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Abstract: Dust control is one of the most difficult challenges for underground coal mine operators,
especially longwall mine operators. The most widely used dust control technologies at a longwall
section are ventilation air and water sprays, whereas a continuous miner section has the added
advantage of having a dust scrubber built into the continuous miner. To test the potential benefits
of integrating a flooded-bed scrubber into a longwall shearer, the authors designed and built a
dust scrubber system for a full-scale mock-up of a longwall shearer. The mock-up was installed
in the longwall test gallery at the Pittsburgh Research Laboratory (PRL) for testing. Air quantity
surveys were performed at different cross-sections of the test gallery at a fixed face-air quantity, but
at different scrubber airflow rates to quantify the distribution of air in the test gallery. Subsequently, a
computational fluid dynamics (CFD) model of the PRL test gallery was developed and validated. In
this study, the effect of the flooded-bed scrubber on airflow pattern in the test gallery is investigated
using the validated CFD model. This model can be used further to predict the dust capture efficiency
of the scrubber and to develop new techniques to reduce dust concentration in longwall sections.

Keywords: respirable dust exposure; dust control; dust scrubber; coal mining; longwall shearer;
flooded-bed scrubber; mine ventilation; computational fluid dynamics (CFD)

1. Introduction

Longwall mining is the most productive underground coal mining method in the
United States. Understandably, the percentage of underground coal production from
longwall mining has increased significantly over the last several decades. For example, in
1993, longwall mining accounted for 40% of all underground output in the U.S. [1], which
increased to 51% in 2004 [2]. Currently, over 55% of underground coal is produced from
longwall mines [3,4].

Unfortunately, high production comes at the cost of high dust generation, particularly
respirable dust [5–7]. Additionally, prolonged exposure to high concentrations of coal
dust, particles of aerodynamic diameter less than 10 µm, known as respirable dust, causes
respiratory lung disease such as coal workers’ pneumoconiosis (CWP) [8–14]. CWP, also
known as black lung, is a chronic and irreversible disease that causes permanent scarring of
lungs, affecting normal breathing and heart function, and can be deadly [15–20]. A report
by the Mine Safety and Health Administration (MSHA) states that, since 1968, black lung
has caused or contributed to the deaths of 76,000 coal miners [21]. Additionally, a coal
dust explosion triggered by a methane explosion as a result of high dust concentration
in the mine entries poses a serious safety concern [22–29]. The Jim Walter No. 5 Mine
and the Upper Big Branch Mine disasters, which together killed 42 people, are recent
examples [30–32].

Nonetheless, dust control methods and operating practices have evolved to reduce the
respirable dust exposure to longwall mine personnel. The results of benchmarking surveys
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at longwall operations across the U.S., conducted by the National Institute for Occupational
Safety and Health (NIOSH) to identify operating practices and the types of dust control
methods being used, show a wide variety of approaches across the industry [2,33]. The
differences are primarily due to different operating conditions and equipment. Although
the dust control technologies differ from mine to mine, dilution through ventilation air
and suppression by water sprays are still the most common methods used in U.S. longwall
mines [1,34,35].

With the advent of the new dust regulations (the Final Rule) that require mine opera-
tors to maintain a dust limit of 1.5 mg/m3 at the working face and 0.5 mg/m3 in the intake,
dust control at a longwall face has become very challenging [36]. Hence, the development
of new dust control technologies would be very beneficial to longwall operations.

In an effort to reduce dust concentration at a longwall face, the authors conceptualized
a dust scrubber integrated into a longwall shearer, similar to what has been done suc-
cessfully on continuous miners. According to NIOSH, a flooded-bed scrubber integrated
within a continuous miner can achieve a maximum of 91% capture and 90% cleaning
efficiencies [37–39]. As a result, a full-scale physical model of a Joy 7LS longwall shearer,
modified by integrating a flooded-bed dust scrubber, was fabricated at the University of
Kentucky. The modified physical model was set up in the longwall test gallery at the
NIOSH Pittsburgh Research Laboratory (PRL) to test its effectiveness at capturing res-
pirable dust. The overarching aim was to reduce dust concentrations along the longwall
face area.

