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Dust exposure-related occupation diseases are irreversible and have led to debilitating outcomes in per-
sonnel. Particles like coal dust generated in mines and accumulated above a critical concentration are
explosive. Fibrous type multi-layered filters are the primary dust particle capturing element in flooded-
bed dust scrubbers. However, these filters get clogged due to prolonged dust accumulation. This paper
investigates the interaction of dust, water, and airflow in CFD in a non-clogging Vortecone filter. The Vorte-
cone accelerates the particle-laden fluid, forces it into rapid swirling fluid motion, and pushes particles to
separate and capture them. Filter capture performance in several air and water quantities regimes with
aerosol particles exceeding 2.0 wm from a coal-dust laden airstream is described here. Detailed computa-
tional fluid dynamics models mimicking steady-state flow regime and transient-state air-water interface
motion are presented. Particle tracking and their capture on water film using volume of fraction approach
to determine the cleaning efficiency for different particle sizes is presented. Experimental cleaning effi-
ciency results obtained from iso-kinetic sampling and optical particle counting agree with the computer
models. Laboratory tests run on the Vortecone showed coal-dust cleaning efficiency exceeding 75% for
particles 2.8 wm in size and 90% for 4.7 p.m for all airflows.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Dust generation is associated with all unit operations in min-
ing and many other industrial setups (Petavratzi et al., 2005). This
brings allied health and safety nuisance with it. Prolonged expo-
sure to dust has been shown to contribute to the onset of many
debilitating diseases. Occupational diseases like asbestosis and coal
workers’ pneumoconiosis have led to the death of thousands of
workers. Industries, therefore, adopt a variety of remedial measures
to lower the exposure of personnel. However, coal workers’ pneu-
moconiosis (CWP) associated with underground mining operations
has seen arecent upsurge, especially in the Appalachiaregion in the
eastern United States (Arnold, 2016; Laney and Weissman, 2014).
Coal dust also forms an explosive mixture with air when present
in critical concentrations. Research has also shown that explosion
depends on numerous factors including space, time, volatile ratios,
and ignition sources (Zheng et al., 2009). Methane explosion imme-
diately followed by a coal dust explosion in Upper Big Branch led to
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29 fatalities (MSHA, 2014a). Thirteen miners lost their lives in two
separate explosions in Jim Walter Resources mine (IMISHA, 2002).

Legislation including the Federal Coal Mine Health and Safety
Acts of 1969 and 1977 established specific rules to ensure the safety
of workers in the United States (MSHA, 1969; MSHA, 1977). The
‘Final Rule’ was enacted in 2014 after a series of fatal events and
called for additional measures to reduce dust levels to lower con-
centrations underground in general working areas and the return
airways (MSHA, 2014b). Dilution of generated dust to harmless
levels by underground mine ventilation airflow is the mainstay
of dust combating systems. Water sprays are also used to redi-
rect the dust-laden air away from the personnel to lower their
exposure. Sprays have also been shown to capture airborne dust
(Pollock and Organiscak,2007). Fine particles are especially difficult
to remove from the airstream and suitable scrubbers are required
to have numerous engineering controls (Calvert, 1974). Wet scrub-
bers are efficient in capturing small particles up to 5.0 wm (Eckert
and Stringle, 1974). The mining industry has seen a lot of research
towards the development of active scrubbing systems, including
ventilated drums, cowls, and numerous machine mounted scrub-
bers.

Flooded-bed dust scrubbers are installed on continuous min-
ing machines to capture the dust generated at the blind headings
(Campbell et al., 1983; Colinet et al., 2013). These scrubbers have

0957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Fig. 1. A 3D printed demonstration model of the Vortecone invented at the Institute
for Research in Technology Development, University of Kentucky.

