mine is an
unavoidable phenomenon. No matter the practices employed, it
inevitably occurs as a by-product of coal extraction and coal
transportation. The effect of dust has had a significant impact
on the health of mining personnel. Prolonged exposure to air-
borne respirable dust (dust particles of acrodynamic diameter <
10 um) can cause coal workers’ pneumoconiosis (CWP),
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silicosis, emphysema, and chronic bronchitis, collectively
known as black lung [1]. Black lung, an incurable disease,
results in a buildup of inhaled dust in the lungs that can be
neither destroyed nor removed from the body and causes lung
damage, permanent disability, and death [2]. The severity of the
disease increases with the length of exposure, its intensity, and
size of inhaled particles. According to NIOSH, black lung
killed more than 10,000 miners between 1995 and 2004 [3].
In addition to being a health issue, coal dust is also a safety
issue for underground coal miners. The generated dust, if not
captured at its generation point, is dispersed into the mine atmo-
sphere through the ventilating air and deposited downwind on
the return entries’ surfaces. In the event of a methane explosion,
the coal dust, if insufficiently diluted with rock dust, triggers a
catastrophic secondary coal dust explosion resulting in more
damage to life and property [4]. The Jim Walters No. 5 Mine
and the Upper Big Branch Mine disasters, which together killed
42 people and resulted in damage worth millions of dollars in
property, are recent examples of coal dust explosions [5, 6].
The first major step taken against black lung was the en-
actment of the Federal Coal Mine Health and Safety Act of
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1969 in the aftermath of the Farmington mine disaster. The act
provided many protections for coal miners, including dust
exposure limits and a workers’ health surveillance program.
It required each underground coal mine to maintain respirable
dust limits at or below 2.0 mg/m’ in an active working area
and 1.0 mg/m’ in the intake entries. The enactment of this act
resulted in a decrease in the prevalence of CWP for under-
ground coal miners. However, after a continued period of
decline in CWP from 1970 to 1995, a rising trend from
1995 to 2006 prompted the federal government to promulgate
more stringent dust regulations (Fig. 1) [3]. Consequently, in
2009, the Mine Safety and Health Administration (MSHA)
launched the “End Black Lung - ACT NOW” campaign to
tackle black lung through rulemaking, enhanced enforcement,
collaborative outreach, education, and training [7].
Subsequently, in 2010, MSHA proposed a new dust standard
to improve underground miners’ health protection by lower-
ing their exposure to respirable coal dust [8]. The new dust
standard was put into effect on August 1, 2014 and fully
implemented on August 1, 2016. It mandated the reduction
of the average dust level at the working face to 1.5 mg/m> and
in intake entries to 0.5 mg/m’ [9]. After the implementation of
the new dust rule, it has become quite challenging for mine
operators to meet the permissible dust level requirements
using the same dust control techniques previously employed
without interrupting production. Therefore, there is a need to
improve dust control techniques.

The most popular dust control techniques in an under-
ground mine include dilution through ventilation air, suppres-
sion by water sprays, and dust capture through a machine-
mounted wet scrubber [10-15]. In the USA, a flooded-bed
scrubber is used as an integral part of a continuous miner unit
to capture and remove the airborne dust generated at a room-
and-pillar mine face (see Fig. 2). The flooded-bed scrubber
works on the principle in which water is sprayed to create a
large number of water droplets, and the dust-laden air is made
to pass through it. In this process, as dust particles come in
contact with water droplets, they become captured in the water
droplets and are separated from the air.
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Fig. 1 CWP prevalence among examinees employed at U.S.
underground coal mines
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The flooded-bed scrubber was invented by Dr. John
Campbell in 1983 [16]. It has six main components: an inlet,
which is strategically placed adjacent to the cutting drum to
capture the maximum possible amount of dust from the face;
a full cone water spray, which typically sprays 0.4 L/s (6.5 gpm)
water at 310 kPa (45 psi) on the flooded bed to make it wet; a
wire-mesh screen downwind of the spray; a demister downwind
of'the flooded bed; a water sump under the demister; and a vane
axial exhaust fan at the outlet. The exhaust fan creates a negative
pressure, which draws the dust-laden air from the working face
into the scrubber’s inlet. The dust-laden air then passes through
the flooded bed (a wire-mesh screen), where the dust particles
get entrained in the water droplets. The dust-laden water drop-
lets move downwind from the flooded bed to the demister. The
demister, which consists of parallel sinuous layers of metal
plates, separates the dust-laden water droplets from the air be-
fore the air reaches the fan. The dirty, dust-laden water flows
down to the sump, where it is pumped out and discharged via
the continuous miner’s discharge conveyor. The clean, dry air
passes through the fan and goes to the return.