As a preliminary step towards the overarching aim, air quantity surveys were per-
formed to quantify the distribution of airflow in the longwall test gallery. The surveys were
performed at four different cross-sections along the face of the test gallery at a fixed face-air
quantity and three different scrubber air capacities. Subsequently, a computational fluid
dynamics (CFD) model of the longwall gallery and modified shearer (the entire laboratory
setup) was developed, and CFD simulations were carried out for the airflow in the test
gallery for the abovementioned three cases. This paper presents a comparison of the survey
results with CFD results in two stages. In the first stage, a general comparison of the
total quantity of air passing through each cross-section (calculated from the area-weighted
average velocity at each cross-section) is presented. In the second stage, a more precise
comparison of the magnitude of velocity at six measuring points at each cross-section is
presented. Additionally, the effect of the flooded-bed scrubber on the airflow pattern in the
test gallery is discussed.

2. Description of the Modified Physical Model

The design of the modified Joy 7LS longwall shearer with the integrated flooded-bed
dust scrubber is shown in Figure 1. The orange modules represent the original longwall
shearer components, and the blue portions represent the components of the flooded-bed
scrubber system integrated into the shearer. The scrubber system consists of five modules:
the scrubber, fan, connecting duct, inlet, and outlet. The scrubber module, containing
a full-cone water spray, a wire-mesh screen, a demister, and a water-sump, is placed
between the headgate drive and control modules of the shearer. The fan module includes a
centrifugal fan and is placed between control and tailgate drive modules. The scrubber and
fan modules are connected by the duct module. The inlet and outlet modules are attached
to the scrubber and fan modules, respectively. A detailed description of the modified
design can be found in our earlier work [40].

A 3-D model of the flooded-bed dust scrubber system is shown in Figure 2. During
operation, the centrifugal fan creates negative pressure and draws dust-laden air from the
area near the headgate drum into the scrubber inlet. The dust-laden air passes through the
wire mesh screen, where dust particles are entrained in the water droplets created by the
water spray. A fraction of dust is filtered by the screen, and the remaining dust particles,
encapsulated inside the water droplets, move downwind to the demister. The demister,
which consists of parallel sinuous layers of PVC plates, separates the dust-laden water
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droplets (i.e., black water) from the air before the air reaches the fan. The black water flows
down to the sump, where it is discharged by a sump pump. The clean, dry air passes
through the fan and is discharged at the outlet.
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Figure 2. Three-dimensional model of the flooded-bed scrubber integrated into a longwall shearer.

The wire-mesh screen is placed vertically at an angle of approximately 45◦ to the
scrubber inlet. It consists of 20 layers of woven, 88.9 µm (0.0035 in.), steel mesh screen. A
full-cone water spray, placed in front of the screen, delivers 24.6 L/min (6.5 gpm) of water
to keep the screen saturated. The 37.3 kW (50-hp) centrifugal fan is rated at 3540 rpm and
is capable of drawing 7.0 m3/s (15,000 cfm) of airflow at 2.0 kPa (8.0 in. wg.).
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3. Overview of the Longwall Test Gallery

The PRL longwall test gallery is 38.7 m (127.0 ft) long and 2.3 m (7.5 ft) high, as shown
in Figure 3. There are 19 metal roof supports, called shields, each 2.0 m (80.0 in.) wide,
along the entire length of the face. The headgate drum of the mock-up longwall shearer is
placed approximately 14.0 m (46.0 ft) from the air inlet (headgate). A chain of wooden spill
guards is placed alongside the physical model for the entire length of the gallery. Wood
is used to create the proper coal face profile along the gallery. Plastic tarps are used to
create the profile representing broken coal on the armored face conveyor (AFC). Figure 4
shows the inside of the longwall test gallery, taken from the air inlet side. Ventilation of the
longwall test gallery is powered by three exhaust fans, connected in parallel, capable of
supplying a maximum of 22.2 m3/s (47,040 cfm) of air along the simulated coal face.
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4. Experimental Procedure and Results