water flooded fibrous filter element to capture airborne dust and a
demister to remove water droplets from the air. A modified version
of these scrubbers was proposed for a specific longwall shearer by
the mining engineering department at the University of Kentucky
(Wedding et al., 2015). However, the multi-layered fibrous filters
used in these scrubbers are prone to clogging (Thomas et al., 2001).
This results in a progressively higher resistance and an elevated
pressure drop to airflow due to dust entrapment on the filters (Calle
et al., 2001; Agranovski and Shapiro, 2001; Kanaoka and Hiragi,
1990). This leads to a lowered capture of dust-laden air and hence
adrop in the overall efficiency of the scrubbing system. These filters
also need to be cleaned frequently which leads to low productiv-
ity of the mining machine since they are not allowed to operate
without the dust scrubber running. Impactors were designed in
the early 1970s to classify dust particles based on their size and
momentum. Larger particles are captured on earlier stages since
they cannot negotiate sharp turns easily and impact one of the
many filter surfaces (Marple and Willeke, 1967; Newton et al.,
1977). This research investigates the operations of a wet Vorte-
cone scrubber with its major axis oriented in the vertically upright
orientation. The research specifically examines the performance of
the filter with different particle sizes.

A Vortecone similar to one shown in Fig. 1 was invented at
the Institute for Research in Technology Development, the Uni-
versity of Kentucky to capture over-sprayed paint particles from
vehicle painting lines (Salazar et al., 2002; Salazar et al., 2000).
Particle-laden air is brought into the Vortecone and accelerated
to much higher velocities assisted by a continuously decreasing
area of the cross-section. The air is discharged into the vortex
chamber where it undergoes a rapid circulatory motion separating
the particles like a cyclone scrubber (Krames and Buttner, 1994).
Water is injected into the Vortecone using a full-cone spray. Water
from the spray turns into rapidly swirling films on the surface. The
Vortecone captures particles from the airstream by differentially
altering their trajectories. The heavier dust particles are removed
from the air stream and sent towards the outer periphery where
they are trapped by the water film close to the surface (Dahneke,
1971). With no fibrous filter or moving parts, the Vortecone is a
maintenance-free equipment. A reduced scale model of the Vorte-
cone was used for numerical modeling and laboratory experiments.
Computational fluid dynamics (CFD) models were first generated
to examine the flow pattern, and film and particle transportation
before running complex and expensive laboratory experiments.

Authors present 3D CFD models representing the steady-state
flow regime in the Vortecone. Transient state free-surface and
Lagrangian particle tracking techniques were used to predict the

Table 1

Mesh and flow parameters for grid independence studies.
Parameters Mesh 1 Mesh 2 Mesh 3
Number of elements, N 488,784 1,109,136 2,552,806
Average cell dimension (mm) 3.04 2.31 1.75
Magnitude of velocity, ¢4 32.44 32.40 32.12
Magnitude of velocity, ¢» 63.58 63.14 63.35
Magnitude of velocity, 3 63.02 63.74 62.36

trend of cleaning efficiency and are discussed in detail. Particles
were modeled to be trapped on the air-water interface predom-
inantly close to the vortex chamber surface. A test set-up was
constructed to test the performance parameters of the Vortecone
and to validate the computer models. Two identical TSI optical par-
ticle sizers (OPS 3330) were installed upstream and downstream
of the Vortecone to count and size the coal dust particles. Keystone
mineral black 325 A sample was used as the feed dust to deter-
mine the cleaning efficiency. Results from laboratory testing are
presented later and are compared to the computer models.

2. Computational fluid dynamics (CFD) modeling

The computational fluid dynamics modeling technique was
used to numerically mimic the multi-phase particle-laden fluid
flow for this research. A computer modeling approach was adopted
because flow inside the Vortecone is very sensitive to the geome-
try and any instrumentation would have influenced the flow profile
and parameters. The software scFLOW, version 14 was used for its
excellent ability to generate high-quality unstructured meshes in
the complex geometry of the Vortecone. To generate the CFD mod-
els, the 3D-structure of the Vortecone was first drawn and imported
into scFLOW. A vertical plane of symmetry passing through the
inlet was used to bifurcate the flow-volume to save on comput-
ing resources. Flow volumes and surfaces were assigned unique
names and octree composed of a cluster of cubical cells was pro-
duced. The octree cell size was controlled with smaller cells placed
close to the impermeable surfaces and in regions of large pres-
sure gradients. Five prism layers were inserted on the impermeable
surface to model the boundary layer phenomenon. Boundary con-
ditions included flux with appropriate turbulence parameters and
wall functions. This was followed by transient state free-surface
models and particle tracking.