The flooded bed is placed at an angle of approximately 45°
from the duct floor to maximize the surface area. It consists of
10 to 30 layers of woven, 89-um steel-mesh screen. The greater
the number of layers, the better the performance and the higher
the pressure drop across the flooded bed. The fan sizes typically
range from 9.7 kW (13 hp) to 29.8 kW (40 hp), with an airflow
range from 1.7 m*/s (3.5 kefim) to 4.7 m*/s (10 kefim) [17].

There are two metrics used to evaluate the performance ofa
wet scrubber—namely capturing efficiency and cleaning effi-
ciency. Capturing efficiency is the percentage of the generated
dust that is captured by the scrubber, and cleaning efficiency is
the percentage of dust removed from the captured dust-laden
air [18]. A study conducted by NIOSH found that a flooded-
bed scrubber, under optimum conditions, can achieve a
cleaning efficiency of 90% [19]. Another recent study on the
performance of a flooded-bed scrubber shows a reduction of
respirable dust concentration by 91%, 86%, and 40% in three
different mines A, B, and C, respectively [20, 21]. A relatively
lower reduction in the case of mine C was attributed to that
mine’s adverse geologic conditions, which resulted in a col-
lection of fewer samples and a large deviation in data.

Although the flooded-bed scrubber has been successful in
removing dust from a room-and-pillar mine face, its cleaning
efficiency and maintenance requirements are still in question.
The wire-mesh screen becomes clogged with dust particles,
reducing airflow through the scrubber, and therefore requires
frequent cleaning to maintain performance. In 2011, a study
indicated that a flooded-bed scrubber with a 20-layer wire-
mesh screen lost between 20 and 35% of scrubber airflow
after every 12.2 m (40 ft) cut in a deep-cut mining practice
[22]. In a recent study, previously mentioned in this section, it
was observed that after every 6.1 m (20 ft) cut, a flooded-bed
scrubber with a 30-layer screen lost 29% and 35% of airflow
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Fig. 2 Cross-sectional view of a
flooded-bed dust scrubber
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in mines B and C, respectively [20, 21]. From these results, we
can see that continuous miner scrubbers require improvements
in cleaning efficiency and maintenance frequency.

The research presented in this paper explores the possibility
of replacing the maintenance-intensive flooded-bed scrubber
with a maintenance-free vortecone scrubber, discussed in
Section 1.1. The vortecone scrubber has been tested in other
industrial settings and is expected to have higher efficiency
and lower maintenance requirements in comparison with
flooded-bed scrubbers.

1.1 The Novel Vortecone Scrubber

The vortecone scrubber was invented by a group of researchers
led by Dr. Kozo Saito and Dr. Abraham J. Salazar at the
University of Kentucky, U.S., in 2000 [23]. It was developed
in collaboration with Toyota Motor Manufacturing for capturing
oversprayed paint particles in automotive paint booths, and it is
currently being used in seven Toyota assembly plants in the USA
and Japan [24]. It is a tried and tested technology that has already
proven its usefulness in industrial settings. Figure 3 shows a 3-D
computer-aided design (CAD) model of the vortecone.