Initially, the average velocities of air at the inlet of the flooded-bed scrubber at different
fractions of the scrubber fan’s maximum rotational speed were measured, keeping the face
air quantity constant. The purpose of this step was to establish a relationship between the
quantity of air through the flooded-bed scrubber (scrubber capacity) and the percentage of
maximum fan speed. Continuous traversing at the inlet of the flooded-bed scrubber was
performed using a vane anemometer. The result of the velocity measurement is presented
in Table 1.

Table 1. Air quantity through scrubber at different fan speeds.

% Fan RPM Velocity, m/s (fpm) Quantity, m3/s (cfm)

40 6.84 (1347) 2.51 (5336)
50 8.13 (1600) 2.99 (6336)
75 11.79 (2320) 4.33 (9187)
80 13.65 (2687) 5.02 (10,642)
90 16.23 (3195) 5.97 (12,652)

100 17.58 (3460) 6.46 (13,701)

The air quantity survey was performed at four different cross-sections along the
length of the test gallery face. The locations of the cross-section from the inlet were
12.0 (39.3 ft), 14.7 (48.37 ft), 17.2 (56.5 ft), and 22.6 m (74.3 ft), respectively (Figure 5). Each
cross-section was divided into a 0.61 m × 0.61 m (2.0 ft × 2.0 ft) square grid, and air
velocity measurements were taken at points shown as blue dots in Figure 6 using a hot
wire anemometer.
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For the first stage comparison, the quantity of air passing through each cross-section
was calculated as the product of the area-weighted average velocity and the total area of the
cross-section. The experiment was repeated for all four cross-sections with three different
percentages of maximum fan speeds: 0% (scrubber fan turned off), 50%, and 100%. The
face-air quantity was always kept constant at 23.23 m3/s (49,200 cfm). See Table 2 for the
results of the air quantity through different cross-sections at different scrubber capacities.
For the second stage comparison, six points from each cross-section were picked. The
points were located inside the blue, dashed-line rectangle at the center of each cross-section,
as shown in Figure 6. Table 3 presents the velocities at six points for each of the four cross-
sections at 0%, 50%, and 100% scrubber fan capacities. The data inside the red, dashed-line
rectangle in Table 3 are examples of velocities at six points for cross-section number 2 at
50% scrubber fan capacity.

Table 2. Results of air quantity survey showing quantity through different cross-sections for different
scrubber fan capacities.

Cross-Section No.
Quantity (m3/s)

0% Fan Max RPM 50% Fan Max RPM 100% Fan Max RPM

1 21.14 22.09 22.10
2 24.39 23.70 24.05
3 22.68 23.05 24.26
4 21.30 19.45 17.31
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Table 3. Results of air velocity survey showing velocities at six points at each of four cross-sections at different scrubber
fan capacities.

Cross-Section No.
Velocity (m/s)

0%
Scrubber Capacity

50%
Scrubber Capacity

100%
Scrubber Capacity

1
3.29 3.35 3.19 3.51 3.37 3.31 3.57 3.37 3.30
3.43 2.97 3.06 3.44 2.93 3.16 3.50 2.69 3.01

2
4.27 3.41 3.86 4.17 3.43 3.90 4.07 3.57 3.62
3.89 3.68 3.63 3.69 3.67 3.64 3.99 3.70 3.38

3
3.23 3.72 3.94 4.39 4.27 3.91 5.25 4.10 3.87
3.99 3.75 3.82 4.36 3.86 3.76 5.08 3.78 3.76

4
3.31 3.64 3.97 3.12 3.38 3.22 3.13 3.76 2.98
1.89 4.11 4.11 2.76 3.78 3.75 2.33 3.33 3.65