2.1. Steady-state models

Steady-state flow fields were established first to determine the
operating points. Boundary conditions included flux at the inlet,
static pressure at the outlet, and suitable wall functions on all other
surfaces for the steady-state flow regime. The realizable k-& turbu-
lence model was used for its good abilities to model circulating
flows and large pressure gradients. The simulations were run until
the set threshold residual of convergence of 0.0001 in all velocity
components and pressure were met. Mesh independence studies
were then carried out to ascertain the numerical robustness of the
grid. Errors in velocity magnitude at three points inside the flow
domain were investigated for this. Table 1 shows the grid param-
eters and velocity values at three grid points inside the Vortecone.
These points were chosen close to the inlet guide, close to the sharp
curve at the bottom, and the outer periphery of the vortex chamber.
Richardson’s method of calculating the errors was used (Celik et al.,
2008). Excel solver was used for these computations and results are
compiled in Table 2. The average relative error, the extrapolated
error, and the average fine grid convergence index were computed
to be 0.89%, 0.83%, and 1.03 respectively which indicates strong
mesh independence.
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Table 2
Error and grid convergence index calculations.
Parameters Symbol Mesh1 Mesh2 Mesh3
. o N e,?! 0.87 0.33 221
Approximate relative errors (%) 0,3 012 0.70 113
Extrapolated values of velocity Xty 32.07 63.53 60.78
(m/s) s,y 32.39 62.74 64.58
. N eext’! 0.15 0.29 2.60
Extrapolated errors in velocity (%) e 0.02 063 131
GClgne?' 019 0.36 3.17

Fine grid convergence index GCla? 0,03 078 1.66

Fig. 2. Polyhedral mesh on the surface.

Once strong grid independence was established, the second
mesh as shown in Fig. 2 with about 1.10 million grid elements
was used to generate steady-state flow fields with different air-
flows resulting in a system curve. Scalar integration of normalized
wall distances (y+) on the impermeable surfaces was carried out
as a final check to examine mesh quality. An average y+ value of
9.28 was obtained, which indicates that the mesh is fine enough
to resolve the flows close to the walls. Fig. 3 shows contours of
velocity magnitude on parallel planes through the Vortecone for an
airflow of 0.38 m3/s through the system. Velocity vectors indicate
fast-moving circulating air close to the periphery. Air is observed to
accelerate to high speeds compared to the incident airflow speed
at the Vortecone inlet.

2.2. Transient state models

Transient-state models were generated to mimic the formation
and dynamics of thin films for 1.0 s after the fluids were released
in the Vortecone. Owing to the computationally expensive nature
of the multi-phase simulations, one fixed water flow of 15.1 I/min
for two different airflows of 0.28 m3/s and 0.38 m3/s was modeled.
Results from the converged steady-state models were adopted in
these models as steady-state field input and to save on comput-
ing resources. Due to the fineness of the mesh required to capture
the interfaces precisely and nature of the flow, a small time-step of

Velocity [m/s]

|y |
0.0 40.0

Fig. 3. Contours of velocity magnitude and velocity vectors for an airflow of 0.38
m3/s.

the order of 50.0 s was used to keep the average Courant num-
ber under 1.0 for the entire duration of transient state simulations
including the free-surface models and particle-tracking.

The physical dimensions and operating parameters of the
spray (6.4 mm opening diameter, 110° external spray angle) were
adopted from the manufacturer catalog to generate the films. The
volume of fraction (VOF) approach was followed to trace the air-
water interface in the Vortecone (Hirt and Nicholas, 1981). Thisis a
powerful mathematical technique adopted to model moving fronts
in a flow domain. Dry air was assigned a VOF value of 0.00 while
pure water was imparted the value of 1.00. All cells with fractional
VOFs consisted of the air-water interface. Discrete water droplets
of size 50.0 wm and with the properties of liquid water at 20 °C
were assumed to be delivered by the spray. The discrete water par-
ticles were programmed to undergo a perfectly inelastic collision
with the impermeable surfaces of the Vortecone. The particles were
stored as an equivalent VOF on the surface and allowed to coalesce
and grow. This led to the formation of a continuous iso-surface of
VOF resulted in depicting the air-water interface and was used for
particle capture later. This also led to the elimination of numerical
diffusion problem which is encountered in modeling multi-phase
flows. Iso-surface of VOF of 0.01 is shown in Fig. 4. A higher VOF to
represent the film would require very fine mesh and hence mas-
sive computing resources to represent the same air-water interface.
A chaotic unpredictable trend of mass flow rates at the outlet as
shown in Fig. 5 for the airflows indicates an unsteady and highly
turbulent flow regime in the Vortecone. Negative numbers indi-
cate that the fluids move out of the computational domain from
the outlet surface.