The vortecone scrubber works on the principle of vor-
tex interaction of the particle-laden airflow with water for
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Fig. 3 A 3-D model of the vortecone scrubber
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its particle-capturing mechanism. Particle-laden air enters
at the inlet and flows through the vortecone. Water is
injected at the periphery of the inlet, creating a water film
that circulates on the inner wall of the vortecone. When a
particle encounters the water, it becomes entrained in the
circulating water. As shown in Fig. 4, the vortecone has
four main components: a cone-shaped inlet, a mixing
chamber, a vortex chamber, and a discharge. The cone-
shaped inlet provides smooth acceleration of particle-
laden air and the water film. This acceleration increases
the momentum of the particles in the air, which hit a pool
of water in the mixing chamber, where some particles are
trapped. Particle-laden air then moves to the vortex cham-
ber. The vortex chamber creates a swirling flow of air,
imparting a centrifugal force to the particles, pushing
them outward. This causes particle-water interaction at
the wall of the vortecone. Finally, clean air and dirty wa-
ter leave the vortecone through its discharge. One of the
main reasons for the effectiveness of the vortecone scrub-
ber is the extended resident time of particles in the cap-
turing device. The resident time increases the opportunity
for and frequency of collisions between particles and wa-
ter, and thereby improves performance [24].
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Fig. 4 A cross-sectional view of the vortecone scrubber
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The potential advantage of using the vortecone wet scrub-
ber over the flooded-bed scrubber lies in its high cleaning
efficiency. Research conducted at the University of
Kentucky to capture oversprayed paint particles indicated that
a vortecone wet scrubber can achieve a cleaning efficiency of
99.6%, which is much higher than the maximum cleaning
efficiency of a flooded-bed scrubber (~ 90%) [19]. In addition,
the results of a feasibility study performed to evaluate the
application of vortecone scrubber technology in capturing
coal combustion fly ash particulate matter, of size 10 um or
less, showed an average cleaning efficiency of 99.8% [25].
Another potential benefit of using the vortecone scrubber con-
cerns maintenance. Because a vortecone scrubber is free of
components that can clog, it requires less maintenance, ensur-
ing that dust capture always remains at a high level.

2 Computational Fluid Dynamics Modeling

Computational fluid dynamics (CFD) modeling is a tool for
numerically solving complex fluid flow and heat transfer
problems. This technique is also used to understand, predict,
and analyze fluid dynamics phenomena for analyzing the
performance of a design. Kurnia et al. [26] investigated var-
ious methods used for mitigating dust dispersion at a mine
face and concluded that the application of a brattice offered
best results. Yueze et al. [27] studied methane and dust dis-
persion at a room-and-pillar mine face. Geng et al. [28]
utilized numerical technique to investigate dust dispersion
driven by a hybrid ventilation system in an underground
coal roadway and examined the effects of various parame-
ters on dust dispersion characteristics throughout the coal
roadway. Gilmore et al. [29] developed a meshing technique
to study bleeder-ventilated gob in a longwall mine. Hu et al.
[30] performed a numerical simulation of gas-solid two-
phase flow in a coal roadway after blasting and verified
the simulation results using field data. Lolon et al. [31] per-
formed CFD simulation on the longwall gob breathing.
Wang et al. [32] examined ventilation airflow characteristics
at a longwall face for different shearer position and cutting
sequences. Similar to the previous research, Zhou et al. [33]
studied the diffusion behavior of respirable dust at the
longwall mine face and proposed a comprehensive system
for dust control. Fig et al. [34] investigated methane ignition
and flame propagation in cylindrical tubes to study methane-
driven longwall coal mine explosions and established an
empirical relationship between tube size and methane-air
flame burning velocity. Ajayi et al. [35] studied the effec-
tiveness of radon control measures in cave mines.

This study used the CFD technique to investigate the capa-
bility of the novel vortecone scrubber to capture dust. The
commercial CFD package Cradle SC/Tetra V12, which is
used for thermo-fluid analysis, was employed. A 3-D model
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of the vortecone was created using a CAD package, PTC
Creo, from data presented in United States patent US
6,024,796 (see Fig. 3).

A total of five cases for different vortecone inlet velocities
were studied for this research: 6.0, 8.0, 10.0, 12.0, and 14.0 m/s.
The five cases were selected considering the variation in inlet
velocity with scrubber system resistance and scrubber fan
speed. Each simulation was performed in two steps: (a) a sin-
gle-phase, steady-state simulation was conducted to establish
airflow in the computational domain, representing conditions
before dust release and (b) a multiphase, transient-state simula-
tion that involved the transport and tracking of solid particles
was performed for dust captured by the vortecone, representing
the state after dust release. The air was considered as the con-
tinuous phase, whereas dust particles were treated as a discrete
phase. All the simulations were performed with double preci-
sion on a Linux workstation having four 12 core, 2.4 GHz,
AMD processors, and 128-GB memory.