5. CFD Modeling

The commercial CFD software package, Cradle SC/Tetra, typically used for thermo-
fluid analysis, was used for this study. A 3-D model of the modified shearer in the
longwall test gallery was created using a computer-aided design (CAD) package, PTC
Creo Parametric 3.0 (see Figure 5). The 3-D model includes the test gallery, modified
shearer, shields, and spill plates. The geometry of this arrangement offered no symmetry
or periodicity; therefore, a full 3-D simulation was required. This increased the size
of the computational domain, and hence the computational time and cost. In order to
save computational time, the length of the panel upwind of the modified shearer in the
computational domain was shortened by 5.1 m (16.7 ft), assuming streamlined airflow
upwind of the shearer’s headgate drum.

First, the geometry was converted into an acceptable STEP file format (.stp) and im-
ported into the Cradle SC/Tetra preprocessing package. The geometry was cleaned for
isolated edges and overlapping and intersecting faces, and the computational domain
was identified. The boundary surfaces were then registered, and the analysis parameters,
such as analysis type (steady or transient simulation), fluid properties, turbulence model,
initial conditions, boundary conditions, convergence criteria, and under relaxation factor,
were applied. Next, the computational domain was discretized into small volumes creat-
ing a network of small elements, called mesh. Both analysis parameters and mesh files
were imported into the Cradle SC/Tetra solver package, and simulation was run until a
steady-state simulation condition was achieved. Finally, the simulation file was imported
into the Cradle SC/Tetra post-processing package, and simulation results were analyzed
with different methods, such as contour plots, vector plots, and time-series curves for
appropriate graphical representations and reports. The simulations were performed with
double precision on a Linux operating system with PC having four, 12 core, 2.4 GHz, AMD
processors and 128 GB of RAM. Since the study aimed to validate the CFD model of the
longwall gallery using the results of air quantity surveys performed in the longwall test
gallery, a single-phase CFD simulation was performed.

5.1. Governing Equations

The fluid (air) was assumed to be incompressible with density and dynamic viscosity
values 1.206 kg/m3 and 1.83 × 10−5 Pa-s, respectively, at an ambient temperature of 20 ◦C.
The numerical simulations to reproduce physical phenomena were performed using the
following governing equation [41]:

Mass conservation equation
∂ui
∂xi

= 0 (1)

where ui is the flow velocity in m/s in xi direction.



Appl. Sci. 2021, 11, 3617 8 of 18

Momentum conservation equation (i direction)

∂ρui
∂t

+
∂uj∂ui

∂xj
= − ∂p

∂xi
+

∂

∂xj
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− ρgiβ(T − T0) (2)

where ui is the flow velocity in m/s in xi direction, t is the time in second, ρ is the density
in m3/s, P is the fluid pressure in Pa, µ is the viscosity in Pa-s, gi is the gravity in m/s2, β
is the coefficient of volume expansion in K−1, T is the fluid temperature in K, and T0 is the
reference fluid temperature K.

Energy conservation equation

∂ρCPT
∂t

+
∂ujρCPT

∂xj
=

∂

∂xj
K

∂T
∂xj

+
.
q (3)

where ρ is the density in m3/s, P is the fluid pressure in Pa, T is the 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

.
q is the heat source in W/m2.