Lagrangian method of particle tracking was used to model the
transportation of uncharged solid spherical dust particles ranging
in size from 2.0 to 14.0 microns. Cunningham’s slip correction fac-
tor was applied to all those particles to account for precise drag
computations (Cunningham, 1910). Stream of aerosol particles was
generated randomly at the inlet surface and injected normal to it
into the Vortecone. The particles were tracked in small time-steps
as they were transported inside. The particles were programmed
to get destroyed at the outlet of the Vortecone. To ensure that the
particles are not captured by the dry impermeable surface of the
Vortecone, the particles were assumed to undergo an elastic col-
lision with the walls with a coefficient of restitution of 0.95 (Tsai
et al., 1990). To mimic the capture of dust particles on the rapidly
moving surface of the water, a formatted user-defined script was
written to extract information on the position and velocity com-
ponents of the particles. The script sets the particles’ velocity to
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Fig. 4. Iso-surfaces of the volume of fraction of 0.01 in the Vortecone.
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Fig. 5. Mass flow rates at the outlet for the two airflows and a water inflow of 7.57
1/min.

be 0.00 m/s and their diameter to be 0.0 um whenever they travel
into a mesh cell with a pre-assigned VOF at any given instant. This
numerically represents trapping of the particles by the air-water
interface since the affected particles are rendered immobile and do
not report to the Vortecone outlet. The particles were counted and
classified based on their diameter. The difference in particle count
atthe outlet between the inlet and the outlet of the Vortecone yields
the numerical cleaning efficiencies for that diameter. A parametric
study of the VOF was carried out and trends of cleaning efficiency
generated for the two airflows. The plots were then compared with
the laboratory experiments and are shown together later in this
paper.

3. Laboratory testing of the vortecone

Laboratory experiments were designed and set-up to investi-
gate the cleaning efficiency of the Vortecone. A centrifugal fan
controlled by a variable frequency drive (VFD) was used to force
air through the Vortecone to determine its cleaning efficiency.
Ductwork measuring 2.40 m in length and with cross-section
dimensions of 0.48 m X 0.30 m attached to the fan. Vane rail
arrangements were incorporated to maintain the streamlines of
flow and to lower the pressure drop due to shock losses at the bends.
Vortecone was installed with its primary axis in a vertical direction
as shown in Fig. 6. The figure shows the lobes of the vortex chamber
and a means to inject water using collars or simply by mounting a
spray pointing into the Vortecone. A water spray described in the

modeling section above was installed facing the vortex chamber
and held stationary. The fluid inlet is on the top while the outlet
is at the bottom of the Vortecone in all the figures. Total and static
pressures were recorded at the Dwyer measurement station with
honeycomb-like flow straighteners built into the ductwork.

3.1. Test procedure to determine the flow-pressure drop curve

The system curve for the Vortecone system was established first.
A frequency of 15.0 Hz was set on the VFD and total and static pres-
sure measured. Velocity pressure being the difference of total and
static pressures yielded the average airflow speed through the sys-
tem at the known pressure. The frequency was stepped up in steps
of 5.0 Hz until 40.0 Hz and the process repeated three times to get
a good representative average. The system (flow-pressure) curve
of the form of a quadratic dependence of pressure on volumetric
flow rates as shown in Fig. 7. The steady-state simulation results
obtained from CFD models are also shown alongside and agree well
with the laboratory experiments.