2.1 Governing Equations

The working fluid (air) was assumed to be incompressible.
Mass, momentum, and energy conservation equations for an
incompressible fluid can be written as follows [36]:

au,-
RaL— | |
5x,» ( )
Opu; — Ou;Ou; op 0 du;  u;
l e ey S —pg;3(T-Ty) (2
6t 6xj ale- + &xj K (axj + axl_ pgl/B( 0) ( )
opCpT | dupCpT _ 0 0T .
- K— 3
ot * axj 8xj an + 1 ( )

where u; is the flow velocity in m/s in x; direction, # is the time
in seconds, p is the density in m*/s, P is the fluid pressure in
Pa, 1 is the viscosity in Pa s, g; is the gravity in m/s%, § is the
coefficient of volume expansion in K™', T'is the fluid temper-
ature in K, 7, is the reference fluid temperature in K, Cp is the
specific heat at constant pressure in J/(kg K), K is the thermal
conductivity in W/(m K), and ¢ is the heat source in W/m?.

2.2 Turbulence Model

A study was performed on five turbulence models (standard &-¢,
RNG k-¢, MP k-¢, realizable k-¢, and Spalart-Allmaras) to see
the effects of the different models on simulation results. The test
condition with 12.0-m/s scrubber inlet velocity was selected,
and simulation results were compared for the steady-state sce-
nario. The magnitude of average air velocities was measured
and compared at the ten points shown in Fig. 5. An analysis of
results indicated a maximum deviation among the five turbu-
lence models of 3.8% from their mean velocity (Fig. 6).
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Fig. 5 Locations of the points of average velocity measurement for
turbulence model comparison and mesh independence study

Based on the above findings, the most commonly used and
well-validated turbulence model in engineering, the standard
k-¢ turbulence model, was chosen for this study. The standard
k-¢ turbulence model is a two-equation model that solves the
following two separate transport equations for turbulent kinet-
ic energy, k, and specific dissipation rate, e:
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where £ is the turbulent energy in m?/s°, ¢ is the turbulent
dissipation rate in m?/s, G, is the generation of turbulent
kinetic energy that arises due to mean velocity gradient, G,
is the generation of turbulent kinetic energy that arises due to
buoyancy, and o and o, are turbulent Prandtl numbers for the
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Fig. 6 Comparison of average velocity at ten points for five turbulence
models

turbulent kinetic energy and its specific dissipation rate, re-
spectively. The eddy viscosity, 1, is given by

k2
e = pCy - (6)

where oy, 0., Ci., Cs., Cs., and C,, are empirical constants and
their values are 1.0, 1.3, 1.44, 1.92, 0.0, and 0.09, respectively.

2.3 Discrete Phase Model

The behavior of dust particles was simulated using the
particle-tracking feature of Cradle SC/Tetra. Particle tracking
uses the Lagrangian equation of conservation to track the tra-
jectory of particles or clusters of particles through the compu-
tational domain [36]. The Lagrangian approach treats the air
as a continuum fluid and dust particles as discrete particles in
fluid space, and the motion of a particle in the airflow is
determined by Newton’s second law of motion, written as

Rate of change of momentum of a particle = Fy + Fp (7)

where F, and Fp are the body force by gravity and
drag force by fluid, respectively. A particle is assumed
to be a sphere negligibly small compared with the vol-
ume of a fluid in a control volume. For the body force,
volume V,, and mass M, of a particle are calculated by
the following equations:

1
Vy=¢D, (8)
My =p,V)p 9)

where D,, and p, are the diameter and density of a particle,
respectively. The drag force from the fluid was calculated by
the following formula:

1
Fp= CDE,OVZA (10)
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Fig. 7 Comparison of average velocity at ten points for the mesh
independence study
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Fig.8 Cumulative size distribution of continuous miner face dust sample [37]

where Cp, is the drag coefficient, V is the relative velocity of
fluid and particle, and A is the projected area of the particle.
Cp is calculated using the following formula:

24

Cp=—" [1 n 0.1255(Rep)0‘72} Rep<1000
Rep

(11)

Cp=044  Rep> 1000

(12)

VD,

Rep = (13)

where v is the kinematic viscosity of the fluid.