5.2. Turbulence Model

A study was carried out on four turbulence models (Standard k-ε, RNG k-ε, MP k-ε,
and Realizable k-ε) to see the effects of the different turbulent models on simulation results.
From the steady-state simulations, magnitudes of the average velocity at ten different
points in the computational domain for each case were determined, and results were
compared. The measurement points were positioned along two straight lines located
1.7 (5.6 ft) and 1.9 m (6.2 ft) above the ground and 12.0 (39.4 ft) and 14.0 m (45.9 ft) from the
test gallery inlet, respectively, in the computational domain, as shown in Figure 7. There
were five points on the first line spaced 0.5 m (1.6 ft) apart starting 1.5 m (4.9 ft) from the
coal face and ending 3.5 m (11.5 ft) from the coal face, while there were five points on
the second line spaced 0.5 m (1.6 ft) apart starting 1.8 m (5.9 ft) from the coal face and
ending 3.8 m (12.5 ft) from the coal face. The first line was chosen in the high turbulence
zone (in front of the scrubber inlet), whereas the second line was chosen in a relatively
low turbulence zone (in the middle of the modified shearer). An analysis of steady-state
results indicated a maximum deviation of 4.2% among the four turbulence models from
their mean velocity, as shown in Figure 8a,b.
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Based on the above findings, the most commonly used and well-validated turbulence
model in engineering, the standard k-ε turbulence model was chosen for this study. The
standard k-ε turbulence model is a two-equation model, which solves the following two
separate transport equations for turbulent kinetic energy, k, and specific dissipation rate, ε.

∂ρk
∂t

+
∂ρkui

∂xi
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε (4)

where k is the turbulent energy in m2/s2, ε is the turbulent dissipation rate in m2/s3, Gk
is the generation of turbulent kinetic energy that arises due to mean velocity gradient, Gb
is the generation of turbulent kinetic energy that arises due to buoyancy, and σk is the
turbulent Prandtl numbers for the turbulent kinetic energy.

∂ρε

∂t
+

∂ρεui
∂xi

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + G3εGb)− C2ε

ρε2

k
(5)

where k is the turbulent energy in m2/s2, ε is the turbulent dissipation rate in m2/s3, Gk
is the generation of turbulent kinetic energy that arises due to mean velocity gradient,
Gb is the generation of turbulent kinetic energy that arises due to buoyancy, and σε is the
turbulent Prandtl numbers for the turbulent specific dissipation rate. The eddy viscosity,
µt, is given by

∂ρε

∂t
+

∂ρεui
∂xi

=
∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + G3εGb)− C2ε

ρε2

k
(6)

where σk, σε, C1ε, C2ε, C3ε, and Cµ are the empirical constants and their values are 1.0, 1.3,
1.44, 1.92, 0.0, and 0.09, respectively.

5.3. Analysis Conditions

The flow enters the computational domain at the panel inlet, at a constant air quantity,
perpendicular to the inlet surface. The panel outlet was imparted a relative static pressure of
0 Pa. Steady-state simulations were run at three different scrubber air capacities. The values
for the panel inlet flow rate for the CFD simulations were obtained from the weighted
average value of air quantity measured at the panel inlet. As the inlet of the scrubber
was withdrawing air from the computational domain, it was given fixed flow quantities
of −6.5 (13,700 cfm), −3.0 (6336 cfm), and −0.0 m3/s (0.0 cfm) for the three fan speeds,
100%, 50%, and 0%, respectively. The same values, with opposite signs, were assigned to
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the outlet of the scrubber. The following equations were used to calculate the turbulence
energy and turbulence dissipation rate of the working fluid at the panel inlet.

k =
u2

100
(7)

ε =
0.09

3
4 k

3
2

lm
(8)

lm = 0.07D (9)

where k is the turbulence energy in m2/s2, u is the flow velocity at the panel inlet, ε is the
turbulence dissipation rate in m2/s2, and D is the equivalent diameter.

Boundary walls were considered to be smooth and stationary, except for the headgate
drum, which was assigned a rotating wall condition to mimic the experimental condi-
tion. During the laboratory experiments, the headgate drum was given a circular motion
to represent the rotating drum during the real shearer operation. No-slip wall condi-
tions were applied to all surfaces, and the standard wall function based on the following
logarithmic law (log-law) was used to predict fluid velocity close to the walls of the
computational domain.

u
u∗ =

1
k

ln
u∗y

ν
+ A (10)

where u is the flow velocity at position y in m/s, k is the Karman constant (=0.4), y is the
distance from boundary wall surface in m, ν is the kinematic viscosity in m2/s, and A is a
constant (=5.5).

u∗ =

√
τ0

ρ
(11)

where u* is the friction velocity in m/s, τ0 is the shear stress in kg/m.s2, and ρ is the fluid
density in kg/m3.