3.2. Test procedure for cleaning efficiency

Experiments were set-up and run to investigate the cleaning
efficiency of the Vortecone. A full-cone water spray (1/2 —HH - 40
- WSQ) was installed to introduce water into the Vortecone. The
term HH-WSQ indicates that the spray orifice is of male type and
its connection size varies between 3.175-25.4 mm (1/8 - 1 in.). The
spray is constructed of brass, mild steel, stainless steel, or poly-vinyl
chloride. The spray used in the experiments has a discharge diame-
ter of 6.4 mm and an outer spray angle of 110°. A digital flow meter
with a control knob was connected in series for precise injection
of water. Keystone Mineral Black 325 A was used for cleaning effi-
ciency testing owing to the known particle size distribution. A 3D
printed auger-feeder connected to an Arduino controlled stepper
motor was used for precise dust injection. A code was written and
compiled that controlled the rotational parameters of the feeder
including angular speed and displacement. This controlled the rate
of dust fed upstream of the filter. This was critical because a higher
injection rate of dust particles would have resulted in co-incidence
errors and particles would have been sampled incorrectly. The dust
particles were injected pneumatically into the highly pressurized
ductwork using the laboratory supply of compressed air to over-
come the pressure developed by the fan.

TSI OPS 3330 with a fixed pump flow rate of 1.0 I/min was
used to sample the airflow to count and size the aerosol particles
optically. For this, customized nozzles sized to meet this airflow
requirement through the OPS were designed and 3D printed. This
was done to sample the airflow iso-kinetically for collecting a rep-
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Fig. 7. Flow-pressure curve for the Vortecone.

resentative sample of particle-laden airflow and to avoid under or
over-sampling of flows (Wilcox, 1956). A dead-time correction was
enabled in the OPS for all tests. The complex refractive index of coal
(1.78 - i 0.60) and density (1220 kg/m3) were also keyed into the
OPS to carry out a conversion of optical particle concentration to
gravimetric concentration (Janzen, 1979). Two identical calibrated
OPSs were installed upstream and downstream of the Vortecone to
report the concentrations.

Airflows of 0.28 m3/s and 0.38 m3/s were used for iso-kinetic
sampling for investigation of cleaning efficiency. The frequencies
on the variable frequency drive (VFD) to precisely establish these
flows in the duct were obtained using the flow-pressure drop curve
(Fig. 7). Appropriate frequencies were set on the VFD to establish
those airflow rates in the ductwork. Cross-sections were traversed
upstream and downstream of the Vortecone inside the duct to
look for biases in airflow speeds. Points were located where air-
flow velocity was identical to the average airflow speed in the
duct. The tip of the isokinetic sampling probes was pointed into
the airflow at those points. This ensured that nominal airflow at
those points was not affected due to the presence of the noz-
zles and aerosol particle distribution at the sampling point was
not altered. The tips were interchanged to work with both air-
flows.

A spray nozzle was used to inject water into the Vortecone at
a known flow rate controlled by a digital flowmeter and control
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Fig. 8. Cleaning efficiency plot obtained at the airflow of 0.28 m3/s.

valve. Precisely 5.0 gm of coal dust was weighed and injected into
the ductwork upstream of the Vortecone at a constant rate over
8.0 min using Arduino controlled auger feeder. This injection rate
of coal dust ensured that the OPS was never overwhelmed with
a high particle count especially due to a skewed distribution of
coal-dust concentration distribution in the feed. This was critical
to minimizing the coincidence errors in smaller particles. The tests
were repeated three times in random order to eliminate systematic
errors in experiments.

4. Results

Iso-kinetic sampling was carried out to determine the size dis-
tribution of aerosol particles upstream of the filter and that escape
the Vortecone. The log files generated during the experiments were
downloaded using the TSI aerosol management software and the
particle number concentration converted to mass concentration.
Cleaning efficiencies were calculated using the averaged mass con-
centration values over three tests repeated in a random sequence.
Fig. 8 and Fig. 9 show the plots of cleaning efficiency at airflows
at 0.28 m3/s and.38 m3/s. The plots show that the Vortecone cap-
tures a significant number of coal dust particles exceeding 2.0
microns for both the airflows. The cleaning efficiency of the Vorte-
cone improved with the particle size in the airstream. The cleaning
efficiency was observed to improve with an increase in airflow



A.R. Kumar, S. Schafrik / Process Safety and Environmental Protection 144 (2020) 330-336

100 s A . -
S 904 I
> [ ]
2 3
2 °
& 80 -
m
o0
e
g
L 70 A e 7.6 1/min
= o 15.1 I/min
22.7 /min
60 . . . -
2 4 6 8 10 12 14

Aerosol Particle Diameter (um)

Fig. 9. Cleaning efficiency plot obtained at the airflow of 0.38 m3/s.

since the aerosol particles possess higher momentum now and
their trajectory is increasingly difficult to alter. Water flow was not
observed to be the contributing factor to the cleaning efficiency.
Water serves as a surface cleansing agent and prevents the accu-
mulation of the captured dust particles on the Vortecone surface.
Therefore, airflow was found to positively impact the cleaning effi-
ciency whereas water flow was not important once the Vortecone
surface was wet.