2.4 Mesh Independence Study

An unstructured computational mesh was generated in
the computational domain using the finite volume meth-
od. The tetrahedral element mesh was created in the
computational domain volume using the advancing front
method. The wall boundary was refined using three
prism layers to capture the effect of walls on the fluid
with high numerical accuracy. The Y* value at all walls
was maintained between 30 and 300 to permit the cor-
rect application of logarithmic law wall function, except
some low velocity, recirculating zones in the center of
the vortex chamber. Mesh refinement was performed in
the region of a large gradient of computed variables,
whereas a relatively coarser mesh was used in the areas
with an insignificant or small variation to save compu-
tational time.

To ensure that the results obtained through CFD modeling
would not depend on the mesh resolution, and to explain the
physics with utmost accuracy, a grid independence study was

Plane 1

Plane 2

Plane 3 0

Fig. 9 Velocity vectors on three parallel planes for 12-m/s scrubber inlet velocity
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Fig. 10 Status of different diameters particles at various time points for 12-m/s scrubber inlet velocity

carried out. The grid independence study started with a coarse
mesh that was gradually refined until the variations in the
results were deemed acceptable. Four different cases, with a
computational domain element growth factor of approximate-
ly 1.5, were tested for the scenario in which the vortecone
scrubber was operating at 12.0 m/s inlet velocity. The total
numbers of elements in the computational domain for the four
cases were 3.26 million, 4.63 million, 7.06 million, and 10.47
million, in that order.

The magnitude of average air velocities was measured
and compared on the ten points shown in Fig. 5. Figure 7
shows the mesh independence study results for average
velocity at the points marked in Fig. 5. The mesh inde-
pendence study indicated that results became independent
of the grid size at 7.06 million elements. Based on the
results obtained from the grid independence study, the
CFD validation was performed at 7.06 million elements
in the computational domain.
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2.5 Analysis Conditions

The standard wall function based on the logarithmic law
was applied to predict fluid velocity close to the walls
of the computational domain. Air was assumed to be
incompressible with density and dynamic viscosity
values of 1.206 kg/m® and 1.83¢™> Pa s, respectively
at an ambient temperature of 20 °C. Boundary condi-
tions for the steady-state simulation included the veloc-
ity of air going into the conical section of the vortecone
and the zero static pressure at the outlet of the duct.
The boundary walls were considered to be smooth and
stationary.

In the steady state, the solution was assumed to con-
verge when the average residuals of all the variables
were less than 107* within a cycle, and mass flow
was balanced. The results of steady-state simulations
were used as the initial flow field for transient-state
simulation. The time step for the transient analysis was
kept very low to achieve a Courant number below 1.0.

Two dust particle size distributions with mass particles
of density 1200 kg/m’ were used: (a) a hypothetical,
uniform particle size distribution with particle size vary-
ing from 0.5 to 100.0 um (0.5, 1, 2, 3, 4, 5,6, 7, 8, 9,
10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 pm) and (b) a
measured particle size distribution of dust generated at a
continuous miner face. Figure 8 shows the dust particle
size distribution obtained from a report published by the
U.S. Department of the Interior, Bureau of Mines in
1987 [37]. Five simulations (for five vortecone inlet air
velocity conditions) were performed for each dust parti-
cle size distribution. A total of 2000 dust particles were
released at time zero (r=0.00 s) at the inlet for each
simulation. Initially, at #=0.00 s, the particles were con-
sidered to have the same velocity as the air. Because the
water film introduced at the vortecone inlet flows con-
tinuously on the inner wall of the vortecone, and it fol-
lows the same path as air, it was assumed that the dust
particles that hit the wall of the vortecone were captured
by water and hence disappeared from the flow domain.
The dust particles that could not be captured by the wall
escaped the scrubber and therefore contributed to its
overall inefficiency. The escaped dust particles were
counted, and the capture efficiency of the vortecone
was calculated by dividing the number of particles es-
caped from the scrubber by the total number of particles
introduced in the vortecone.