ν =
µ

ρ
(12)

where ν is the kinematic viscosity in m2/s, µ is the fluid viscosity in m/s, is the shear stress
in kg/m.s2, and ρ is the fluid density in kg/m3.

Iterative convergence was achieved when the order of magnitude decrease in the
normalized residuals for all variables was below 10−5 within a cycle, and mass flow was
balanced. The pressure-based solver of SC Tetra was used to solve mass, momentum, and
energy conservation equations with under-relaxation factor for pressures set to 0.6. Initially,
the fluid velocities in X, Y, and Z directions were zero, and the fluid pressure was one
atmospheric pressure.

5.4. Computational Mesh

An unstructured tetrahedral computational mesh was generated in the computational
domain to achieve a model shape with high accuracy using the finite volume method
(Figure 9). Four layers of prism elements with a thickness variation rate of 1.1 were
inserted on wall boundaries to capture the effect of walls of the fluid with high numerical
accuracy [41]. Computational zones with highly skewed, low-aspect ratio elements were
refined to minimize numerical error. In addition, high gradient zones and narrow passages,
such as the scrubber inlet and outlet, were also refined. The y+ value (normalized wall
distance for a wall-bounded flow) at all walls was maintained between 30 and 300 to permit
correct application of logarithmic law wall function, except some extremely low-velocity
zones, between the simulated coal face and shearer body. The quality of the mesh generated
in the computational domain was good, with average prism layer insertion percentage and
h-ratio of the tetrahedral mesh at 99.85% and 0.27, respectively.
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Figure 9. Mesh in the computational domain (not to scale) showing tetrahedral volume mesh and
prism boundary layers.

To ensure that the results obtained through CFD modeling do not depend on the mesh
resolution and to explain the physics with utmost accuracy, a grid independence study was
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 approximately 1.5 were tested for
the scenario in which the scrubber fan was operating at full capacity. The total number
of elements in the computational domain for the four cases were 3.8 million, 5.7 million,
8.4 million, and 12.3 million, in that order.

The magnitude of average air velocities was measured and compared on the ten
points shown in Figures 7 and 10a,b show the grid independence study results for the
average velocity at the points on the first and second lines, respectively, marked in Figure 7.
The grid independence study indicated that results became independent of the grid size
at 5.7 million elements. A comparison of results, separately at each point, indicated
a maximum percentage difference of 1.7% between 5.7 million and 8.4 million mesh
resolutions. Based on the results obtained from the grid independence study, the CFD
validation was performed at 5.7 million elements in the computational domain.
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5.5. CFD Simulations Results

For the first stage comparison, the scalar integration of velocity magnitudes at each
cross-section was performed to calculate the average velocity at each cross-section (Figure 5).
However, for the second stage comparison, vector integration of velocity magnitude in
each of the six 0.61 m × 0.61 m (2.0 ft × 2.0 ft) square grids at each cross-section, was
performed to calculate velocity perpendicular to a cross-section in each grid. The values of
the airflow quantities at different cross-sections and at different percentages of maximum
fan speed are presented in Table 4. Table 5 shows the computed velocities at six points for
each cross-section at different scrubber capacities.

Table 4. Results of computational fluid dynamics (CFD) simulation showing quantity through
different cross-sections for different scrubber fan capacities.

Cross-Section No.
Quantity (m3/s)

0% Fan Max RPM 50% Fan Max RPM 100% Fan Max RPM

1 23.23 23.23 23.23
2 23.64 23.62 23.62
3 24.22 24.38 25.16
4 23.33 20.33 18.56

Table 5. Results of CFD simulation showing velocities at six points at each of four cross-sections at different scrubber
fan capacities.