Both the cleaning efficiency curves were approximated to follow
an exponential rise to a maximum trend and could be expressed as
shown in Eq.1,

Cleaning Efficiency (%), 1 = a (1 — e~"/) (1)

where a and b are constants for a known air and water inflows. The
values of a and b were calculated using the SigmaPlot software. The
values of corresponding cut-off sizes were also calculated, where
d7s and dgg are the particle diameters having a 75.0 and 90.0% prob-
ability of being captured by the Vortecone. The cut-off diameters
in all the cases were found to decrease with an increase in airflow
through the Vortecone. Particle size with a probability of 75 and
90% capture at 0.28 m3/s airflow and 15.1 /min water flow were
computed to be 2.6 pm and 4.3 pm respectively. Increasing the
water flow to 22.7 1/min had a negligible impact with particle size
decreasing to 2.5 pwm and 4.2 pm respectively. The particle size
decreased to 1.7 wm (1.6 wm at 22.7 1/min) and 2.9 wm (2.7 pm
at 22.7 I/min) when the airflow was increased to 0.38 m3/s. There-
fore, no conclusive evidence of the impact of the water flow rate on
cleaning efficiency was observed.

A sensitivity analysis of the VOF parameter was carried out to
find out the most suitable value to mimic the laboratory test results.
Simulations were set up and run using with the VOFs altered in
the user-defined script. Numerical cleaning efficiency predicted by
the computer models were compared to the laboratory test results.
Fig. 10 shows the plots of the predicted cleaning efficiency using the
iso-surface of the VOF of 0.001. These plots have been generated for
afixed water inflow of 15.1 I/min. The computer models agreed well
with the results obtained from laboratory tests. Differences in com-
puter models and laboratory experiments could be attributed to an
unknown distribution of particles at the Vortecone inlet since they
were injected pneumatically perpendicular to the duct. The pres-
ence of multiple bends with vane and rail arrangements also affects
the particle trajectory which could not be captured in computer
models.
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Fig. 10. Sensitivity analysis of the VOF with the cleaning efficiency obtained from
lab tests.

5. Conclusions

This paper describes the methodology of determining the mech-
anism of capture in a complicated Vortecone filter with a mixture
of CFD and laboratory experiments. Vortecone forces the particle-
laden air into rapidly swirling turns which preferentially moves
heavier dust towards the periphery. The particles are trapped by
water film close to the surface. Large opening dimensions com-
pared to the particles’ diameters makes it a non-clogging device.
CFD models are critical in the study of this device because it can-
not be reliably instrumented without impacting the mechanism
of capture. This modeling is complicated by the injection of water
into the Vortecone using a spray that is typically found in mining
equipment. Simulations were developed to predict the steady-state
flow pattern followed by the dynamics of swirling water film. The
cleaning efficiency of particles in the Vortecone was realized using
a custom user-defined formatted script integrated into the solver.

Laboratory apparatus and experiments were completed to
determine the correctness of the CFD models which were devel-
oped. Using these techniques, it was shown in both the laboratory
experiments and in the CFD modeling that airflow is the most
important factor regarding the capture inside the filter. Water flow
is important to clear the captured dust out of the filter but does not
have a large influence on the overall capture efficiency.

These results show that the airflow is the design constraint and
for any use of the Vortecone. Coal-dust particle cleaning efficiency
was found to exceed 75% for particles 2.8 wm in size and 90% for 4.7
pm for all airflows. The CFD model should be used to calculate the
size of the physical Vortecone. Water should be introduced into the
application, but it is not necessary to flood the filter. Further work
should be done investigating reuse of the water used in the filter.
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