3 Results and Discussion

Figure 9 presents the velocity contours obtained from
the single-phase, steady-state simulation, representing

@ Springer

conditions before dust release. As expected, air velocity
increases in the conical inlet. A high-velocity, turbulent
flow is observed close to the walls of the mixing cham-
ber, vortex chamber, and scrubber discharge, helping
promote particle-water interaction. The airflow in the
center of the vortex chamber and scrubber discharge is
low and recirculating causing power loss.

Results of the CFD simulation for the condition after
uniform particle size dust release are presented in
Figs. 10 and 11. Figure 10 shows the instantancous
solution of all the dust particles at different times.
From the simulation, it is clear that the number of par-
ticles in the vortecone decreases as they move down-
wind from scrubber inlet meaning the particles are cap-
tured at the wall of the vortecone. Also, the number of
large diameter particles reduces more rapidly than small-
diameter particles indicating large particles are more
prone to becoming captured. Figure 11 presents the tra-
jectories of dust particles of different diameters in the
computational domain. Again, it is clear that the
vortecone scrubber operating at an inlet velocity of
12 m/s has a high capture rate for larger particles, and
most particles of a diameter greater than 10 pum are
captured before reaching the vortex chamber.

3.1 Impact of Inlet Velocity

The study indicates that the cleaning efficiency of the
vortecone scrubber increases with inlet velocity, both for
uniform and measured particle size distribution, as
shown in Fig. 12. Higher inlet velocity creates higher
particle momentum in the conical inlet and higher cen-
trifugal force in the vortex chamber, causing more
particle-water interaction and therefore more dust cap-
ture. Because the uniform particle size distribution has

Fig. 11 Trajectories of particles of different diameters in the vortecone for
12-m/s scrubber inlet velocity
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Fig. 12 Scrubber cleaning efficiency vs. inlet velocity showing a positive correlation

a higher number of large diameter particles than the
measured particle size distribution, the cleaning efficien-
cies in the uniform particle size distribution cases are
slightly higher than those in measured particle size dis-
tribution cases.

3.2 Impact of Particle Size

Figure 13 shows the effect of particle size on dust
cleaning efficiency of the vortecone scrubber. It verifies
the observation made earlier in this section that the
cleaning efficiency increases with particle size. A small
particle, having low inertia, experiences low momentum
in the conical inlet and low centrifugal force in the
vortex chamber, and therefore follows the trajectory of
the airflow and is more likely to escape the vortecone.
From the simulation result, it can be seen that the
vortecone can capture approximately 73%, 76%, 80%,
86%, 91%, 96%, and 100% of 0.5-, 1.0-, 2.0-, 3.0-,
4.0-, 5.0-, 6.0-, and 7.0-um diameter particles, respec-
tively, in both particle size distribution scenarios.
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Fig. 13 Number of uncaptured particles for different particle diameters

4 Conclusion

A study was carried out to verify the performance of a novel
vortecone scrubber for use in capturing dust from the dust-
laden air generated at an underground mine face. The ultimate
goal was to replace a maintenance-intensive flooded-bed scrub-
ber system with a highly efficient, maintenance-free vortecone
scrubber system for use with a continuous miner. Computational
fluid dynamics modeling of dust capture through the vortecone
was performed for various scrubber inlet velocities ranging
from 6 to 14 m/s. The results of this study indicate that the
vortecone scrubber system has a higher cleaning efficiency than
the flooded-bed scrubber system and that its cleaning efficiency
positively correlated to airflow velocity. The vortecone scrubber
can capture 90.1% and 93.4% of particles at 6.0- and 14.0-m/s
inlet velocities, respectively. Furthermore, the research shows a
higher capture rate for larger particles, with 100% of particles of
diameter 7 um and above being captured. Finally, the study
indicates a vortecone scrubber can be a better alternative than a
flooded-bed scrubber. Because of its reduced maintenance fre-
quency, the vortecone scrubber offers greater system availability
and therefore greater production rates.
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