Cross-Section No.
Velocity (m/s)

0%
Scrubber Capacity

50%
Scrubber Capacity

100%
Scrubber Capacity

1
3.31 3.28 3.25 3.31 3.28 3.25 3.32 3.28 3.25
3.81 3.18 3.26 3.82 3.18 3.26 3.84 3.18 3.26

2
3.92 3.75 3.61 3.95 3.78 3.64 3.99 3.81 3.64
3.76 3.67 3.62 3.76 3.70 3.64 3.75 3.72 3.65

3
3.80 3.93 4.07 4.67 4.43 4.03 5.37 4.56 3.95
4.44 4.08 4.09 4.90 4.13 3.99 5.45 4.06 3.89

4
2.20 3.68 4.08 3.01 3.95 3.84 3.24 3.52 3.43
2.87 3.82 4.10 3.18 3.60 3.84 2.88 3.00 3.42

6. Results and Discussion

The CFD model was validated using the experimental results. The validated CFD
model was used to predict results for addition simulation scenarios. A three-level, two-
factor, full-factorial experiment was designed, and the effects of scrubber capacity and face
air quantity were analyzed.

6.1. CFD Model Validation

A comparison of the air quantity survey with the CFD simulation results is presented
in Tables 6 and 7. The values in Tables 6 and 7 show the percentage difference between
survey and CFD results, which is calculated by dividing the difference of the survey and
CFD results by the survey result. The first stage comparison for the total quantity of air
passing through each cross-section indicates a maximum variation of 9.9% at the first
cross-section for the 0% fan speed case (Table 6). The second stage comparison for the
velocities at six points at each cross-section shows a maximum variation of 18.2% at the
first cross-section for the 100% fan speed case, except for one outlier of 23.9% at the fourth
cross-section for the 100% fan speed case (Table 7). This large difference could be due to the
occurrence of recirculation in that area and the inability of a hotwire anemometer to read
air velocities in three dimensions. The simulation results are considered to be reasonably
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accurate considering the complexity of the geometry, simplifications made in the CFD
models to address computational resources, and the experimental errors in measurement.

Table 6. Comparison of experimental and CFD simulation results for the quantity of air passing
through different cross-sections at different scrubber fan capacities.

Cross-Section No.
Quantity (m3/s)

0% Fan Max RPM 50% Fan Max RPM 100% Fan Max RPM

1 −9.88 −5.16 −5.11
2 3.07 0.33 1.78
3 −6.79 −5.77 −3.70
4 −9.53 −4.52 −7.22

Table 7. Comparison of experimental and CFD simulation results for air velocities at six points at each of four cross-sections
at different scrubber fan capacities.

Cross-Section No.
Velocity (m/s)

0%
Scrubber Capacity

50%
Scrubber Capacity

100%
Scrubber Capacity

1
−0.56 2.01 −2.14 5.45 2.69 1.58 7.07 2.52 1.46
−10.99 −6.86 −6.46 −10.93 −8.71 −3.12 −9.63 −18.20 −8.31

2
8.28 −9.72 6.32 5.23 −10.33 6.80 2.06 −6.60 −0.77
3.32 0.47 0.28 −1.70 −0.84 −0.01 5.85 −0.39 −7.80

3
−17.56 −5.62 −3.25 −6.39 −3.71 -3.08 −2.33 −11.06 −1.94
−11.27 −8.61 −7.09 −12.18 −7.01 −6.01 −7.35 −7.40 −3.46

4
3.35 −1.06 −2.86 3.35 −17.01 −19.19 −3.22 6.32 −15.09
−5.82 7.27 0.30 −15.28 4.87 −2.44 −23.96 9.89 6.23

6.2. Airflow Simulations

The validated CFD model was used to predict the effects of scrubber capacity and face
air quantity on the airflow pattern in the longwall test gallery. A three-level, two-factor, full-
factorial (32) experiment was designed that resulted in a total of 3 × 3 = 9 test conditions
(Table 8). Since three of the test conditions (Face air quantity at 23.23 m3/s and scrubber
capacities at 0%, 50%, and 100%) were already simulated, a total of 9 − 3 = 6 additional
simulations were performed.

Table 8. Factors and levels for the CFD simulation.

Factor Level (1) Level (2) Level (3)

Scrubber capacity (m3/s) 0.00 (0%) 2.99 (50%) 6.46 (100%)
Face air quantity (m3/s) 19.35 (40,983 cfm) 23.23 (49,200 cfm) 27.10 (57,397 cfm)

6.2.1. Effect of Scrubber

The effect of the flooded-bed scrubber on the airflow pattern for the test conditions
with face air quantity at 23.23 m3/s and scrubber capacities at 0%, 50%, and 100% are
presented in Figures 11 and 12. Figure 11 shows the average velocity gradients on a plane
parallel to the mine floor, whereas Figure 12 presents the velocity gradients on the planes
perpendicular to the airflow direction in the longwall panel. A relatively high air velocity
is observed near the scrubber inlet with high scrubber capacity. Additionally, a similar
trend (high-turbulence region at high scrubber capacity) is seen at the flooded-bed scrubber
outlet. The scrubber capacity also influences the airflow in the walkway. The airflow is
relatively less turbulent and uniform with the scrubber at low capacity. As a portion of
air is passing through the scrubber system, the airflow quantity in the walkway decreases
downwind of the scrubber inlet with the increase in the scrubber capacity. In addition, due
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to the same reason, the airflow in the space between the simulated coal face and the shearer
body is low and recirculating as compared to a case with low scrubber capacity. Moreover,
a low-velocity recirculation zone was observed between the scrubber and fan modules in
all the cases.
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6.2.2. Effect of Face Air Quantity

The effect of face air quantity on the airflow pattern in the longwall test gallery is
presented in Figure 13. An increase in face air quantity minimizes the issue of low airflow
in the walkway and the space between simulated coal face and shearer body. High face
velocity also helps in making the flow more uniform in the walkway.
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Figure 13. Comparison of airflow pattern in the longwall test gallery at three different face air quantities.

7. Conclusions

In an attempt to reduce dust concentration at an underground longwall face, the au-
thors fabricated a full-size, physical model of a Joy 7LS longwall shearer with an integrated
flooded-bed dust scrubber. The physical model was installed in the longwall test gallery of
the NIOSH Pittsburgh Research Laboratory to test its dust capture effectiveness. An air
quantity survey was carried out to quantify the distribution of airflow in the longwall test
gallery. The survey was performed at four different cross-sections along the face at a fixed
face-air quantity for three different scrubber air capacities. A 3-D computer-aided design
(CAD) model of the experimental gallery was created, and the validation of a computa-
tional fluid dynamics (CFD) model was performed using the survey results. The validation
was carried out in two stages. First, a validation of the total quantity of air passing through
each cross-section was performed, which resulted in a maximum deviation of 9.9%. Then,
a more precise validation of the magnitude of the velocity vector at six points at each
cross-section was performed, which showed a maximum 18.2% variation. The validated
CFD model was used to analyze the effects of scrubber capacity and face air quantity on
the airflow in the longwall panel. The model can be utilized further to understand the
impact of the flooded-bed integration on dust reduction in a longwall panel.

Author Contributions: Conceptualization, T.N., J.S. and S.A.; Methodology, J.S. and S.A.; Software,
S.A.; Validation, S.A., Formal Analysis, S.A. and J.S.; Investigation, T.N., J.S. and S.A.; Writing—
Original Draft Preparation, S.A.; Writing—Review and Editing, J.S. and T.N.; Supervision, J.S. and
T.N.; Project Administration, J.S. and T.N.; funding acquisition, J.S. and T.N. All authors have read
and agreed to the published version of the manuscript.
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